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Abstract

This thesis presents a study of neutral-current 7° production from v,, interac-
tions. The study uses data taken at the Tokai-to-Kamiokande off-axis experi-
ment’s near detector (ND280). Monte Carlo studies were used to develop se-
lection criteria to reconstruct event signatures produced from such interactions.
This physics analysis focuses on the tracker region of the ND280 subdetector.
Other 7" analyses using different detector regions are either underway or com-
pleted. The physics analysis, after being developed from Monte Carlo studies,
was then run on real data.
This analysis goes partway towards measuring the neutral-current 7°-producing

neutrino interaction cross-section, by measuring the rate of such interactions in
the T2K experiment’s near detector, ND280. The observed results were:

NYC™ = 294.4 + 32,2 + 173345t (1)

This rate measurement, when made as a ratio of the predicted Monte Carlo
rate, yields a ratio of:

R ata
DR — 1,20 4 0.134gat £ 0. 725yt )
Rmc
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Chapter 1

Introduction

This thesis documents research based at the T2K long-baseline neutrino oscilla-
tion experiment. The Tokai-to-Kamioka (T2K) experiment produces a beam of
muon neutrinos, which is aimed towards two detectors: a near detector located
280 metres from the beam source and a far detector at 295km from the beam

source (the Super-Kamiokande water-Cherenkov detector).

The research goal of this thesis was to use the near detector complex to measure
the cross-section for a subset of neutral-current neutrino interactions. Particu-
larly, neutral-current muon neutrino interactions which produce at least one 7°
particle. The two decay photons from the 7 particle must convert in the tracker

region of the near detector, which is described in chapter

When measuring electron-neutrino interactions in the T2K’s far detector, neutral-
current 7°-producing interactions from muon neutrino interactions represent a
potentially large background. The 7° particle decays into two photons which
then emit electrons through Cherenkov radiation. The key event signature of
an electron-neutrino electromagnetic scattering interaction is the emission of

an electron and the Cherenkov radiation from photons produced by a 7° decay
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can mimic this signal. If the 7° decays in such a way that one photon has such
low momentum that its interaction products emit little Cherenkov radiation,
then the interaction is indistinguishable from the event signature of a charged-

current quasi-elastic scattering interaction produced from an electron neutrino.

Measuring a cross-section for this event type allows the T2K experiment to
more accurately estimate how many of these neutral-current background events
one should expect, which will lead to more accurate electron neutrino appear-

ance measurements.

1.1 Overview of Thesis

This section documents the structure of this thesis. A description of neutrino
physics and the interaction types neutrinos undergo are detailed in chapter
Section |2 also details a brief history of experimental neutrino physics, as well
as the key experiments which have led to advancements in the knowledge of

neutrino interactions and neutrino oscillations.

A description of the T2K experiment is described in chapter 3| This chapter
details the muon-neutrino beam and how muon neutrinos are generated. The

chapter also gives an overview of the far detector and the near detector, includ-

ing the two near detectors ND280 and INGRID.

Chapters and |6 describe in depth the physics analysis, developed by the
author, used to investigate neutral-current 7’-producing neutrino interactions
in the ND280 near detector. The chapter documents the construction of the
analysis, as well as testing and validating methods used to reduce backgrounds

whilst maintaining high statistics. This chapter deals exclusively with Monte-
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Carlo generated information designed to simulate the performance of the ND280

detector and output of the T2K muon-neutrino beam.

Chapter [7| compares the selected events from the analysis for both data and
Monte-Carlo samples to investigate any differences between the data and Monte-

Carlo.

Chapter |8 discusses systematic errors associated with the analysis. There are
three main classes of systematic errors to be considered: Errors associated with
uncertainties in the muon-neutrino beam flux, errors associated with cross-
section uncertainties in the Monte-Carlo and errors associated with uncertain-

ties in the properties of the ND280 detector.

Chapter 9] documents the results of the analysis. Finally, chapter [10] discusses
the value of the results in chapter [9} and further work that can be done to im-

prove the analysis.

