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ABSTRACT

A MEASUREMENT OF MUON NEUTRINO CHARGED-CURRENT INTERACTIONS
WITH A CHARGED PION IN THE FINAL STATE USING THE NO A NEAR

DETECTOR.

The NO A experiment is a long-baseline neutrino experiment hostdsy Fermilab. The
intense NuMI neutrino beam, combined with the NOA Near Detector, provides the oppor-
tunity to study neutrino interactions at an unprecedented ével. The goal of this analysis
is to measure the rate of muon-neutrino charged-current iatactions in the NO A near de-
tector resulting in the production of one muon and at least @ charged pion. This thesis
will present the result of the double di erential cross sean measurement of this process in
muon kinematics of energy and angle. Excesses in the extegttsignal (greater than 25%),
relative to the simulation, were found at large scattering@gles. These excesses were greater

than the estimated uncertainties ( 15%).
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CHAPTER 1

Introduction

This document will describe the work done in the measuring rom neutrino induced

interactions that produce a muon and at least one pion in the NOA near detector.

1.1. Physics Motivation

Understanding pion cross sections in neutrino experiments vital to understanding the
interaction measurements produced in these experiments. dite have been many measure-
ments of inclusive cross sections and charged-current quakastic cross sections. Making
measurements of semi-inclusive pion production events amdproving pion modelling can
reduce uncertainties in the NOA oscillation measurements. Figure 1.1 shows a list of the
largest uncertainty contributions to NO A oscillation parameter measurements. The uncer-
tainty from neutrino cross sections are currently one of thé&argest contributions to these
measurements. Tools and techniques developed during thisasurement can be used to
assist in future pion analyses, measuring event rates of drent processes such as deep in-
elastic scattering (DIS), resonant interactions, and cohent charged pion production, further
improving our modelling of these events. Figure 1.2 shows te&pected and measured cross
section for various neutrino charged-current channels aslivas their sum. The total cross
section, shown in black, has been measured by many experiitseat various energies. The
guasi-elastic curve, shown in red, has also been measurednigny experiments at various
energies. However, the resonant curve, shown in blue, and tbeep inelastic scattering
curve, shown in green, are more di cult to measure and more nasurements are necessary

to understand these processes. Identi cation of pions is &alenging endeavor, and as new
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Figure 1.2. Plot showing the the total CC cross section as a function of
neutrino energy as well as the estimated cross section cws\fer quasi-elastic,
deep inelastic scattering, and resonance[2]. Note that resmt and DIS curves
do not have measurements associated with them yet.

techniques are developed for identi cation, such as Conwaional Neural Nets, its important
to cross check with previous, well established techniquefny identi cation technique de-
veloped for this analysis can be used for future analyses asrass-check or as a tool usable

for those analyses.



1.2. Additional Related NO A Effort

In addition to the pion measurement, | contributed to other NO A work. | took part in
production campaigns where simulated events were genewhfer use by the collaboration. 1
generated Monte Carlo simulated data and processed them fanalyzers.This also includes
the production of additional datasets such as systematidglshifted samples. | also assisted in
producing a small dataset of simulation for analyzers valade their code and the computing
infrastructure before the implementation of software updas.

| also signicantly overhauled the simulation production ode to make it more user
friendly so that any member of the NOA Collaboration could create their own bespoke
simulation with ease. This included writing documentationdescribing how to create simu-
lation using the production software .

The NO A experiment received a grant from Amazon to test Amazon Web Saces
(AWS)! for production capabilities. Working with the FNAL Computing division, two
datasets, one a simulated sample and the other real data, weransferred to their servers.
These datasets required reprocessing to use newer PIDs amddrocessed into analysis les
in a single job. This was an ideal use for the AWS grant becauseig would yield minimal
data transfer charges. The processing chain was succe$gfuin on AWS and the output
les were transferred back to the FNAL computers. While further sage of AWS services
was not pursued, our test was successful.

Finally, part of my duty as a NO A collaboration member was to monitor the detector

during operation shifts with other NO A collaboration members. Initially, these shifts were

IA list of all acronyms used in this thesis can be found in the appendice



performed at FNAL using their Remote Operations Center (ROC) wich collected informa-
tion from the detectors and beamline into one location. | hped design, setup, and operate a
local computer system, CSU-ROC, which allowed remote shittking at CSU, reducing the
need for travel to FNAL. This facility is also used by other otheigroups at CSU to monitor

their experiments at FNAL.



CHAPTER 2

A Brief Neutrino Physics Primer

2.1. The Standard Model

The Standard Model (SM) describes the elementary particlésat make up the matter of
the universe and the forces through which they interact[3]t was developed by a combination

of theoretical frameworks and empirical data.

2.1.1. Matter Patrticles in the Standard Model. The particles described in the
SM come in two types: matter particles and force mediators. Mter particles are fermions,
with spin-%, and can split into two groups, quarks and leptons, with eachroup containing
three families. Quarks are typically bound in either three wark states, called baryons, or
guark-antiquark pairs, called mesons. Figure 2.1 shows thé/1Sand describes all known
subatomic particles. The particles shown in purple are quks, the particles shown in green
are leptons, the particles shown in red are the force mediasp and shown in yellow is the
Higgs Boson. In the rst family of quarks is the up and down quéds, with fractional electric
charges +§ and % respectively. These quarks make up most ordinary matter, thia baryon
guark con guration uud yielding a proton, and udd yielding aneutron, which make up the
nuclei of elemental matter. Charm and strange quarks make upe second family of quarks
with same electrical charges as the up and down but with largenasses. The third family
contains the top and bottom quarks, still with the same elecic charges as the previous
families but once again with larger masses. Each family aléms anti-matter quarks. In
addition to electric charge, all quarks have a color charges avell, which is the fundamental

charge of Quantum Chromodynamics (QCD).



Leptons also have three families, each containing a pair. aassive" lepton and a light
neutrino partner. The rst family contains the electron neurino and the familiar electron.
Unlike the quarks, the leptons have integer electric charg&he electron has electric charge

1, while the electron neutrino is electrically neutral andrteracts solely through the weak
force. The second family of leptons contains the muon and tmeuon neutrino. They have
similar properties to the rst family particles, but the muon has a larger mass relative to the
electron. The third family contains the tau and tau neutrino Again, the spin and charge for
these remain the same as in previous families, and the masgha# tau is larger than both

the muon and electron.

2.1.2. Forces in the Standard Model. Three forces are described by the Standard
Model: the electromagnetic force, the strong nuclear forcand the weak nuclear force.
Each of these forces are mediated by a vector boson of spin lheTelectromagnetic force
is mediated by the photon particle, denoted as. Any particle with an electric charge,
denoted by a + or , can interact through the electromagnetic force. This is th same
electromagnetic force experienced at the macro scale, suxh two magnets repelling, or
two electrically charged objects following Coulomb's LawThe top left pane of Figure 2.2
shows an example diagram of electron scattering interactianediated by the photon. The
strong force is mediated by the gluon particle, which unlikéhe photon, carries the charge
of QCD. This leads to a more complicated theory than Quantum IEctrodynamics (QED).
Any patrticle with a color charge may interact through the strmg force. The charge in the
strong force is called color and can be one of three possibdues: red, green, and blue,
or their corresponding anti-charge: anti-red, anti-greenand anti-blue. This color charge

is not related the color seen in the visible spectrum, and thessigned names are arbitrary.



Figure 2.2 shows an example of quark scattering mediated byetlstrong force in the top right
pane. The third force is the weak force, this is the force thahediates the decay of particles.
Both hadrons and leptons can interact through the weak forceThis force mediated by the
W and Z° bosons. A unique property of the weak force is the ability tohange avor, or
type, of particles in interactions involving theW boson. For example, a muon neutrino
that interacts with a quark and exchanges &/ boson, will transform in a muon, or in the
quark sector, a down quark can decay, through the weak foraato an up quark, such as in
neutron decay. The bottom pane of Figure 2.2 shows an examplensuon decay mediated
by the weak force. The muon is converted into a muon neutrinond the W  produces an
electron-anti-electron pair. The last boson is the Higgs bos, a massive scalar boson, which

is electrically neutral, has spin 0, no color charge, and coles to mass.

2.2. The History of the Neutrino

A massless and chargeless particle was rst hypothesized Wjplfgang Pauli to explain
the missing energy and momentum from-decay[4],n! e + p+ , which is the decay of
a neutron in an atomic nucleus. As a two body decay, scientistduld measure the energy
of two resultant particles: the proton and the electron. Howeer, the sum of the energy
of those two particles is less than the initial energy of the eutron, seemingly violating
energy conservation with \missing" energy. Pauli suggestehat perhaps there was a third
particle that carried o the remaining energy, which was cheageless and massless. He further
suggested that these properties would make the hypotheticparticle di cult to detect.
Fermi dubbed this mystery particle the \neutrino", meaning\little neutral one"[5]. The
neutrino was eventually detected in 1956 by Clyde Cowan andd€lerick Reines[6], through

an inverse -decay process:e+ p! n+ €', the capture of an anti-neutrino by an atomic
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Figure 2.1. Standard Model of Particle Physics. This diagram describes
all currently known subatomic particles and places them inrgups: lepton,
quarks, and bosons.

proton. Since the discovery of the neutrino, there have beenany experiments to detect
and understand the three types of neutrinos. Neutrinos are mently believed to be the only

elementary particle to interact through the weak nuclear fice alone.

2.3. Neutrino Oscillations

The Homestake experiment by Raymond Davis in the 1960's retad in the nding
that the number of neutrinos from the sun was less than preded based on the expected
ux from the internal nuclear fusion of the sun[7]. This unepected de cit became known
as the \solar neutrino problem”. In 1968 Bruno Pontecorvo puforward his theory that

neutrinos could potentially oscillate between avor state if they had mass and corresponding



Figure 2.2. Simple diagrams of the three forces in the standard model. &h
top-left shows two electrons scattering mediated by a phato The top-right
shows two quarks scattering such as might occur in a protorrgion collider,
mediated by a gluon. The bottom shows the decay of a muon into rauon
neutrino as well as an electron and anti-electron, this begnmediated by the

W boson.

mass states. Since this was before the discovery of the thindutral lepton, , the theory
only incorporated a two avor basis using a 2D rotational matix. This was similar to
the previously observedk ® | K © oscillation in the quark sector. After the discovery of

the third lepton family, Pontecorvo's theory had to be rewdked as 3-dimensional rotation



matrix, called the Pontecorvo-Maki-Nakagawa-Sakata (PMNShnatrix:

0 1 0 10 1
e C13C12 C13S12 Size e 1
C23S12  S13523C12€ ®  Cp3Ci2  S13523S12€ C13S23 2
S23S12  S13Cp3C10€ Sp3Ci2  S13C23S12€ ®  Ci3Cp3 3

Note that ¢ and s represent cosine and sine respectively, while the indicespresent which
angle, e.g.c;3 meanscoq i3). The parameter ¢, is a phase angle used to describe charge-
parity violation in the lepton sector. This parameter is imprtant because it may help to
explain the matter-anti-matter asymmetry in the universe.A value of 0 means that there is
no charge-parity violation and if a non-zero value is evenslly measured for this parameter it
would indicate charge-parity (CP) violation. The ¢, is important because a non-zero result
may help to explain the matter-anti-matter asymmetry in the universe. The value of this
parameter is currently unknown, but is being studied. T2K[Band NO A [9] have provided
initial studies. There is a similar parameter in the hadron ector describing charge-parity
violation in quark mixing, which was found to be non-zero, butoo small to explain the
matter-anti-matter imbalance. Using this matrix allows theprediction of the probability of
avor change from one family to the other. For example the proability of a muon staying

a muon would be:
m2,L

PC L) 1 sin®2 g)sin®(—2

)

The last product in this equation comes from treating the prpagation of the neutrino as a
plane wave and using the relativistic approximatiorp  m. This equation depends on the
mass splitting, m3, as well as the distance that the neutrino travelled.,., and the energy of

the neutrino, E. From this equation, it becomes apparent that for an experient to detect

10
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Figure 2.3. Diagram illustrating the two di erent possibilities of the mass
ordering, with the normal hierarchy on the left and invertedhierarchy on the
right.[10]
this oscillation, it would need to use an appropriaté=E to yield maximal probability. Figure
2.3 shows the two possible neutrino mass hierarchies. Whileetthree mass di erences and
m2, have been measured to some signi cance, as shown in Figure, 2 hierarchy of
the splitting has not yet been determined, though current da suggests normal hierarchy
is preferred. Long-baseline oscillation experiments used detectors, a near detector close

to the neutrino beam source used to measure interactions astudy the beam, and a far

detector that is used to measure the oscillated neutrinos.

2.4. Neutrino-Nucleon Interactions and Pion Production

Due to the neutrino being electrically neutral, it is not dilectly detectable. Speci cally,
what is detected in neutrino experiments is the charged pactes resulting from the neutrino

interactions. The neutrino will interact either with a nucleon inside an atomic nucleus, the

11



| NUFIT 5.2 (2022) |

Normal Ordering (best fit) Inverted Ordering (Ax?* = 2.3)
bfp 1o 3o range bfp 1o 3o range
. sin® 612 0.30375-912 0.270 — 0.341 0.30315:012 0.270 — 0.341
3 | 62/° 33.411975 31.31 — 35.74 33.41%075 31.31 — 35.74
Q
g sin? 03 0.57210018 0.406 — 0.620 0.578%9-0:0 0.412 — 0.623
gf B23/° 49.1119 39.6 — 51.9 49.5T0% 39.9 - 52.1
£ ,
% | sin2 613 0.0220373:9%056  0.02029 — 0.02391 | 0.0221979:99969  .02047 — 0.02396
S | 61s/° 8547011 8.19 -5 8.89 8.571012 8.23 = 8.90
-~
=
2| scp/° 197732 108 — 404 286727 192 — 360
<
B 2
Am3,; +0.21 +0.21
1055 7 7.41792 6.82 — 8.03 7417924 6.82 — 8.03
Amge +0.028 +0.032
Tos vz | FROUEGGE 4242842507 | -2498705  —2.581 — —2.408
Normal Ordering (best fit) Inverted Ordering (Ax® = 6.4)
bip £1o 30 range bfp £1o 30 range
sin? 6,2 0.30310512 0.270 — 0.341 0.30315512 0.270 — 0.341
g | f2)° 33.417075 31.31 — 35.74 33.411075 31.31 — 35.74
=)
é sin? 63 0.45175-012 0.408 — 0.603 0.56915-018 0.412 — 0.613
Aé_ B23/° 422104 39.7 — 51.0 49.0719 39.9 - 51.5
Qo
% sin® 03 0.0222515:99955  (0,02052 — 0.02398 | 0.0222315:999%8 (002048 — 0.02416
x f13/° 8.5810 11 8.23 — 8.91 857101 8.23 — 8.94
£ | sep/e 232+30 144 — 350 276122 194 —» 344
B
Am§1 411021 417021
1075 ov2 741792 6.82 — 8.03 7417024 6.82 — 8.03
Amiz +0.026 +0.025
m +2.507_0‘027 +2.427 — +2.590 —2.486_0.028 —2.570 —» —2.406
Figure 2.4. Best t neutrino oscillation parameters for both normal and

inverted ordering.[11]

entire nucleus, or the atomic electron. The resulting parties from the interaction can have
electric charge, which allows them to be visible within detgors.

During an interaction, the neutrino will exchange a boson, lmch mediates the interaction,
with the target particle. Two di erent bosons can mediate tle interaction: the electrically
neutral Z-boson ¢°) or the charged W-bosonV ). When a Z° is exchanged, it is de ned
to be a neutral current (NC) interaction, due to no electricatharge being exchanged between

the hadron and lepton. These types of interactions result i a neutrino in the nal state.

12



Figure 2.5. A simple neutral current elastic interaction on the left andan
example of charged-current quasi-elastic interactions dhe right.[12]
These events do not produce an observable lepton, and must inérred by any resultant
hadrons. Conversely, when & is mediating the interaction, it is de ned to be a charged-
current (CC) interaction, because the charged boson exchgas an electric charge to the nal
state lepton.

In CC neutrino events, there are three main neutrino-nucleainteraction types that
can create charged pions: resonant, coherent, and deep asét scattering. Resonant pion
production (Res), is facilitated through a resonance.. The interaction can be described as:

+N ! + + N+ % | where the nucleon l) can be ejected from the nucleus.
An example diagram of a muon neutrino interacting on a neutrors shown in the left pane
of Figure 2.6. Coherent production is when the neutrino int@cts on the nucleus as a whole
instead of speci c nucleon, and when the nucleus de-excitegion is emitted. An example
diagram of the coherent process is shown in the right pane ofgire 2.6. Deep inelastic
scattering (DIS) is when the neutrino interacts with a nuclen deep within the nucleus, this
can cause nuclear breakup with many nucleons and hadrons rigeiejected. Though pion
production is not guaranteed through DIS, it often occurs. Tis is not an exhaustive list of
all pion production processes, but instead the most commogpes of interactions to occur

in the NO A detectors. The relative probabilities of these processesas shown previously

13



Figure 2.6. Example diagrams of pion production processes with* reso-
nance on the left and coherent on the right.[12]

in Figure 1.2. There are multiple models for describing the pduction of pion in neutrino
interactions. For this measurement, the simulation used th Rein-Sehgal model[13], which

treats the nucleon as a bound state of 3 quarks.

2.5. Previous Measurements of Inclusive Pion Production Cross S ections

Many measurements of pion production in neutrino events havbeen made; however,
only the most recent and relevant measurements will be disssed. These recent measure-
ments have been made by: MINERVA[14], MiniBooNE[15], and T2K§] collaborations. The
MINERVA collaboration measured a cross section of multi-proproduction on hydrocarbon
as a function of pion energy and pion angle with respect to theeam, with their results
shown in Figure 2.7. The MiniBooNE collaboration measured aurtti-pion production cross
section on mineral oil, measured as a function of both energnd angle for both the muon
and the pion. Their results are shown in Figure 2.8. The T2K clalboration performed a
single-pion cross section measurement on water, measuradaafunction of both muon and

pion kinematics. Their results can be seen in Figure 2.9.

14



45 -
? E POT Normalized R Data
§ 40~ —— GENIE 2.6.2 hA FSI
§ a5 /e GENIE 2.6.2 No FSI
= = ——— NEUT5.3.3 (CH)
> %o/
= E N
£ 25 =/t N T
(3] o
g. 20 |
= - .
T 15 -
2ls 10 7 .
& 5}
0:...m....|H..|..H|....m...|.“.|...‘
0O 50 100 150 200 250 300 350 400
Pion Kinetic Energy (MeV)
200
|- POT Normalized 5 Data
180 ' —— GENIE 2.6.2 hA FSI
160 7 ~ % e GENIE 2.6.2 No FSI
140 NEUT 5.3.3 (CH)

(10*2 cm?/degree/nucleon)

l!Illll[lllll!l[]]lllllll

3lg 40
.-|e 20
\_.l: PETL e TE NN Wiis

O'—,..l..,u..lul.‘. i i
0 20 40 60 80 100 120 140 160 180
Pion Angle wrt Beam (deg)

Figure 2.7. The measured di erential cross section with respect to pioki-
netic energy on top and the measured di erential cross seoti with respect to
pion angle on bottom from MINERVA.[14]

15



X107
70

0.8

0.6 60

0.4 50

) (cmMeV)

u

40

Cos(Muon,Neutrino Angle)
S

lII|l|l||[|lllllll|||ll|llIIIIIlllIII

=
3
Yl o
02 8 30 alx
p =
ks - 20 X
~ g~}
-0.6 —
- 10
0.8
- : I 1 1 1 I 1 1 L I 1 1 1 I 1 1 1 I 1 L 1 I 1 1 1 I 1 ()
200 400 600 800 1000 1200 1400
Muon Kinetic Energy (MeV)
1
0.35
0.8 B
— . 03
g 06 -
[<)] =
— >
2 02 = £
§ o 02 ©
o -0 —] 5
- 3
g 02 - 0.15 &
= -0.4 =] 0.1 g
o =) (T
O 06 ]
: ] 0.05
-0.8 —
_‘l 1 1 1 l 1 1 1 I 1 1 1 I 'l 1 1 ] L 1 1 I 1 L 1 I 1 :

0
200 400 600 800 1000 1200 1400

Muon Kinetic Energy (MeV)
Figure 2.8. The measured double di erential cross section on top and the

estimated fractional uncertainty on the measurement on btim from
MiniBooNE.[15]

16



S 0.09 T T
QL .
© 0.08 - - NEUT E
& 0.07f GENIE =
S 0.068T - T2Kdata =
| Tl -
S 0.05 =
ﬁ 0.04 i1 =
S 0.03F =
X 0.02F" Hi =
= - -
g 0.01F ii- 3 -
SRR B AR R T
= = L oo T re 0T Tl
0.5 1 15 2 25 3 35 4 45 5

p /GeV
~ N L AL I B BN B
o | _
3 - - - NEUT .
RS 1
3 i GENIE i
~ 0.8 - T2Kdata -
5 i 4
"'é 0.6 "
X _ i
. 04r 2
< - 1
o [ 1|
g 02F ﬁi‘:
'g )] - |——-!-—1-——-—.—|-i'T'!'I'_I_.-:.—_§ ;I L]
03 04 05 0.6 0.7 0.8 09 1

cos 0,

Figure 2.9. The measured di erential cross section in muon momentum on
top and the di erential cross section incos on the bottom from T2K.[16]

17



CHAPTER 3

The NO A Experiment

The NuMI O -Axis ¢ Appearance (NO A ) experiment is a long-baseline neutrino os-
cillation experiment hosted by Fermilab in Batavia, lllinds. The primary goal of NO A is
to measure the neutrino oscillation parameters from the PMN8atrix, such as »3, m3,,
and attempt to measure ¢, and determine the neutrino mass hierarchy, whether it is noral
or inverted. To achieve these goals, NQA utilizes a neutrino beam generated at Fermilab,
which is aimed through the earth, and oscillated neutrinosra measured with its detector.
NO A consists of two detectors, a near detector located on-sitg Fermilab, 800 m from
the beam source, which is used to measure the unoscillatecabe and a far detector in Ash
River, Minnesota, 810 km from the beam source, which is used measure the oscillated

beam. NO A started operation in 2014 and is expected to continue opénag until 2028.

3.1. Fermilab Accelerator Complex

The Fermilab Accelerator Complex, illustrated in Figure 3.1creates all of the particle
beams used by experiments hosted at Fermilab. The complexshfour accelerators: the
Linac, the Booster, the Recycler Ring, and the Main Injectgreach one feeding the next
to generate high-energy protons. The beam originates at then source, which is ionized
hydrogen (electrons and protons). The protons travel thragh the Linear Accelerator (Linac)
which accelerates them up to 0.4 GeV. Following the Linac, thiens move to the Booster ring,
further accelerating the ions to 8 GeV. Before entering the reaccelerator, the hydrogen

ions impinge on carbon foil, with only protons passing thragh. These protons enter the
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Figure 3.1. A diagram of the Fermilab Accelerator Complex.[17]

Recycler Ring, which bunches the protons together into grps. The bunched protons are

then fed into the Main Injector and accelerated to 120 GeV.