1.1.1 Summary of experimental NCr" results

Experimental knowledge about the neutral-current 7%-producing neutrino in-
teraction cross-section is limited, due to the difficulty in measuring this interac-
tion’s event signature. Currently, the best results are given by the MiniBooNE
experiment, which measured v, and 7, induced neutral current single 7° pro-
duction on mineral oil [16]. Their results give a total cross section of (4.76 +
0.05¢tat & 0.76syst) x 107%° cm? /nucleon at a mean neutrino energy of 808MeV. A
measurement was also made at a mean neutrino energy of 664MeV, which gave

a total cross section of (1.48 & 0.054¢ £ 0.234yt) x 107*° ecm?/nucleon [16].
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Source Target NC/CC Ratio Value Ref
ANL Hy  o(vup — vupn®)/o(vyp — pprt) 0.51+£0.25 [11]
ANL Hy  o(vup — vupr®)/o(vup — pprt) 0.09+£0.05 [12]

Table 1.1: Measurement of neutral-current 7° production as a ratio of charged-
current 7 production [1T][12].

Measurements of the neutral-current 7°-production cross section have also been
made as a ratio of charged-current 7°-production and charged-current 7* pro-
duction, by the Argonne National Laboratory in 1981 [12], the Brookhaven Na-
tional Laboratory [17] [18] and the Gargamelle experiment at CERN [19]. How-
ever, these measurements vary between each other by up to a factor of 3 [20].

The two Argonne National Laboratory measurements are shown in table

1.1.2 Summary of Experimental Measurements of 0,3

The primary physics goal of the T2K experiment is to accurately measure the
neutrino oscillation parameter ;5. Neutrino oscillations are described in sec-
tion This measurement requires measuring the appearence of electrons
from v, scattering interactions in the Super-Kamiokande water Cherenkov de-
tector 7¥ production from neutral current muon neutrino interactions is a
key source of background and understanding the cross section of this interac-

tion would improve the accuracy of future measurements of 6, 3.

In 2011, T2K published its first measurement results, which suggested 6,3 was
not zero, to an accuracy of 2.5¢ [21]]. In 2013 this result was updated to give a

confidence of 7.30 and measured 6,3 to be sin? 26,3 = 0.1401) 0% [22].

The first non-zero measurement of 6,3 whose accuracy exceeded 30 was made

by the Daya Bay collaboration in 2012 [23]]. Their current most accurate mea-
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surement of 6,3, made in 2014, is sin?(260,3) = 0.083 £ 0.018 [24]. Further discus-

sion of key neutrino experimental results is in section



Chapter 2

Neutrino Oscillation Theory

This chapter provides an overview of the theory of neutrino oscillations and
milestone experimental measurements of neutrino properties, as well as the lat-
est measurements of key parameters such as the neutrino oscillation parameter
O3 In order to further the development of neutrino physics it is necessary
to have a detailed understanding of potential sources of background in order to
reduce the uncertainty of experimental measurements. Specifically in the con-
text of this thesis, neutral-current 7’-producing muon neutrino interactions can
mimic charged-current electron neutrino interactions in water-Cherenkov de-
tectors such as kamiokande and super-kamiokande The effect of 7

production in water-Cherenkov detectors was further discussed in chapter

2.1 Neutrino Theory: The Origin of Neutrino Physics

The neutrino was first postulated in 1936, by Pauli, to explain beta decay. Beta
decay, as it was understood at the time, appeared to violate conservation of en-
ergy because the neutrino was not observable. Pauli hypothesised the existence

of the neutrino to explain this paradox in a letter to his colleagues.
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The existence of this hypothetical particle was resolved in 1953, when Fred
Reines, Clyde Cowan, H. Kruse and A. McGuire detected positrons produced
by inverse beta decay: 7. + p — n + e™. Their source of neutrinos was a nuclear
reactor at the Savannah River Plant in South Carolina [25].