3.2. NuMI Beamline

Neutrinos at the Main Injector (NuMl) is the beamline used by NOA, as well as other
FermiLab based experiments. A schematic of the NuMI beamlins shown in Figure 3.2.
Accelerated protons from the Main Injector are smashed into earbon target generating
mesons, primarily pions and kaons. The number of protons thateracting with the target is
called the \protons on target" (POT) and allows for data comprisons between experiments.
These mesons are directed by a electromagnetic focusingrhawhich collimates the beam
and directs wrong sign particles out of the beam. The directn of electric current in the horns

can be reversed, allowing for opposite signed mesons to beced. After the horn is a decay
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pipe where the mesons decay, primarily viathe ! + orK ! + decay channel,
producing the muon neutrinos used by the experiment, alongitl background neutrinos.
This con guration is called Forward Horn Current (FHC), referring to the direction of the
electric current in the horns. The background neutrinos pmuced by the beam in the
FHC con guration are electron neutrinos, and both muon and etdgron anti-neutrinos. The
electron neutrinos produced by the beam are indistinguiskbfrom the oscillated electron
neutrinos and interactions produced by anti-neutrinos came di cult to distinguish from
those produced by normal neutrinos as the NOA near detector is not magnetized. The
other beam con guration is Reverse Horn Current (RHC), wherghe current in the horns
runs in the opposite direction relative to the current direttion in the FHC con guration. In
the RHC con guration the most likely decay channels in the deay pipe are * ! * +
andK* ! "+ | The energy of the produced neutrino is determined by the folving
kinematic equation, relating energy with the scattering agle:

(1) E = %

whereE is the energy of the produced neutrinok is the energy of the parent pion, is
the angle between the decaying pion direction and the resing neutrino direction, and is
the Lorentz factor, which is given by = E =m , wherem is the mass of the pion. The
simulated neutrino energy spectra for NOA is shown in Figure 3.3. Downstream from the
decay pipe is a beam absorber which is used to reduce muon eomination in the beam.
This is followed by rock layered between the Muon Monitors, ich are used to monitor
the muons in the beam. The protons are arranged into bunchestiwtwelve bunches being

delivered every 500 ms. The produced neutrinos have eneggianging from 1 to 3 GeV while
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Figure 3.2. A schematic of the Beamline past the Main Injector.[18]

a small fraction exist outside of these range. There is somadiground contamination in the
NO A detectors from the Booster beam, which is used in the shorabeline experiments at

Fermilab. The cumulative POT as a function of time, as of 202@an be seen in Fig 3.4.

3.3. NO A Far Detector

The NO A Far Detector (FD), shown in Figure 3.5, is located in Ash RiverMinnesota,
810 km from the NuMI beam source. The FD consists of alternatinglanes of extruded
Poly-Vinyl-Cholride (PVC) pipes,4cm 6 cm 16 m in size, containing liquid scintillator.
The far detector is located 14.6 mrad o axis relative to the enter of the NuMI beam to
narrow the energy spectrum of the neutrino centered at 2 GeVhd to reduce high energy
backgrounds to the . oscillation signal. This, along with the distance from the bam source,
provide an L=E, previously described in Chapter 2.3, that maximizes the. appearance
probability in the far detector. The FD is above ground, whichmeans that background

contamination from cosmic muons in the detector is quite hig 150kHz.

3.4. NO A Near Detector

The NO A Near Detector (ND), shown in Figure 3.6, is located 800 m dowrnrstam of

the beam target in the Near Detector Hall at Fermilab. The ND is &o located 14.6 mrad
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Figure 3.3. TOP: The simulated neutrino energy spectra at various angse
from the beam direction.[19] BOTTOM: The simulated neutrio energy as a
function parent pion energy, with the various possible o -gis angles. Each
angle refers to a possible site for the Far Detector during ¢éhdesign phase.[19]

o -axis from the NuMI beam axis. The ND has cross-sectional aaeof 4.2 m 4.2 m and
is 14.3 m in length, while weighing about 300 tons. It is funinally identical to the FD;
however, located downstream of the active scintillator régn is a non-active steel region
called the Muon Catcher, which is used to contain long tracksThe ND is composed of
80 planes of alternating horizontal and vertical PVC cellslled with scintillating liquid and
a wavelength shifting ber. The purpose of the near detectas to allow the observation and

characterization of the unoscillated o -axis NuMI beam and N interactions. Though
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Figure 3.4. The daily and cumulative exposure, in POT.[19]

Figure 3.5. The fully constructed Far Detector in the Ash River facility.
Note the person on the third oor catwalk for a sense of scal&9]

the ND is considerably smaller than the FD, it is subjected to Igh neutrino uxes due to

its close position to the NuMI beam source, which enables csosection measurements. The
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Figure 3.6. A picture of the front face of the Near Detector inside the Near
Detector Hall at Fermilab. The beam direction is into the vidble detector

face.[19]

ND is in Near Detector Hall at Fermilab, which is underground, tlerefore the contamination

from cosmic rays is relatively low compared to the FD.

3.5. The NO A Detector Unit Cell

As stated above, both detectors utilize the same componentadatechnologies in their
construction. The smallest active component is called thenit cell. The unit cell is an
extruded PVC plastic pipe measuring 4 cm by 6 cm. The inside ¢ie PVC pipe is coated
in titantium-dioxide, which re ects light back towards the interior of the cell. Contained in
the cell is a scintillating liquid and a wavelength shiftingber used to collect the scintillated
light. Both ends of the ber terminate at an avalanche photo@de (APD) at the end of the

cell. Signals from the APDs are read out and converted to digit values.
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Figure 3.7. Diagram of the NO A detector unit cell, lled with liquid scin-
tillator, and a looped wave-length shifting ber.[17]

3.5.1. Liquid Scintillator. The liquid lling the unit cell is primarily mineral oll,
acting as a solvent, mixed with pseudocumene, which facdies the scintillation. Figure
3.8 shows all of the components comprising the scintillagnliquid. Light produced by the
scintillation of pseudocumene will be peaked around 360 nn390 nm. Additional additives,
PPO [2,5-diphenyloxazole] and bis-MSB [1,4-di(methylstyl)benzene], are used for their
wavelength shifting properties to shift the light to a peak 5400 nm - 450 nm, allowing

collection by the wavelength shifting ber.

3.5.2. Wavelength Shifting fiber. Each unit cell contains a looped piece of wave-
length shifting ber that captures the scintillated light from the liquid and shifts the wave-
length of the light to a longer wavelength. The longer wavetgth, 520 nm - 550 nm, is the

nal step of wavelength-shifting process to occur before #xits the ber at the end.

3.5.3. Multi Pixel Photon Counter. At the end of each PVC extrusion is the
photodetector, which is a multi-pixel photon counter (MPPQ made up of a 4 8 APD

array. Each pixel of the MPPC is an APD that converts absorbedight into electrical
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component purpose mass volume tot mass
fraction (gal) (kg)
mineral oil solvent 95.8% 3,082,145 9,917,109
pseudocumene scintillant 4.1% 128,439 425,908
PPO waveshifter #1 0.091% 9,373
bis-MSB waveshifter #2 0.0013% 131
Stadis-425 antistatic agent 0.0003% 46.6
tocopherol (Vit.E) antioxidant 0.0010% 104
Total 100.0% 3,210,584 10,352,551

Figure 3.8. Table of the composition of the liquid used in the NOA experiment.[17]

Figure 3.9. Photographs of the ber ends in the connector and the pixel
array of the MPPC. The MPPC ts into the connector lining up each pair of
ber ends from a cell to one of the 32 pixels.[19]

current. Figure 3.9 shows a photograph of the 32 ber ends thatbanect to the MPPC on
the left, and the 32 pixel array on the MPPC on the right. TheseAPDs have a quantum
e ciency of 85% for light between 520 nm - 550 nm. To reduce tmmal noise, the APDs

use thermo-electric coolers to keep their temperature at51C .

3.5.4. Arrangement of the Unit Cells. The cells are arranged in planes of one

unit cell thickness, with planes of vertical extrusions uskto measure horizontal position
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Figure 3.10. A diagram of the NO A Far Detector and the NO A Near
Detector showing the arrangement of planes in the detectojk7]

and planes of horizontal extrusions used to measure vertiqaositions. A diagram of these
alternating planes is shown in Figure 3.10. These planes, leal the extrusion module, are
layered one after the other, in the direction of the beam to kw full three dimensional

reconstruction of events. A diagram of an extrusion module ishown in Figure 3.11.

3.6. Readout Electronics

There are two MPPCs per extrusion module and each MPPC pair ooects to a Front End
Board (FEB), which converts the current through the APDs into adigital signal. The FEBs
are connected together in a gigabit ethernet network, anddnsfered to the data acquisition
system (DAQ) which processes all of the data taken by the detimr. The FEBs stream the
data from the detectors, however, only data correlated to thbeam spill is saved to disk. All
signals within 30 s of the 11 s spill window are recorded. Additional triggers are used to

record data outside of the beam spill, such as the cosmic raygger and exotic data-driven
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Figure 3.11. Shown here is a diagram of an extrusion module.[17]
triggers, such as the magnetic monopole trigger. Figure 3.lRistrates the individual steps

in the DAQ.
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CHAPTER 4

NO A Simulation and Reconstruction, and Analysis

Software

A robust software suite that includes simulation, event reanstruction, and data analysis
tools has been developed for N\ analyses. The NuMI beam and detector electronics,
discussed in Chapter 3, are simulated to generate neutringests that allow the testing and
development of analysis code prior to the use of real data. &w reconstruction is performed
o ine and processed after the data have been taken or after thsimulation has been gener-
ated. Reconstruction is an important aspect as it process#d®e electronic information from

the NO A detectors into physical parameters allowing measuremenby analyzers.

4.1. Data

This analysis used FHC data, described in Chapter 3, from the NeeRetector, processed

with the fourth version of the NO A software, containing 809 10?° POT.

4.2. Simulation

NO A analyzers employs the use of simulation to build the tool®f each analysis. Every
aspect of the NO A experiment is simulated. The emulate the neutrino beam, ltlons inter-
acting on a carbon target are simulated, replicating how theeal beam generates neutrinos.
The neutrinos generated from the beam simulation are then psed to the simulated detector
and neutrino interactions are simulated in the detector usg GENIE (Generates Events for

Neutrino Interaction Experiments) version 2[20].
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4.2.1. Neutrino Beam Simulation using FLUKA and G4NuMI. To simulate the
NO A neutrino beam, two packages are used: FLUKA[21] and G4NuMI[22]FLUKA
simulates the hadronic interactions to replicate the NuMI bam, whereas G4NuMI is used
to simulate beamline geometry and the propagation of parties through the beamline. The
kinematics and characteristics of the neutrino, as well ashése of their parent hadrons,
are saved and recorded for next stage of the simulation, thegpagation of the nal-state

particles through the NO A detectors.

4.2.2. Neutrino Interaction Simulation using GENIE. With the simulated neu-
trinos produced, the next step is to generate the neutrino taractions themselves. GENIE is
a neutrino event generator that simulates neutrino-nuclewiinteractions using neutrino cross
section models constrained through measurements from othexperiments and theory. The
neutrino information from the ux simulation is convolved with the cross sections from GE-
NIE to generate all the di erent neutrino interaction types producing the resultant particles
from each interaction. Interactions outside of the detectoare also simulated to create out-
of-detector events such as neutrino interactions that occoutside of the detector but which
the products enter into the detector. These kinds of interdions are important to include
in the simulation as they are seen in the data. These extrat@etor events are mixed with
events that occurred in the detector in a process called \ovaying". To save on computa-
tional power and time, events that occur inside the detectoare simulated separately from
events that occur outside the detector. Most of the particke that originate outside of the
detector yet pass through it are muons; minimum ionizing pécles creating long straight
tracks. Most of these events look very similar to the deteatso only a smaller sample of

events are needed as many of them can be reused for the samete e
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4.2.3. Particle propagation and Detector Simulation. Geant4 is also used to
propagate the daughter particles from the simulated neutno interactions produced by GE-
NIE. Additionally, the detector is modelled and simulated, dbwing simulation of the parti-
cles and their interactions with detector components.

The detector electronics response is also modeled, allogvisimulation of the signals
collected in the detector. The nal output of the simulationis the APD response, de ned in
Chapter 3, which is then forwarded to the full chain reconstrction to allow analysis of the

simulation for analyzers.

4.2.4. Simulation Tuning. While the simulation uses best prediction models, the re-
sults alone won't perfectly match the data, therefore the siulation is tuned to match data.
The ux is tuned by matching the simulation to the hadronic adivity measured in the beam-
line after the proton collisions. The model parameters with GENIE are also tuned so that
the simulated hadronic energy distribution matches what iseen in the Near Detector data
from CC events as seen in Figure 4.1. This is done by modifying thedimidual model

parameters for CCQE and MEC processes.

4.3. Simulation Datasets

Multiple Monte Carlo (MC) simulation datasets were createdor various purposes, such as
nominal simulation, which is the best prediction for the dad. This simulated dataset allows
for testing and optimization of analyses and measurementsigr to examining the real data.

Additionally, datasets were created to assist in uncertaigtcalculations for measurements.

4.3.1. Nominal MC. Approximately four times the amount of MC has been generated

than data captured. This is done to reduce the statistical urertainty in the simulated
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Figure 4.1. The reconstructed hadronic energy comparison between thatd
and the simulation after it has been tuned to best match the da.[19]

samples. The total MC generated is equivalent to 310?* POT. For this analysis, the nominal
MC has been split into three statistically independent sanips: a particle identi cation
training dataset that is 1/6 of the total MC dataset, a fake dda set using 1/6 of the total
MC, and the remaining 2/3 was used for simulation studies, $#ing, and optimizing the

analysis selection.

4.3.2. Variation of Simulated Samples. To estimate the model uncertainties in an
analysis, special tools and datasets have been created tla#low the variation of underlying

model parameters.
4.3.2.1. Detector Electronics Model-Varied SamplesSeven MC samples have been gen-

erated resulting from systematic shifts of speci ¢ detectosimulation model parameters by

1 of deviation.
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Light Response Up/Down

In these samples the light response of the scintillator iseéreased/decreased, which

therefore change the light calibration constant.

Cherenkov

In this sample, the absorption e ciency of Cherenkov light § changed.

Positive/Negative Calibration O set

In these samples, the absolute hadronic energy scale in thetettor is varied by
5%.

Calibration Shape

In this sample, the shape of the electronic response to sdillated light is changed.

Neutron

In this sample, the neutron response in the detector is vade Initially it was as-

sumed that neutron capture in the detector would produce lownergy, undetectable

gammas. However, it was found that gammas of energy 1 MeV - 8.&Mwere pos-

sible depending on the nucleus.

4.3.2.2. Multiverse Samples.An additional two samples can be generated by N\ anal-

ysers using the nominal MC already produced. To generate & samples, a \multiverse"

approach is used. An individual universe has each model paraerevaried from the nomi-

nal value by a random fraction of the standard deviation forach parameter. Distributions

produced by the analyzer are then reweighted, correspondito the varied parameters. Per-

forming this process multiple times produces multiple unesrses, called the multiverse.
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GENIE

Individual model parameters in GENIE are varied to a ect the various FSI and
nuclear interaction models. Both shape and scale parameteran be varied.

Flux

Using the Package to Predict the Flux (PPFX), the ux model paramé¢ers used by
NO A are varied, which change the shape and scale of the neutrinex from the

NuMI beam.

4 .4. Reconstruction

The recorded hits during each spill are passed through thei@r algorithm[23], which
groups the hits together by space and time coincidence andweves noise hits. The goal
of this algorithm is to separate hits from varying sources &m one another, whether they
are from cosmic rays passing through the detector or beamuteno events. This allows
the removal of cosmic ray events and leaves the analyzer withe reconstructed neutrino
interactions that occurred during the beam spill. An examplef the slicing process is shown
in Figures 4.2, 4.3, and 4.4 using event displays of an inteten in the Far Detector. Event
displays illustrate activity that occurs in the detectors ly showing two 2D images of recon-
structed objects from di erent views. The top image in the eent display is the XZ view
of the detector as a top-down perspective. The bottom image each event display is the
YZ view from a side of the detector perspective. In Figure 4.2 ¢hcalibrated hits are shown
prior to any reconstruction. There are many hits in this gure; this is primarily due to noise
coming from the readout electronics. Additionally, many cagic rays are visible, with the
neutrino event seemingly hidden. An example of this same evetfter it has passed the slicer

algorithm is shown in Figure 4.3. In this display, the noise 8 have been suppressed and
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Figure 4.2. Event display showing an example neutrino event in the Far
Detector prior to any reconstruction. These hits span the eine readout time
of 550 s.[19]

each object in the spill has been grouped together into theslice. Each color represents a
di erent slice, with the same color used in the XZ and YZ views fathe same slice. Figure 4.4
shows this same event once again, but now the cosmic rays h&es=n removed. The event
display has been zoomed in with he neutrino event now cleaNysible. Once the hits have
been separated, they are passed through the Kalman Filteriradgorithm[24] which creates
a reconstructed object, called a track, by grouping hits inazh slice following a linear like
path. This algorithm is preferred to reconstruct particleghat follow long, straight paths in
the detector, such as muons, high energy protons, and pionSor non-track like particles,
such as photons, electrons, and low energy protons, othegatithms are preferred and used
such as the fuzzy k-means algorithm[25], which is used to deiscontiguous hits. With the
cosmic rays removed, and the neutrino events fully reconatited, the analysis variables are

determined using the information from the reconstructed gbcts.
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Figure 4.3. Event display showing the individual reconstructed slice$or
each object in Far Detector.These slices exist within the @re readout time

of 550 s.[19]

Figure 4.4. Zoomed in event display showing the reconstructed neutrino
event slice in the Far Detector after noise suppression andsmic ray removal.
Note this is zoomed in by time as well, only looking at a specid2 s

window.[19]
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4.5. Analysis Variables

Once particle trajectories have been reconstructed, thelcalation and measurement of
physical quantities and particle identi ers can be applied These quantities are stored in les

to be used by analyzers.

4.5.1. Muon ldentification. To identify muons, a multivariate approach was used. A
particle classi er was created by using a Gradient Boosteddgision Tree (BDT)[26]. These
guantities were chosen due shape di erences in their didititions, as seen in Figure 4.5,
between muons, in blue, and the rest of the commonly producearticles in the detector:
gammas, pions, and protons, in red. These four inputs are:

(1) ¢ Log-Likelihood
This is the di erence between thefj—'i log-likelihood with a muon assumption and
the ?TE log-likelihood with a pion assumption. The distribution ofthis quantity is
shown in the top left of Figure 4.5.

(2) Scattering Log-Likelihood
This value is the scattering log-likelihood with a muon assuption subtracted by
the scattering log-likelihood with a pion assumption. The cattering is calculated
as Ez where is de ned as the scattering angle andl is the distance from the last
scatter. The distribution of this quantity is shown in the top right of Figure 4.5.

3) Average‘i',—'i in the Last 10 cm of the Track
This variable is the average energy deposited at the last 1hf the track divided
by 10 cm. The distribution of this quantity is shown in the botom left of Figure
4.5. This is an important quantity because it is relatively eective in identifying the

Bragg peak in protons and the Michel electron at the end of maaracks.
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Figure 4.5. These are the distributions in the training dataset of the for
inputs that were used to train the BDT. The blue distributions are measured
from true muons, where the red distributions are measureddim any object
that was not a true muon.[27]

(4) Average‘é—'i in the Last 40 cm of the Track
This variable is the average energy deposited at the last 4hof the track divided
by 40 cm. The distribution of this quantity is shown in the botom right of Figure
4.5. This is an important quantity because it is relatively eective in identifying the

Bragg peak in protons and the Michel electron at the end of madracks.

These inputs were used in the training of the BDT classi er, fowhich the output is
called the MuonID. The nal distribution is shown in Figure 46, which give great separa-

tion between signal (true muons) and background (all otherapticles). To remove the large

39



Figure 4.6. This is the distribution of the MuonID classi er. The blue cuve
represents events that truly do have a muon, the red curve isoim -NC
events, and the green are from, and . events.[27]
background peak in the low MuonID region, a minimum value fothe MuonID was imple-
mented. This minimum value was optimized by minimizing the dtal uncertainty, described

in Chapter 5.1.2, on the -CC inclusive cross section. A minimum uncertainty was fouh

at a MuonlID value of 0.24 as shown in Figure 4.7.

4.5.2. Vertex Reconstruction. It is important to understand where the neutrino
interacted in the detector. This point is called the vertex. For CC analyses, the true
vertex would be the point where the muon was created. By recsinucting and identifying

the muon, the start of the muon trajectory can be declared aheé vertex.

4.5.3. Muon Kinematic Reconstruction. The two most useful kinematic quantities

for theory and modelling purposes are the energy of the paste and the angle of the particle
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Figure 4.7. This plot shows the total relative uncertainty on the -CC
inclusive cross section as a function of a cut on the MuonI21{]

relative to the neutrino direction. The muon scattering ante and the muon kinetic energy
were used as observables for this measurement.

4.5.3.1. Muon Angle. Angle reconstruction is possible as once the particle has beecon-
structed and identi ed. The position and direction informaion is then known. Calculations
can be performed to measure the angle relative to the knownutano-beam direction. The
angle between the particle and the neutrino can be de ned as= cos ' (h ;) wherert is
the unit vector of the neutrino beam direction, andh is the unit vector of the reconstructed
particle track direction.

4.5.3.2. Muon Energy. Muons are reconstructed as relatively straight tracks wteltravers-
ing through the detector as minimum ionizing particles. As paicles travel through matter,
they lose energy. Particles losing energy at the minimum engg loss rate are called mini-
mum ionizing particles. The distribution of true muon kinetc energy as a function of length
is a linear relationship. For muons, this relationship is Ilghly correlated with there being

little o -axis activity in an event, as seen in Figure 4.8. By tting a polynomial to this
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Figure 4.8. True muon energy vs the reconstructed track length for the
muon. The majority of events have a linear relationship[27]

distribution, the muon energy can be reconstructed as a futien of the track length of the

selected muon.
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CHAPTER 5
Analysis
5.1. Measurement Strategy

The goal of this analysis is to measure the double di erentiaross section of the semi-
inclusive pion production process that yields one obserdalmuon and at least one observable
charged pion as a function of the kinematic variables of the@duced muons. To achieve this
measurement, both the muon and the pion were identi ed utiting classi ers. The MuonID
classi er has already been discussed previously in Chaptérand the PionID classi er will
be discussed later in this chapter in Section 5.4. Additiongy methods for selecting and
discriminating signal from background were determined andptimized. Next, a template
tting procedure was performed to extract a data-driven estmation of the number of signal
events. Using the result from the tting procedure, the signaevents were unfolded to
unsmear detector e ects in the measured distributions. Firly, the unsmeared distributions
were used to calculate the nal measured cross section paraters, a double-di erential cross
section, presented in muon kinematics: the kinetic energy () and the angle €os ). As
this measurement builds o of a more inclusive measurementhe inclusive  CC cross
section measurement, previous selections, tools, and bmypwere used in this analysis. This
measurement was performed in a blinded fashion, meaning the analysis was performed
on data in the signal region until the measurement was wellhderstood using simulated
samples.