This chapter discusses the theory behind neutrino interactions and the ex-

periments whose measurements advanced our knowledge of neutrino physics.

2.1.1 Electroweak Interactions

What follows is a description of the theory of electroweak interactions. Elec-
troweak interactions were first hypothesised in the 1960s by S. Glashow [26], S
Weinberg [27] and B Salam [28], although each developed their own version of
the theory independently. They were jointly honoured with the Nobel Prize in

Physics for their work on electroweak interactions in 1979[29].

The observed results of ;1 decay and 7~ decay led to the first theories of the
weak interaction by Enrico Fermi in 1933 [30]. Neither of these decays can be
explained through strong or electromagnetic interactions because of their un-
usual longevity (the x has a half-life of 2.6 x 10~® seconds, the 7~ 2.2 x 107°

seconds).

The weak interaction can be described as an analogue to the electromagnetic
interaction. The electromagnetic scattering amplitude is a combination of the
electromagnetic currents of the two interacting particles and a propagator term

to represent the exchanged photon:

—e?

M = (ﬂp’wup)?(_ﬂe%uJ (2.1)

Fermi hypothesised that the amplitude for 5 decay, n — pe~7,, was given
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by:

M = GFr (ﬂn'yuup)(_ﬂue'yuue) (2.2)

Gr is the weak coupling constant. The formalism in equation [2.2| lacks a
propagator term as seen in equation and therefore does not really provide
any physical insight into what mediates the weak interaction. It also implies
that the weak interaction is inherently charge-raising or charge-lowering (neu-

tral current weak interactions were not discovered until 1973) [31].

Further insight into the weak interaction can be acquired by examining the
weak coupling constant G and whether it is truly a constant. By comparison to
the electromagnetic interaction, G replaces the propagator Z—z The electromag-
netic propagator is dimensionless, so G has units of GeV~2. In order for equa-
tion 2.2 to represent a probability amplitude, it must overall be dimensionless.
This suggests that G contains within it a propagator term where the associated
vector boson is massive (the full weak interaction propagator is given in equa-

tion [2.6).

Symmetry arguments can be used to deduce the properties of the vector bosons
associated with the weak interactions. Specifically, one can construct fermion

doublets which are invariant under the weak interaction:

(2.3)

The particle names in the doublets represent Dirac spinors. Group theory
can be used to relate symmetries to conserved quantities, by linking these con-

served quantities to experimental observables the underlying theory can be val-
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idated or rejected.

Because these doublets are invariant under the weak interaction one can
propose that the fermion in each doublet possesses a quantity that is conserved
under the weak interaction. This symmetry is similar to the conservation of
spin-angular momentum and a SU(2) symmetry can be applied in this context.

Under a 2x2 unitary rotation matrix the fermion doublets are invariant,
which agrees with experimental observations. A U(2) formalism, however,
treats the phase of the Dirac spinors as an extra degree of freedom. In this
context a choice of phase is irrelevant. Removing this degree of freedom leaves
us with the special unitary group SU(2).

There are three generators associated with the SU(2) group; the three Dirac

matrices.

= , Tg = , T3 = (24)

The generating set of a group is a subset, from which any member of the
group can be reconstructed by using a finite combination of generating group
members and their inverses. This leads one to postulate that for each generating
group there exists a physical gauge boson which mediates the weak interaction.

The probability amplitudes of the weak interaction, acting upon the fermion

doublets, is then given by:

., = T 4 _ .9 W3 Wi — Wy Vy
Tum@W - )| | = @] (2.5)
2 2 :
% Wi+ iW, —Ws p
Using the relations W+ = % and W~ = % , we can see that

the charge raising and charge lowering properties of the weak interaction are
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mediated by two charged W bosons. The propagator in the weak interaction is
contained within the Fermi Constant, and is given by equation Due to the

¢* term this is only constant at low energies.

Gr ¢
V2 8(m¥, —¢?)