A cross section is a physical quantity that measures the prability of a speci ¢ interaction
occurring. If one imagines a large beam of particles that isnaed towards a smaller xed

target made of matter, only some of the particles from the beawill interact, resulting in a

43



scatter. The cross section, , for this scenario can be de ned as:

N Scattered
(2) = N Incident
A

N Target

Where N is the number of particles, and A is the cross sectionatea of the target. From
this equation it is evident that the cross section will have nits of area. The bene t of mea-
suring the cross section, instead of a percentage probalyjlis that this quantity is constant

for a given interaction type and therefore does not depend grarameters from individual
experiments, allowing this number to be easily compared begen di erent experiments. For

neutrino physics experiments, a similar cross section dation is used,

N Selected N Background

3) - N Target

where N S¢ected s the number of selected eventdy Backaround s the number of selected back-
ground events. The di erence of these two quantities will gld the number of selected signal
events, where signal refers to the speci ¢ interaction typbeing measured.N 729 s the
number of target nucleons, is the total integrated ux of the neutrino beam, and is the

true signal selection e ciency which is de ned as

N Selected True Signal

(4) © N Total True Signal

If the signal can be e ectively estimated, the equation simpes to

N Signal
(5) - N Target
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The cross section can also be measured as a function of kingdmaariables from the
particles resulting from the interactions. This analysis Wl measure the di erential cross
section as a function of two kinematic variables of the reduig lepton. A double di erential

cross section is de ned as:

© @2 _ jUj NSl(cos 5 T);
dcos dT ,  (cos ;T )i( cos )i( T )iNiarget

In the numerator, Nssig' is the selected signal, binned icos and T , U; is an element of the
unfolding matrix wherej refers to measured reconstructed quantities aridefers to the true
guantities. This is due to the fact that detectors will measte di erent values for quantities
than what the true values are for those quantities. In the desminator is , the true signal

selection e ciency binned incos and T, cos and T are the muon kinematic bin

widths, Nrger IS the number of target nucleons, and is the integrated neutrino ux.

5.1.1. Signal Definition. The signal for the measurement made in this thesis is de-
ned as an event with one muon and at least one charged pion \ita kinetic energy of
250 MeV or more, any additional hadrons that are produced irhe interaction are allowed.
The charged pion may be either negatively or positively chged and there is no simple way
to disentagle their signs. These signal event vertices mustcur in the ducial volume of the
near detector, described in Section 5.2.2. Additionally, thevent must be contained within
the detector. A cartoon showing the topology of an event canebseen in Figure 5.1. An
event display of a simulated signal event is shown in Figure. The top of the gure is an
XZ view of the simulated signal event in the near detector, whe the bottom of the gure

shows the YZ view of the same event.
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Figure 5.1. Cartoon illustrating the topology of the signal.

Figure 5.2. Event display showing a simulated pion event consistent Witthe
signal de nition. In this event, the shorter trajectory in both views is due to
the produced muon from the neutrino interaction, while thednger trajectory

is due to the produced pion.

5.1.2. Selection Optimization. When creating a procedure to select signal events
from a larger dataset, the total uncertainty on the nal measirement must be considered as

uncertainty is sensitive to the sample selection. For thisrass section measurement, a gure
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of merit is used, derived from Eq. 3[28],

S

( N stat)z +( N bslt(agt)z +( N slilst)z .

_ sel
(7) - (Nsel  Npkg)? (=)

This equation is the fractional uncertainty on the cross séion and does not include the
individual uncertainties from the ux and number of targetsas those uncertainties are in-
dependent of the selection and applied post-t. By treatinghe statistical uncertainties as

Poisson-distributed, the gure of merit can be further simp ed to,

S

(8) —=

Nset + Npkg + ( N s&lst)z N
(Nsei  Npkg)?

(—)?

The systematic uncertainties referenced in this formula aruncertainties from the models

used to produce the simulation and will be discussed in deltdater in this chapter.

5.1.3. Pion Kinematic Reconstruction. Prior to choosing to present the cross sec-
tion in bins of muon energy and angle, the pion angle and engrgere reconstructed rst to
determine the feasibility of using these parameters in the easurement.

5.1.3.1. Pion Angle. Reconstructing the pion angle was challenging because @opro-
duced in the NO A near detector are near the -baryon resonance peak and thefore pions
have a high chance of reinteracting in the detector, causirggattering. This can a ect the
angle reconstruction in events, as a pion that scatters camquluce multiple tracks, or if the
scattering occurs near the vertex, it may not be possible t@construct the initial trajectory.
An example of the latter occurring in a simulated event is illstrated in Figure 5.3 as a
zoomed in event display. The dashed pink line is the reconstted pion track, with the start

of the track being located at the left most end of the pink lineThe other track in this event
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Figure 5.3. This is a zoomed in event display that shows an example sig-
nal interaction where the pion was misreconstructed due tacattering that
occurred near the start of the track.

is due to the muon. The incoming neutrino is visible as the béudotted line incoming from
the left side of the image. Another challenge with reconstrting the pion direction came
from events with high amounts of activity. Figure 5.4 shows araulated CC DIS signal event
with many produced particles, the trajectories from many othe particles overlap, leading
to reconstruction errors. To be able to properly measure thgion direction in events such
as this a more sophisticated technique would need to be emy#d. For the reasons listed

above, it was decided to present the results in muon kinemaes rather than pion kinematics.

5.1.3.2. Pion Energy. Much like the muon, a linear relationship exists for the pionhow-
ever the linearity is not as strong due to scattering and degaof the pion as it traverses the
detector as seen in Figure 5.5. A third order polynomial t waspplied to this plot to obtain
a best t of the energy to the length of the reconstructed piortrack without adding super u-
ous t parameters. Plotting the di erence between the recostructed pion energy from this

method and the true energy as a function of the true energy, akown in Figure 5.6, shows
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Figure 5.4. Event display of a simulated high energy DIS event with sigfii
icant nal state activity.

a large bias throughout the entire energy range. The red curve is the mearmlue for the
bias in each energy bin. There is a collection of events witlmly a small amount of bias, this
are the same events that lie along the diagonal in Figure 5.5. @orrection to this bias was
attempted, by subtracting the bias mean, this is shown in Fige 5.7. Unfortunately, this
method introduced a bias in the events where the relationghibetween length and energy
were quite linear. To be able to properly estimate pion eneyga simple polynomial t on a

track will not work and other techniques will be needed.

5.1.4. Minimum Pion Energy.  Pions can be reconstructed in the NOA Near Detector
over a wide energy range, but when the energy of the pion is twov, it may not be detectable
due to either not creating enough hits to form a Kalman track,or it may not deposit
enough energy to form any reconstructable object at all. Tinefore, a minimum energy

1Bjas in this context is de ned as the di erence between the reconsucted and true values.
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Figure 5.5. This plot shows the reconstructed pion track length vs the tre
energy of the pion in simulation.

Figure 5.6. Bias between the truth and reconstruction as a function of &
true energy of the pion. The red line is the mean value for theids as a
function of the true pion energy.

Figure 5.7. Bias between the truth and reconstruction as a function of
true energy of the pion after the bias correction is applied.
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Figure 5.8. Pion reconstruction e ciency as a function of the true kinetc

energy of the simulated pion.
selection must be applied to pions in the signal de nition toensure that selected events
have well reconstructed pions and don't otherwise contrilbe large uncertainties in the nal
measurement. The minimum energy cuto was determined by eraning the reconstruction
e ciency of pions as a function of their true energy. The recaastruction e ciency is de ned

as:

Reco
(©) = N
Where N ¢ is the true number of pions created in the simulation an#ll R is the number
of reconstructed pion tracks, which have been matched to agpi generated by the simulation.
Figure 5.8 shows the pion reconstruction e ciency, from Equ#on 9, as a function of the
true energy of the pion using simulated data. Pions becomesible at 150 MeV, below which
pions cannot be observed by the NQA detectors. There is a steep slope from 100 MeV
to 220 MeV, after which the reconstruction e ciency decreaseless rapidly. The e ciency
decreases at higher kinetic energies due to reinteractiomsthe detector. Pions produced

in the NO A detectors have energies near the -baryon resonance peakdtherefore the
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Figure 5.9. Estimated fractional uncertainty on the cross section as aific-
tion of the reconstructed kinetic energy of the simulated pn.

produced pions are very likely to reinteract within the detetor, which can reduce the ability
to accurately identify pions and result in poorly reconstrated energies. Figure 5.9 shows
the estimated fractional uncertainty on the nal cross seébn measurement in each bin of
pion energy. The uncertainty on cross section below 220 Meyrelatively high, compared to
higher energies. However, comparing to the reconstructiorcency from Figure 5.8, this
value exists in the region where the e ciency is rapidly chaging, therefore 250 MeV was

chosen as the minimum reconstructed value for the energy dfet pion.

5.2. Event Preselection

Event preselection is the initial selection performed on thdataset designed to create a
collection of events of good quality without discriminatiig between signal and background

events. The following sections describe the quantities wse the preselection.

5.2.1. Data Quality. The data quality preselection ensures the data taking ocawd

during good running conditions, as de ned by the beam and theear detector, and that the
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reconstruction quality of each slice meets a minimum standi The reconstruction quality

requirement ensures the selection of events with these gtiak:

Number of Tracks: The slice must contain at least one 3D Kalman track.
Number of Hits:  The slice must contain at least 20 hits. This primarily remogs
reconstructed noise, though some NC events are removed asl.wel

Number of Contiguous Planes: The slice must contain at least 4 contiguous
planes with hits to remove events that have a high likelihoo@f reconstruction

errors.

5.2.2. Fiducial. The ducial volume is de ned as the region of the detector caidered
to be well understood. For this analysis, the start of the setted muon track is treated as the
reconstructed vertex for the event, where the vertex is deed to be the position where the
neutrino interaction occurred. To ensure that the event oginated from within the detector
and did not leak in from outside, the vertex is required to be dtween -130 cm to 140 cm in
the X and Y dimensions and in the Z dimension its required to b&ithin 100 cm to 1000 cm
away from the front face of the detector with (0,0,0) being deed as the center of the front
face of the detector. The asymmetry in the X and Y dimension due to the beam direction
not perfectly aligning with the Z dimension. Figure 5.10 shosva simulated signal event
with the ducial volume, shown overlaid in green. The illustated event passed the ducial

preselection.

5.2.3. Event Containment. Containment requires that the energy from the event
doesn't escape the detector. This is an important requiremebecause it is challenging to
reconstruct the energy of the selected track without requirg all of its energy be deposited

into the detector. The event must be at least 20 cm from the dettor edge in the X and Y
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Figure 5.10. This event display shows a simulated signal event with the
ducial and containment volumes overlaid in green and red spectively.

dimensions, and in the Z dimension must be between 20 cm to $5@n from the front face
of the detector. Finally, events that have non-muon tracks ithe muon catcher are removed.
Figure 5.10 shows a simulated signal event overlaid with th@mtainment volume, shown in

red. The illustrated event passed the containment presetemn.

5.3. Signal Event Selection

Following preselection, a more detailed selection is pemfieed to select a higher purity

signal event sample. The following selections were perfat

5.3.1. MuonID. In order to identify a muon in an event, MuonID was used. It was
required that each event have at least one track with a minimm MuonID value of 0.24.
Events passing this requirement were considered candid&eents containing a reconstructed

muon.
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(@) (b)
Figure 5.11. Zoomed events displays of simulated events with a red circle
showing the< 15 cm track start requirement. The event in the left pane is a
signal event where the neutral pion was not selected. The even the right
pane shows a signal event with a pion that scattered multiplémes creating
multiple reconstructed objects.

5.3.2. Track Requirements. The CC Pion measurement required the identi cation
of both a muon and a charged pion. This means that at a minimunt éwo 3D tracks needed
to be fully reconstructed in order to allow identi cation otherwise the event must be rejected.
Both of these tracks were required to have their start postin within 15 cm of each other.
As pions in this energy range often reinteract and when they atter, additional tracks can
result. Additionally, this helps to exclude selecting traclike neutral pion decays. Neutral
pions travel some distance before decaying, producing a dagtween the start of the neutral
pion track and the start of the muon track. Figure 5.11 shows poned-in event displays
illustrating these e ects. A red circle highlights the 15 cnregion that a track must start
within to be considered a candidate charged pion track. Théght-hand display shows a pion
that scattered multiple times creating more than one recotrsicted track and the left-hand
display shows a signal DIS event where the neutral pion wastraelected as the pion track

due to the>15 cm gap between the start of the muon track and the start of #nneutral pion

track.

5.3.3. Muon Threshold. The last selection performed was a muon energy threshold

requirement that the muon track have at least 500 MeV of Kineét Energy and a maximum of
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2500 MeV. Also, an angle threshold was applied that requireti¢ muon to have a minimum

cos of 0.5. These kinematic requirements helped to ensure a watonstructed muon.

5.3.4. Purity.  Purity is a ratio of a specic signal to the overall dataset. This is a
useful metric when optimizing selection. As more requiremisnare created and applied to
the selection, it is desired for the purity to increase for aigen sample. Mathematically,

purity is de ned as,

signal

(10) Purlty = W

whereN$9"@ js the number of true signal events in the dataset, and @ is the number of

total events, signal and background, in the dataset after # selection is applied.

5.3.5. Summary of Selected Events. Table 5.1 shows how the simulated signal was
sculpted from the initial dataset where the sample was scaléo 8:09 10?° POT. Each row
includes a requirement to those accumulated in the previousw. Each column is a specic

metric for the sample.

Table 5.1. Table showing the summary of simulated events from the nal
selection (scaled to 9 10°° POT)

| | Signal | Total |Purity |Sig. E. [Rel. Sig. E. |

No Cuts 1:11 10°[1:38 10°| 0.8% N/A N/A
Quality 111 10°(984 10| 1.1% 100% 100%
Containment 198027 | 484 10°| 4.1% | 17.8% 17.8%
Fiducial 191052 | 258 10°| 7.4% | 17.2% 96.5%
MuonID 178717 | 142 10° | 12.6%| 16.1% 93.5%
2 Tracks + 15 cm Req.| 51187 190665 | 26.8%| 4.6% 28.6%
Muon Threshold 47280 111815 | 42.3%| 4.3% 92%
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5.4. Pion Identification

It is necessary to identify the charged pion track in eventsot distinguish signal events
from background events. A multivariate approach was chosdn help identify events with
these charged pion tracks. Speci cally, a Boosted Decisidimee was employed, using the
TMVA library[29], as it has been used by many other measuremts and is well understood.
Additionally BDT network 2 have relatively small runtimes and scale quite well. Another
bene t of using a BDT is that it is easier to understand what the algorithm is doing compared
to more complicated machine learning techniques, such asdpd_earning. Using a somewhat
less sophisticated approach also provides a good baselmedmpare against future iterations

of the CC Pion measurement that will use these Deep Learningdhniques.

5.4.1. BDT Input Variable Selection. Many features were considered as inputs to
be used in the BDT, however ve were chosen based based on thekiape di erences between
charged pions and other particles. Greater shape di eren@an yield higher discriminating
power in the BDT network. The distribution for each feature @scribed below can be seen

in Figure 5.12, broken out by patrticle type.

(1) Average‘(’,—'i in the last 10 cm of the track

This variable is the energy deposited at the last 10 cm of theack divided by 10 cm.
(2) Average%—'i in the Last 40 cm of the Track

This variable is the energy deposited at the last 40 cm of theack divided by 40 cm.
(3) € Log-Likelihood

This variable is the di erence between the‘jﬁ log-likelihood using a muon assump-

tion and the ?TE log-likelihood using a pion assumption.

Hereby referred to as simply \BDT"
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Figure 5.12. The ve input parameters used in the BDT, broken out by
particle type.

(4) Scattering Log-Likelihood
This feature is the scattering log-likelihood with a muon asimption subtracted by
the scattering log-likelihood with a pion assumption. The cattering is calculated
as FZ where is de ned as the scattering angle andl is the distance from the last
scatter.

(5) Track Gap Density
This value is calculated by taking the number planes withinte track where no hits

were recorded and dividing by the length of the track.

The BDT response was optimized by minimizing the fractionalincertainty on the -
nal measurement while also using the Receiver Operating CGhateristic (ROC) curve to
determine discrimination performance and utilizing the Kbimogorov-Smirnov (KS) score to
optimize against overtraining. Events may contain multipgé pion tracks, however, only the
track most likely to be a pion is used for this measurement. Hrefore the track with the

highest pion score in the event, excluding the tracked seted by MuonID, is considered the
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pion track. This highest value is called the best pion scor&igure 5.13 shows best pion score
in the event broken out by the true type of particle that creaéd the track for all selected
events in the simulated sample. There is a strong responsetire high score region from
pions, which is desired, however there is also a noticeabésponse from muons and a slight
peak in that region for the proton distribution as well. The gak in the muon distribution
is a combination of three e ects: mismatched 3D reconstruan, incorrect muon selection,
and pion decay. The 3D misreconstruction occurs from eventsere the pion track and the
muon track have approximately the same length in the z-diréion and the reconstruction
incorrectly matches the 2D tracks together when forming th8D track. This mismatch e ect
can also occur between protons and pions. The incorrect muealection most often occurs
when the selected muon track from MuonID wasn't actually a man, but instead a particle
with similar properties, such as a charged pion. Lastly, piodecay can cause the track to
be identi ed as a muon since the most common pion decay produsre muons. If the pion
decays into a muon and the muon produces a long enough tracketreconstruction software
may consider that to be a muon track, even though the muon canfeom a nal state pion.
As seen in Figure 5.13, the BDT does a good job of assigning lowoRID scores to gammas
as a majority of the gammas have scores below zero. Figure 5shéws the distribution of
the best pion score, broken out by the type of event. The sighdistribution in orange is
strongly peaked in the high pion score region. However, theieealso a peak in the low score
region. This is primarily due to events where the pion was neéconstructable, such as events
where the pion did not appear in the nal state or if the pion wa poorly reconstructed. The
only background events with a strong peak in the signal regicare from events with energy

below the reconstruction threshold.
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Figure 5.13. The highest PionID value among all tracks in an event, exclud
ing the track selected by MuonlID, broken out by particle type

Figure 5.14. The highest PionID value among all tracks in an event, exclud
ing the track selected by MuonlID, broken out by the topology fothe event.
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5.4.2. Optimization of the Pion Event Selection. As with the other selection
optimizations described so far, this selection was optingd by minimizing the total fractional
uncertainty on the cross section. The total fractional uncéainty is calculated using Equation
7. The total fractional uncertainty on the cross section coprises four parameters: the
statistical uncertainty on the number of selected eventshe statistical uncertainty on the
number of background events, the systematic uncertainty othe number of background
events, and the systematic uncertainty on the e ciency. Addng these four uncertainties
in quadrature yields the cross section uncertainty. The stistical uncertainties are taken
as thep N normalized by the square of the di erence between the numbef selected and
background events. To calculate the systematic uncertaitin the nominal background, the
di erence between the nominal and shifted samples is calatéd. It is assumed that the all
of the systematic parameters vary independently such thahe total systematic uncertainty
can be calculated by adding them in quadrature. Figure 5.15 als each of the four terms
as function of the minimum accepted value for the Best Pion 8re. Figure 5.16 shows the
total fractional uncertainty on the cross section as a funain of the minimum accepted value
for the Best Pion Score. From this gure, it can be seen that quiring a minimum Best

Pion Score of 0.6 results in the lowest uncertainty on the Hameasurement.

5.5. Measurement Binning

The previous CC inclusive measurement performed by the NQA collaboration utilized
a 2D binning scheme using muon kinematic variablest and cos , as described in the
previous chapter. The same preselection, a similar selectj and the utilized binning scheme
can be adopted for this analysis. A check on the resolution tife muon kinematics, which

was used to determine the binning for the CC inclusive measurement, yields similar
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Figure 5.15. The four components contributing to the calculation of the

fractional uncertainty on the cross section as a function dhe cut value used
in the analysis, (a) is the statistical uncertainty on the nunber of selected
events, (b) is the statistical uncertainty on the number of bckground events,
(c) is the total systematic uncertainty on the e ciency, the quadratic sum of
all the model parameter uncertainties, (d) is the total sysmatic uncertainty
on the number of background events.

results between the two signal de nitions. The absolute retution as a function of the
muon kinematic parameters is shown in Figure 5.17. This guresuggests that using a
binning scheme similar to the CC inclusive measurement was a good starting point for
this measurement. Based on the resolution of the kinematiatone, the nest binning scheme
possible is shown in Figure 5.18 for the CC Pion measurement the left, and the binning

used in the CC inclusive measurement[27] for comparison on the right.h€se plots show
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Figure 5.16. Total cross section uncertainty as a function of the cut vale
on the BDT response.

the total number of selected events, signal plus backgrounth each bin. The di erence in
analysis space and event rate between the two samples is doadtditional cuts made for the
pion analysis that were not made in the CC inclusive measurement. Therefore, the nal
binning used in this measurement is more coarse than the CC inclusive measurement.
Additionally, the template t that is performed on the data and simulation, which is a
di erent approach than that used by the  CC inclusive measurement, necessitates an even

more coarse binning scheme than that of Figure 5.18, which isstribed in Section 5.7.

5.6. Background Estimation

To measure the cross section using Eq. 3, the number of baakgnd events contained in
the selection must be estimated. This can be done by invesdiing the sidebands, or events
outside of the signal region in the BDT response, however,ishapproach was not used for

this analysis due to large contributions from the signal intte sideband region.
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Figure 5.17. Absolute resolutions as a function of the true muon kinematic
parameter using the semi-inclusive pion signal de nitionThe left pane shows
the absolute energy resolution of the muon and the right parghows the ab-
solute resolution on the muon direction, cos relative to the direction of the
neutrino beam.

Figure 5.18. Distribution of events as a function of the reconstructed kietic

energy and reconstructed direction of the muon track, aftehe selection was
applied to the simulated dataset using the nest possible bning based on the
resolution of the kinematic distributions. In the left paneis the described dis-
tribution using the Inclusive CC Charged Pion selection antdinning scheme.
In the left pane is a described distribution using the Incluge CC selection
and binning scheme.[27]

5.6.1. Background Events. The three largest backgrounds in this analysis are CC 0,
below threshold events, and NC DIS. The Best Pion Score Didittions for these events were
shown previously in Figure 5.14. CC 0 events can be further split into CCQE-like and
CC O-like events. CCQE-like events are events with a muon and atdst one proton, typi-

cally producing two or more tracks, however no pion is prodad. CC °-like are events that
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produce a muon, at least one proton, and at least one neutralom, however, no charged
pions are present. Typically, with these types of events, éhmuon is selected correctly and
then the proton is selected as the pion track as it is the onlytleer track in the event. If
the proton isn't in the nal state, the decay products of the reutral pion may be selected
instead. Below-threshold events are background events wbecharged pions, with energy
below where they can be reconstructed, were produced. Theaee also below threshold
events where the pion did meet the energy requirements to bensidered a signal pion, but
the muon produced was outside of the accepted energy rangehad too large of an angle
with respect to the neutrino beam. NC DIS events have no primgmrmuon but can produce
multiple pions which can sometimes be miscategorized as a anutrack. The miscatego-
rization primarily comes if a produced pion has a similar dEix pro le to a muon. Less
commonly, this miscategorization can also occur if the piotiecays quickly after the interac-
tion, as the resultant muon can produce a track. There are adobnal interaction channels
that contribute to the background, however at a much reducedate, such as . and  CC
events and out of ducial events, where events that occurredutside of the ducial volume

but were reconstructed with in the ducial volume.