Each weak interaction requires a virtual W-boson, and the subsequent prob-

(2.6)

ability amplitude is suppressed by the W boson mass, which explains its rela-
tive weakness compared to the electromagnetic and strong interactions.

A problem with the formalism as it is currently presented in this chapter is
that we know from experiment that the charged-current weak interaction only

couples with left-handed fermions.

Parity Violation in the Weak Interaction

In 1956, T.D. Lee and C.N. Yang [32] examined experimental data on K-meson
decays to examine parity conservation in the weak interaction. K+ mesons
have two decay channels of interest, K+ — 27 and K+ — 37. The two-pion
and three-pion final states have different parities and so previously it was pos-
tulated that the K+ meson was in fact two different particles, as otherwise the
K* meson decay channels violate parity conservation. Lee and Yang were the
first to propose that the two pion and three pion final states came from the same
particle, and experiments began in earnest to verify this.

Later in 1956, Chien-Shiung Wu discovered parity violation in the weak in-
teraction by examining Cobalt-60 decays [33]. Cobalt-60 undergoes beta decay

to produce:

9Co — QUNi+ e+, + 2y (2.7)

If parity is conserved in the weak interaction, then the emitted electron
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should not have a directional preference along the Cobalt’s axis of spin. By
using a magnetic field to align the spin of the Cobalt-60 atoms, Wu measured
the directionality of the emitted electrons. She then inverted the magnetic field
to change the Cobalt’s spin-alignment, and repeated the experiment. The two
emitted gamma-rays acted as a control in the experiment. As the electromag-
netic interaction conserves parity, Wu could compare the directionality of the
photons with the directionality of the electrons, and a significant discrepancy
would prove parity violation.

She found that the electrons did have a directional preference and therefore
parity is not conserved in the weak interaction.

The physical interpretation of this discovery is that the weak interaction
only interacts with fermions that posses a left-handed chirality (combined spin
and parity).

One can propose that the symmetry group laid out earlier in equation
only acts upon left-handed fermion doublets. Returning to the Fermi’s weak
probability amplitude, the vector component is replaced by a vector-axial-vector
component.

However this formalism is still not yet a valid representation of reality. The
third proposed boson, W3, does not posses the same properties as any exper-
imentally known gauge boson. W; does not have charge-raising or charge-
lowering properties and so one can propose that it mediates a neutral-current
weak interaction. However W3 only couples to left-handed fermions, and we
know from experiment that the neutral-current weak interactions couple to
both left-handed and right-handed fermions.

SU(2) symmetry arguments alone cannot completely explain the weak in-
teraction because of the non-physical W3 boson. The solution is to construct a
symmetry which is a combination of both weak isospin and another conserved

quantity, electric charge. A spin-1 boson, B, is added to equation The prob-
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ability amplitude then becomes:

:(v#’lu) Bd'
L Wi+iW, =W+ =22 i

(2.8)

g [Wa+28 Wi —ih | (v,
2

The field W3 does not represent a physical state, but W3 and the new spin-1
tield B can mix to create observable states, represented by the bosons Z and A,

shown in equation where g and g’ are coupling constants.

V§*+ 9?7 =gW3—g¢'B
V§*+g?A=gWs+gB

(2.9)

Using the expression in equation we can rewrite equation [2.9|as equa-
tion 211k

/
—oaim—1 g
Ow = sin —\/m (2.10)
Z = Wscos Oy — Bsin Oy
(2.11)
A = Wssin by + B cos Oy

The Z-boson mediates the neutral current weak interaction and A represents
the electromagnetic photon. The overall coupling strength of the electroweak
interaction must be equal to e, therefore g and g’ are related by the relation
gsin(fyw ) = ¢’ cos(Ow ) = e. Oy is the weak mixing angle.

This weak hypercharge symmetry unifies both the weak and electromag-
netic interaction into the electroweak interaction and accurately explains ex-

perimental observations [34]. We can use this formalism to construct a picture



2.1 Neutrino Theory: The Origin of Neutrino Physics 13

of neutrino interactions.

2.1.2 Neutrino Interactions

This subsection details the interactions that neutrinos can undergo in T2K (ap-
proximate energy 600 MeV). Neutrinos interact only with the weak force and
gravity (which is ignored due to its relative strength). Neutrino interactions are
broadly classed as charged-current (mediated via a W boson) or neutral-current
(mediated via a Z boson). Only neutrino interactions with up and down quarks
in protons and neutrons are considered, because the overwhelming quantity of
interacting matter in neutrino experiments are composed from these two quark
flavours. Neutrino-electron scattering is not considered due to the interaction

rate being several orders of magnitude lower than neutrino-quark interactions.

Charged Current

The most common neutrino interaction type is charged-current quasi-elastic
scattering. Figure shows a Feynman diagram of the interaction; a muon
neutrino scatters off of a neutron, generating a proton and a muon. The original
neutron which the neutrino scatters off of is converted to a proton. There is
also enough energy in the centre-of-mass frame to produce resonances, such
as a AT, Figure shows a Feynman diagram of such a resonance. These
resonances decay predominantly into protons/neutrons and pions.
Charged-current neutrino interactions can also directly produce pions, how-
ever, the branching ratio of such interactions is reduced at the low energies of
the T2K neutrino beam, as it requires quark-antiquark pair production. Charged-
current muon neutrino interactions can only produce neutral and positively-
charged pions due to charge and lepton number conservation. Anti-neutrinos

can produce neutral and negatively-charged pions. Figure 2.3/ shows a Feyn-
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Figure 2.1: Charged-current quasi-elastic neutrino scattering.

Vi W

Figure 2.2: Charged-current quasi-elastic neutrino scattering where a resonance
is produced.

man diagram of charged-current 7" -producing interaction, and figure[2.4]shows

a Feynman diagram of a charged-current m’-producing interaction.

Figure 2.3: Charged-current neutrino interaction where a 7" is produced.
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}s

Figure 2.4: Charged-current neutrino interaction where a 7 is produced.

cC)l coc

Vu \;u

Figure 2.5: Neutral-current elastic neutrino scattering.

Neutral Current

Figure 2.5/shows a neutral-current elastic scattering interaction. The initial and
tinal particle states are identical, making this interaction type all but impossible
to detect. However it is possible for such an interaction to produce a resonance,
where a proton with J=1/2 is converted to a A* with J=3/2. The resonance will
then decay, in this case to a 7 and a proton, or a 7 and a neutron.

These resonant neutral-current interactions contribute to the overall neutral-
current 7’-producing cross-section, from a A" or A° decay.

Another way pions can be produced in neutral-current interactions is when
neutrino scattering is coupled with quark-antiquark pair production. Figures

show such interactions for 7 creation, 7° creation and 7~ creation.
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Figure 2.8: Charged-current neutrino interaction where a 7~ is produced.
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2.1.3 Neutrino mass under the Standard Model

In 1958 M. Goldhaber, L. Grodzins and A. W. Sunyar discovered that neutrinos
are exclusively left-handed through experimental observation of Europium-152
decays [35].

A major consequence of left-handed neutrinos is that they cannot couple to

the Higgs Boson, as the Higgs field can only interact with fermions that posses

both left and right-handed helicities [36].

2.2 Beyond the Standard Model: Neutrino Mass and
Neutrino Oscillations

The Standard Model of Particle Physics, and in particular the massless neutrino,
did not completely agree with experimental observations dating as far back
as the 1960s. In 1965, R. Davis constructed the Homestake experiment [37],
designed to measure the solar neutrino flux. The experiment ran continuously
from 1970 to 1994, although results were first published in 1968 [38].

The main component of the experiment was a tank of Tetrachloroethylene,
located 4.2 km underground. Figure 2.9/ shows the layout of the experiment.