5.7. Signal Estimation Using a Data-Driven Template Fitting Pro cedure

Due to the large number of background events in the signal rieg and the large amount
of signal events in the sideband region, a di erent approactvas needed to estimate and
constrain the signal. Two previous measurements in N@ [30][31] faced similar challenges
and used a novel technique of tting simulation to data utilzing the shape di erences present
between simulated background and signal distributions dabl templates. This technique was

employed for this measurement using the PionlID.
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5.7.1. The Template Fitting Procedure. The template tting is performed for
PionID templates in each of the 2D kinematic bins, in which tha analysis will be presented.
The tting procedure was a global t, where all kinematics bns are simultaneously t, while

minimizing the reduced 2, given by:
(11) 2= (i x)TV X))

wherei andj are template bins andx; is the measured number of selected events from data
in bin i, X; is the expected number of selected events from simulation timat bin, nominal
in MC, and Vj is the total covariance matrix calculated as the sum of the tal systematic

covariance matrix and the statistical covariance:
_ syst stat
(12) Vi =V Y

where V"% is the statistical variance and\/ijSySt is the total systematic covariance de ned as
the sum of the covariance matrices for each of the individualstematic samples indexed by

Z.
syst X
(13) VSt = Vi

For the systematic samples that provide a single shift repsenting a change of one stan-
dard deviation of a parameter, such as the calibration, lighand Cherenkov samples, the

covariance is calculated as

(14) Vij;syst = ( Si Si)(sj Sj )
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For the multiverses systematic samples, such as PPFX and GeMV, the average covariance
was taken over all the universes using the Bessel correction

3:1 (Sn;i Si)(sn;i Sj)

(15) Vij;syst = U 1

X;j, from Equation 11, can be written as a sum of the templates:

(16) Xj = a NiSignaI + h NiBackground

whereg and b are the normalization free parameters in bim, for the signal and background
templates respectively. N>9" and N 229" are the number of signal and background
events in each template bin.

The tting and minimization procedure is outlined in Figure 5.19. First, templates were
generated from the simulation and data for each kinematic ibj an illustration of a typical
kinematics bin is shown in Figure 5.20. Next, a covariance matrwas calculated using all of
the systematic samples. A global t was then performed mulple times, each with a di erent
seed value for the normalization parameters. The t was pasfmed using the CERN Minuit
package[32], initially using fast t function. The normalzation seed values were varied
from 0.2 to 1.8 using 0.2 increments. This t was performed 6dmes using these varying
seeds to ensure that the smallest? was found. Best ts with large correlations between the
normalization parameters, unphysical results, or errorsexe discarded, while other t results
were saved. If no convergence was found with the t, the t wasliscarded. Once the fast
ts were performed on all 64 seeds, a slow, more accurate, tas performed using the seed
that resulted in the lowest 2 from the saved fast ts. This slower t function yielded the

most accurate minimum compared to the fast t method which usd a coarser minimization
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Figure 5.19. Cartoon illustrating the template tting procedure work o w.

method. Once the slow t was nished, the normalization paraneters were saved along with
the uncertainty in each bin from the t.

In order to ensure su cient statistics, and hence t convergnce, two requirements were
imposed on each kinematic bin in order to be used in the globdal Each kinematic bin
must contain at least 400 signal events to ensure that the biwill not be statistically lim-
ited. Additionally, the signal to noise ratio in each kinem#c bin must be at least 0.4.
This requirement was necessary to ensure the signal temm@atvasn't overwhelmed by the

background template during tting.

5.7.2. Determining the Binning Schemes. Two binning schemes had to be deter-
mined, one for the templates and the other for the kinematicslo determine the best binning

scheme for the templates, the tting procedure was perforndeon di erent template binning
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Figure 5.20. Example illustrating the signal and background templatesam-
ing from a kinematic bin.

schemes, while keeping the kinematic binning xed. The tenigte shape varies based on
granularity of the binning. If the binning is too coarse, theshape distinction between signal
and background can be lost. If the template bins are too nehen the t becomes sensitive
to statistical uctuations in the data. Four di erent binni ng schemes were tested, 10 bins,
20 bins, 50 bins, 100 bins, all using equal bin widths. The 2@nbscheme was found to be
the optimal choice.

To determine the kinematic binning scheme, the template bmng scheme was kept xed at
the optimal 20 bins, and the binning of the kinematic variatds was varied. Initially, the
kinematic binning scheme from Figure 5.18 was tested, but tdted in poor t convergence.
Coarser binning schemes were tested and the optimal 2D bingischeme was found. Figure
5.21 shows the number of selected signal events in each kiambin using the nalized

binning scheme, after the application of the full selectioon the simulated dataset.

5.7.3. Testing Fit Robustness. In order to ensure that the tting procedure would
function correctly on data samples, a series of robustnegsts were performed. In each test,
the nominal templates were t to a fake data sample. These faksamples were: Poisson

varied dataset, a at 20% shift applied to the signal portionof the nominal simulation, and
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Figure 5.21. Distribution of selected signal events as a function of theue
kinetic energy and scattering angle of the nal-state muonafter the full se-
lection is applied to the simulated dataset.

datasets with 1 of deviation for the signal portion of the nominal simulatio by varying
GENIE model parameters. Each of these tests resulted in t caergence and produced t

uncertainties between 10% - 20% in most kinematic bins.

5.8. Unfolding

In an ideal detector, any measured physical value would mdt¢o the true physical value.
In practice, what the detector measures will di er from whattruly occurred for a few reasons,
such as: measurement resolution, detection thresholds, mlinear detector response, and
imperfect reconstruction algorithms. These e ects are g&ito \smear” the distributions of
the true physical quantities into the distributions the detctor measures. Unfolding is the act

of reversing this smearing e ect from the measured distriliions to obtain the true physical
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values. The true physical quantities are of the most importece for the reported result
as that allows comparisons between di erent experiments drtheory. For the measurement
described in this thesis, the physical quantities of intest are the discrete distributions of the
kinetic energy and scattering angle of the nal state muon. fie initial folded measurement
can be described by a matrix transformation of the true valigeof the discrete kinematic

distributions into the reconstructed values of the kinemat distributions[33]:

(17) = AX + b

where is the observed distribution by the detectorx is the true underlying signal distri-
bution, bis the estimated background distribution, andA is the transformation matrix, also
called the smearing matrix. Using simulation, where both thebserved distributions and
the true underlying distributions are known, this smearingnatrix can be estimated. In data
however, only the observed distribution can be measured. dgiEquation 17, and assuming

A is both square and not singular, the true distribution can bevritten as:

(18) =A* b

Unfortunately, this alone is not enough to recover the true diributions as this method
assumes simple linear e ects from the transformation, wiglin reality detector e ects can
be non-linear. Instead, a probabilistic approach is takemsing Bayes' theorem to iteratively
unfold the distribution in multiple steps[34]. This techngue is most commonly called either

the D'Agostini method or iterative Bayesian unfolding. Usinghis technique, the iterative

(n+1)

improvement on the measured result in each bin of the distnition, x;” , relative to the
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Figure 5.22.

previous iterative improvement,xj', can be written as:

XA _
(n+1) _ _n ij Vi
(19 X —J o

N A
i=1 k=1 Aik X

where"; is the selection e ciency of thejth bin. A plot of the normalized response matrix,
A, for this measurement is shown in Figure 5.22, with the true kematic quantities on the

y-axis and the reconstructed quantities on the x-axis.

5.8.1. Optimizing the Number of Unfolding Iterations. Because this method
is recursive, the optimal number of iterations used in the dolding procedure must be deter-
mined. With D'Agostini's method, small numbers of iterationsbias the unfolding towards
the true distribution, while large numbers of iterations reult in large variances in the mea-
sured distribution. Therefore, to determine the optimal nmber of iterations, one must

consider the e ects of bias and variance. The mean squaredar(MSE) was chosen as the
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optimization metric, with the iteration having the smalles MSE being the desired number of
iterations to use for the nal measurement. This metric has &en used in other cross section

measurements on NOA successfully[35][27]. The MSE is de ned as:

(20) MSE = Var + Bias?

where Var is the variance of the unfolded sample, and the bi&gsthe di erence between the
unfolded sample and the true distribution. The MSE can be calilated using simulation as
the true and reconstructed distributions are available. Toest the unfolding and calculate the
MSE, a statistically independent simulated sample with vaed GENIE model parameters was
used. This was to ensure that the unfolding procedure wouldilsperform well despite any
di erences between data and simulation. Three-hundred sutated datasets were produced
by randomly varying all of the GENIE model parameters. Six spec datasets were chosen
for this procedure: the dataset with the largest bin-to-birvariation relative to the standard
simulation, the dataset with the largest integral di erene relative to the standard simulation,
and 4 datasets that represented a +1, +2 , 1 ,and 2 of deviation from the nominal
simulation. The variance, squared bias, and MSE as a funatiaof the number of unfolding
iterations are shown in Figure 5.23 for the +1 varied sample. The variance is shown in the
top left, the bias on the top right. The results from each of tese tests are shown in Table
5.2. Most of the tests yielded a minimum MSE value at the sameumber of iterations, 2,
except for one test, the +2 deviation which yielded a minimum at 3 iterations, however,
the MSE found at 2 and 3 iterations for that sample were simitain value. Therefore two

iterations was chosen as the optimal number of iterations tperform the unfolding. This is
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Figure 5.23. Variance, Biag, and MSE as a function of the number of iter-
ations for the +1 varied sample.

similar to the number of iterations used in other NOA measurements, where typically 2-4

iterations grant the smallest MSE and are therefore optimal

Table 5.2. Optimized number of unfolding iterations.

Simulation Dataset Optimized # of Iterations
Largest Bin-to-Bin Di erence 2
Largest Integral Di erence 2
+1 2
+2 3
1 2
2 2

5.9. Efficiency Correction

In order to correctly evaluate a cross section, correctiomaust be made to account for
ine ciencies in the measurement selection. The e ciency, bbng with the associated uncer-

tainty, can be estimated using simulation. The e ciency is @plied after the data has been
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Figure 5.24. Distribution of signal events as a function of the true kinet
energy and direction of the produced muon. This plot contagall simulated
signal events prior to the application of the selection to th simulated dataset.
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Figure 5.25. E ciency as a function of the kinetic energy and scattering
angle of the nal-state muon.

unfolded into the true distributions. To estimate the e ciency, Equation 4 is used. The left
pane of Figure 5.24 shows the number of selected events in eaghfrom the full selection
using the simulation, while the right pane shows the true nubrer of signal events in each

bin prior to selection using the simulation. Figure 5.25 shawthe total estimated e ciency

calculated from simulation.
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5.9.1. Uncertainty on the Efficiency Correction. There are three primary sources
of uncertainty in the calculation of e ciency: the statistical uncertainty coming from the
number of events in the measurement; systematic uncertaies from the beam and detector
modelling; and the systematic uncertainties from paramete in the physics models used in
the simulation. The total uncertainty assigned to the e ciency is obtained by adding the
individual uncertainty contributions in quadrature. Correlations are ignored. The individ-
ual uncertainties in each bin coming from detector e ects & shown in Figure 5.26. The
uncertainty from GENIE and PPFX modelling is shown in Figure 5.2. The top panes show
the upper and lower bounds of the uncertainty due from GENIE natel parameters and the
bottom panes show the upper and lower bounds on the uncertgindue to PPFX model
parameters. The total fractional uncertainty assigned tolte e ciency is shown in Figure

5.28.

5.10. Flux Calculation

The integrated ux is needed for the cross section measurement. The beam uin
general, describes how many particles are incident on thetéeetor per area as a function of
neutrino energy. Therefore, the integrated ux is the totalnumber of  that passed into the
ducial volume per unit time and integrated over the data cdlection period corresponding
to the data set. The measurement described in this thesis @sthe value calculated for the
inclusive CC measurement. Using Equation 5, the integratedux is de ned as:

N Signal (E)

(21) (E) = NTTt(E)
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whereN 19" (E) js the number of signal events as a function of the neutrinmergy, N (Ta9et)

is the number of targets in the ducial volume, and (E) is the cross section as a function of
the neutrino energy. To estimate the integral ux with this equation, GENIE is used, simu-
lating quasi-elastic CC events interacting on carbon, as the detector is largelyomposed
of carbon[36]. This is used in conjunction with an internal dolkit called PPFX (Package
to Predict the Flux) which contains the uncertainties from tre NuMI beam modelling and
data from other sources such NA61 experiment[37] at CERN. The certainty associated
with the predicted ux is calculated by producing 100 multierses and measuring the 1
deviation from nominal. Figure 5.29 shows the estimated uxsa function of neutrino en-
ergy with the associated uncertainties. From this method,he estimated integral ux is

780" m 2 114%.
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Figure 5.26. The individual systematic uncertainties on the e ciency pe
bin associated with detector model parameters.

5.11. Determination of Target Nucleon Number

The total number of nucleons was calculated for the cross ea estimation, allowing for

comparison with other experiments. The number of target nleons in the ducial volume

was calculated. The number of nucleons estimated in the pieus  CC inclusive mea-

surement was used for the measurement described in this tisess both measurements used

the same ducial volume. This number was estimated by randoiy sampling the simulated

detector geometry to determine the element at a speci ¢ pdinand thus the number of nu-

cleons, one million times. This process was repeated onelimil times and a Gaussian curve

was t to the distribution[35]. Figure 5.30 shows the distrilution of the measured number of
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Figure 5.27. Uncertainty per bin associated with GENIE and PPFX model paramters.

nucleons from one million trials along with the mean and unceinty from the t.The total
estimated number of target nucleons in the ducial volume i8:890 10°! 0:33% with the

error being statistical in nature due to the random samplingprocess.

5.12. Uncertainty Calculation

Each term in the cross section equation, Equation 6, has ansagiated uncertainty that
needs to be calculated in order to determine the total uncexinty on the cross section
measurement. The uncertainties for each of those quantisievere given in the relevant
sections above. To calculate the total uncertainty on the al measurement each quantity

will be treated as independent and uncorrelated to one anath therefore the uncertainties
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rameters, and the statistical uncertainty.

Figure 5.29.

ux as a function of neutrino energy.[35]
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Figure 5.30. Distribution of the estimated number of targets in the ducial
volume from the simulation.[35]

will be added in quadrature using the following equation:

(22) —= =

where— is the fractional uncertainty on the cross section ang‘i—i is the fractional uncertainty

of parameterx; from the cross section equation.

5.13. Mock Data Test

Before unblinding the analysis, it is imperative to test theentire analysis framework using
a statistically independent dataset of Monte Carlo simulabn. This sample, called \fake
data", was made using the nominal simulation, but was 25% thgize of the full simulation

dataset.
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5.13.1. Mock Data Cross Section. The procedure used for the fake data measure-
ment was identical to the procedure used on the data for the al measurement. First, the
templates from the nominal simulation were t to the fake daa. The t converged, as can be
seen in the extracted signal distribution in Figure 5.31. Thextracted distribution of signal
events was then unfolded into true space, yielding Figure 2.3 This unfolded distribution
was then e ciency-corrected, by dividing each bin in the undlded distribution by the cor-
responding bin in the e ciency plot shown in Figure 5.25, yialing the signal distribution
in Figure 5.33. Each bin is then divided by the integrated ux,the number of targets, and
the bin width, giving the double-di erential cross section shown in the right pane of Figure
5.34. For comparison, the double-di erential cross sectip as calculated from the nominal
simulation is shown in the left pane of Figure 5.34. Figure 5.38hows the ratio of the cal-
culated cross section extracted from the fake data relativi® the cross section used in the
nominal simulation in each bin. The bins in the forward-goig region,cos > 0:95, match
the nominal simulation quite well, however, at larger muoncattering angles, there is some
di erence between the two samples. This is because the shaperence between signal and

background in PionID is diminished in those regions as comeal to the forward-going bins.

5.13.2. Mock Data Cross Section Uncertainty. The resultant fractional uncer-
tainty per bin on the tis shown in Figure 5.36. Each bin was the added in quadrature with
the uncertainties from: the e ciency, the ux, and the number of targets. The fractional

uncertainty on the extracted cross section from the fake datsample is shown in Figure 5.37.
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Figure 5.31. Distribution of signal events from the fake data sample usin
the template tting procedure.

Figure 5.32. Distribution of unfolded signal events from the fake data saple.

83



Figure 5.33. Distribution of signal events from the fake data sample afte
the e ciency correction had been applied.

Figure 5.34. The double di erential cross section from the nominal simal
tion in the left pane and the double di erential cross sectio calculated from
the mock data test on the right.
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Figure 5.35. Ratio of the fake data cross section divided by the nominal
simulation cross section in each bin.

Figure 5.36. Fractional uncertainty in each bin from the template tting
procedure performed on the fake data sample.
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Figure 5.37. Fractional uncertainty in each bin from the template tting
procedure performed on the fake data sample.
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CHAPTER 6

Results

The cross section measurement process described in the pres chapter has been applied
to NO A's Near Detector dataset, with data collected from August 204to February 2017,
while the NuMI beam was running in the FHC con guration. Prior tothis point, the analysis

and measurement had been blinded from data.

6.1. Fit Results

Figure 6.1 shows the distribution of the number selected evsron the data. The tem-
plates for three bins used in the tting procedure can be sedn Figure 6.2, containing the
PionID distributions of the pre t templates, the post t tem plates with normalization pa-
rameters applied, as well the data distribution for each bin Only the reported bins, bins
passing the 400 signal events and 0.4 signal to backgrountioaequirements, are shown in
this gure. Each plot is labelled with a bin number in (x,y) coordinates, with (1,1) corre-
sponding to the bottom left bin in Figure 6.1 and (6,10) corrgmnding to the top right bin in
that same plot. These gures also contain the sum of the backaund and signal templates,
in black, which is the equivalent to the total predicted numier of events in each bin. The

complete set of templates, for all bins, is in Appendix A.

6.2. Measured Cross Section

Following the tting procedure, the cross section was caldated. The cross section was
calculated by applying the normalization parameters fromte t to the templates, unfolding
that distribution, and applying the e ciency correction, ux, and number of targets to

calculate the cross section. In detail, this procedure was:
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Figure 6.1. Distribution of events from the data after the full selection has
been applied.

(1) The normalization parameters from the template tting procedure on the data were
applied to the signal templates. This yielded the estimatedumber of signal events
per kinematic bin in the data, shown in Figure 6.3.

(2) The unfolding process was applied to the distribution ofignal events from the
previous step, using two iterations. The unfolded distribtion is shown in Figure
6.4.

(3) The e ciency correction was applied. Each bin of the unftded distribution was
divided by the e ciency in that bin from 5.25 .The e ciency co rrection distribution
of signal events is shown in Figure 6.5.

(4) Each bin of e ciency corrected distribution was dividedby: the number of targets,
the integrated ux, the kinetic energy bin width, and the scdtering angle bin width.

This step yielded the complete double-di erential cross s&on.
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(@)

(b)

(©)
Figure 6.2. Data template, in orange, along with the pre and post t tem-

plates for signal and background. The simulated estimatioof the data is
shown in black.
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Figure 6.3. Distribution of the number of signal events extracted from le
template tting procedure performed on the data.
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Figure 6.4. Distribution of the measured number of signal events aftergr-
forming the unfolding procedure.
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Figure 6.5. Distribution of the measured signal events after the e cieny
corrections have been applied.

The nal measured double-di erential cross section for the CC channel is shown in
Figure 6.6 (only the reported bins). Figure 6.7 shows the ratiof the measured cross section
from data relative to the simulation. The measured doubleierential cross section is similar
to the simulated prediction in the forward-going regioncos > 0:95. At larger scattering
angles, an excess in the measured cross section relative e simulated prediction was
observed. The excess is larger than the uncertainty in mostns. Events in the forward-
going region tend to have simple topologies, such as cohérprocesses or one muon and
one charged pion nal state events which are well understooprocesses due to previous
measurements. Events containing muons with larger scatteg angles,cos < 0:95, tend
to have more complex topologies, such as multi-pion DIS, vahi are di cult to measure and

aren't as well understood. Future NOVA analyses of this naltate will be performed with
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Figure 6.6. The measured double di erential cross section of the CC channel.

more sophisticated pion reconstruction and energy estimah tools, which will shed light on

the observed di erences.

6.3. Uncertainty on the Measurement

The resulting uncertainty from the t is shown in Figure 6.8. This was used in combi-
nation with the uncertainties described in the previous ch#er to calculate the total uncer-
tainty on the cross section, shown in Figure 6.9. Most total &ctional uncertainties were
between the values of 10% to 20%. There were two bins with vakioutside of that range.
The bin with the largest scattering angle had the largest fi@ional uncertainty which came
from a large t uncertainty. The large t uncertainty in that bin had also been seen in the
mock data test and is due to the discrimination between sighand background not being

as strong as the rest of the bins. The second largest uncentiis in the kinematic space
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Figure 6.7. The Data/MC cross section ratio.
where 090< cos < 0:95and 15 GeV\<x T < 1.7 GeV. This came from the uncertainty on

the e ciency and was seen in the mock data test as well.
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Figure 6.8. Fractional uncertainty on the signal from the t
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Figure 6.9. Total fractional uncertainties on the nal cross section mesurement.
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CHAPTER 7

Conclusions and Future Work
7.1. Conclusions

A measurement of muon neutrino-nucleus interactions with eharged pion in the nal
state was made. The double-di erential cross section was asired and was within uncer-
tainty of the simulated prediction in the forward going regbn, cos > 0:95. Excesses in the
extracted signal (greater than 25%), relative to the simul#on, were found at large scattering
angles. These excesses were greater than the estimated taggies ( 15%). This discrep-
ancy may come from either the model parameters used in simiiden or from the di culty

of selecting events with a pion using existing tools.

7.2. Future Work

This analysis was the rst CC  measurement using the NOVA experiment and used
very basic pion identi cation and energy estimation tools.This measurement will serve as
a baseline to future analyses that will have the benet of ma sophisticated and mature
analysis and reconstruction tools. Future analyses that arable to better reconstruct pions
and better measure the angle and energy of the resultant p@mill have the ability present
the measurement in pion kinematics. Those measurementshwié quite useful to the neutrino
interaction modelling community. Similar techniques to wht have been used in this analysis

could be applied to those analyses.

7.2.1. Using the Latest Version of NovaSoft and Data. Newer versions of No-
vaSoft, and the included analysis software CAFAna, have beealeased since the conclusion

of this analysis. These updated tools include more kinematvariables that can be used to

95



improve PionID and energy estimation. Additional data has ben collected and processed

using the newer versions of NovaSoft that will be used in futariterations of this analysis.

7.2.2. Moving to GENIE 3. This analysis was performed using events simulated with
an earlier version of the interaction modeling software thacurrent analyses use. While
GENIE 2 used the Rein-Sehgal model to describe pion produation neutrino events, GENIE
3 uses the improved Berger-Sehgal model, which parametegzhe Rein-Sehgal model using

recent pion measurements on carbon.

7.2.3. Use of Deep Learning to ldentify the Pion. PionID was e ective at se-
lecting pions, however, newer techniques involving deemafaing exist, such as convolved

neural networks (CNN), which have shown greater e ciency at aoectly selecting pions.
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APPENDIX A

Additional Figures
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Figure A.1. The complete template set from the data. The data template,

in orange, along with the pre and post t templates for signaand background.
The simulated estimation of the data is shown in black.
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APPENDIX B

List of Abbreviations

APD: Avalanche Photo Diode

AWS: Amazon Web Services

BDT: Boosted Decision Tree

CAF: Common Analysis Format/File
CC: Charged Current

CNN: Convolutional Neural Network
COH: Coherent

CVN: Convolutional Visual Network

DAQ: Data Acquisition System

DIS: Deep Inelastic Scattering

FD: Far Detector
FEB: Front End Board
FHC: Forward Horn Current

FNAL: Fermi National Accelerator Laboratory

KE: Kinetic Energy
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MC: Monte Carlo
MPPC: Multi Pixel Photon Counter

MSE: Mean Square Error

NC: Neutral Current
ND: Near Detector
NO A : NuMIl O -Axis . Appearance Experiment

NuMI: Neutrinos from the Main Injector

OoF: Out of Fiducial

PMNS: Pontecorvo-Maki-Nakagawa-Sakata

PPFX: Package to Predict the Flux

PVC: Polyvinyl Chloride

QE: Quasi-Elastic

RES: Resonant

RHC: Reverse Horn Current

ROC: Receiver Operating Characteristic
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SM: Standard Model
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