Electron neutrinos could interact with the chlorine to produce argon:

ve +37C1 = 3T Ar + e (2.12)

The experiment then measured the amount of produced argon and com-
pared it with expected results. The experiment recorded significant deficit of
argon atoms, and Davis concluded that he was detecting only a third of the ex-
pected solar neutrino flux. Today, we understand that the reason behind this
is that the majority of the solar neutrinos oscillate into muon neutrinos and tau

neutrinos, both of which his experiment could not detect.
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Figure 2.9: Overview of the Homestake experiment

The detector required the ability to detect a very small number of expected
argon atoms; daily measurements averaged at 0.478 £ 0.030 (stat) &= 0.029 (syst)
argon atoms per day [38]. For Homestake’s discovery to be confirmed, the solar
neutrino flux would need to be measured by another detector utilising a differ-
ent detector technology, to rule out systematic effects. This would not happen
until 2001, when the Sudbury Neutrino Observatory conclusively discovered a

deficit in the solar neutrino flux [39].

2.2.1 Neutrino Mass and Neutrino Oscillations

The consequence of having massive neutrinos, namely neutrino oscillations,
was first hypothesised by Pontecorvo in 1957 [40]. There are two main theories
behind massive neutrinos. One hypothesises that neutrinos and anti-neutrinos
are their own antiparticle. This theory was first advocated by M. Majorana in
1937 [41]. The second theory invokes the concept of the right-handed neutrino.

Such a neutrino is termed a Dirac neutrino; if left and right-handed neutrinos
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exist in nature, then neutrinos can couple with the Higgs field, generating a
neutrino mass term.

Under the Standard Model, the Lagrangian that governs Higgs-lepton cou-

pling is given by:
v+ H T 4
Ly =—( % WY 1g] + Hec. (2.13)
lr
Where l/L = l; ; |, where each term is the left-handed Dirac spinor for

!

lTL
each lepton flavour. I and v/, serve identical functions for their lepton coun-

terparts. Y'! is the matrix of Yukuwa couplings, which couples fermion fields
to the scalar Higgs field.

Adding the concept of right-handed neutrinos adds a second term to rep-
resent left and right-handed neutrinos interacting with a new set of neutrino

Yukawa couplings:

v+ H
V2

Y'” is not a diagonal matrix, however it can be diagonalised by multiplying

Lip = —( iYWy + 1, Y] + He. (2.14)

it by unitary matrices. The resulting eigenvalues in the diagonal matrix are the
physical mass terms of particles which couple to the Higgs field.

By defining unitary matrices V;" and V%, we can diagonalise Y'*: V' TY""V}; =
Y", where Y.(k,j =1,2,3).

Using these unitary matrices, V;'" and V}, it is now possible to define mas-

sive neutrino arrays for left and right-handed neutrinos:
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ny =V W, = |, (2.15)
V3L

The resulting neutrino mass of the Dirac neutrino is given by equation 2.16}

4
Y123V

V2

What is of considerable consequence is that, similarly to quarks, the mass

(2.16)

mio3 =

eigenstates do not map onto the flavour eigenstates. To see the relationship

between the two, the weak charged current can be described by:

b = W00, = VLV L 2.17)

. . —_— . /
The current mixes mass eigenstates m;, and flavour eigenstates I;. The cur-

rent is dependent on the unitary matrix:

U=vivy (2.18)

This matrix is similar to the quark Cabibbo-Kobayashi-Masakawa matrix

[42][43].

2.2.2 Neutrino Oscillation Formulae

From section neutrino flavour states can be described by a unitary oscil-

lation matrix acting on a vector of neutrino mass states:

Ve Uel UeQ Ue3 %1
7 U Up2 Ups Va (2.19)
Vr Un Ura U:s U3
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Or more concisely,

Vo >=>  Unplvi > (2.20)
k

The neutrino mass states propagation through space is described by the

Shrodinger equation:

1 02

 2my, 022

i%|uk(x, t) >= v (z, t) > (2.21)

The solution implies that the neutrino mass states are described by plane

waves:

| (t) >= ety > (2.22)

Equation can be used to describe the time-evolution of flavour states:

Va(t) >=  Usre |1y > (2.23)
k

Since mass states are not directly observable, it is desirable to describe equa-
tion in terms of flavour states only. Because U, is a unitary matrix by def-
inition, it can be inverted to describe the evolution of mass states in terms of

flavour states:

e >=Y Uslve > (2.24)

Merging equation and equation yields the time evolution of neu-

trino flavour states without any neutrino mass state terms:

val(t) >= Y (O Uae ' Up)lvp > (2.25)

ﬁ:e,,u,ﬂ' k

The transition probability between flavour states « and 3 is given by the
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square of < va|v, >:

Py = | <vplva > P = O Uk Up)* = UarUp U Ugje )t
' v (2.26)
The energy eigenvalues, F, and Ej, are given by F, = /P2 +m2. Itis
safe to assume that, for neutrinos, v ~ c and therefore the energy values can be

described by the following relation:

2

m

Since the difference between the energy of mass states is described entirely
by their mass, which is small in comparison to their momentum, equation
can be further simplified to:

2

m
E.=FE+ £ 2.2
k +2E ( 8)

The Ej, — E; term in equation can now be written as:

2 2 2
mp My Ami;

E.—E. — — = 2.2
TSI T 9 T 2E T 2F (2.29)

Equationis not, however, described entirely by terms which are observ-
able, namely t. What is known, however, is the distance between the neutrino
source and the detector, L. Since neutrinos propagate at a speed which is al-
most equivalent to ¢, t is proportional to L. The final oscillation probability can

be written as:
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Figure 2.10: PMNS Mixing Matrix. s and c refer to sine and cosine.

Am2.L
Ppry(LE) = | < vglve > > = (O Unke ™ Upi)® =Y UarUpUs;Usjeap(—i 5 g
k k.j

(2.30)

)

The oscillation probability is now described entirely by the unitary mixing

AmijL

55— The elements of U, as well as the

matrix U, and a phase factor ¢;; =

mass-squared difference between flavour states, are fixed quantities. The val-
ues these quantities take can be determined by measuring flavour oscillation

probabilities with respect to a known E and L.

2.2.3 PMNS Mixing Matrix

In 1962 a parametrisation of the unitary oscillation matrix from equation 2.30]
was developed by Ziro Maki, Masami Nakagawa and Shoichi Sakata [44], which
describes three-flavour neutrino oscillation. This chapter adopts the notation
used by Giunti and Kim [45]. The parametrisation of this 3x3 mixing matrix is
shown in figure

This matrix is similar to the CKM matrix [43] in that the parametrisation can
be described in terms of mixing angles, in this case 62, 613 and 6,3. There is
also an additional phase factor, § in the parametrisation. The PMNS matrix is
especially convenient because it splits the overall unitary matrix into three ro-
tational matrices, which roughly correspond to different neutrino sources that
are experimentally observable. Long-baseline beam neutrinos are used to mea-

sure 0,3, alongside reactor-based experiments. Beam neutrinos, as well as at-
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mospheric neutrino measurements, are also used to measure ¢,3. The mixing

angle 0, is measured through solar neutrino observations.

6 and CP violation

The phase factor term, ¢, in the above parametrisation leads to the possibility
of CP violation in the neutrino sector. A non-zero § would imply that the mix-
ing matrix for neutrinos has different values compared with the anti-neutrino
mixing matrix. This would result in CP violation. As of writing, there is no

compelling evidence to either support or reject a non-zero § hypothesis.

Sterile Neutrinos

From looking at the cross-section of Z-boson decays at LEP, it is possible to
determine the number of neutrino flavours that participate in the weak interac-
tion.

The total decay width of the Z-boson is:

Tz= Y T, 0+ Tzg+Tin (2.32)

I=e,u,r gt

I';n, represents the decay width from neutrino production, which cannot be
directly measured, but can be inferred by measuring the Z-boson total width
I', from the cross section as a function of beam energy measured from its vis-
ible constituents. I';,, can be written as N, I';_,,», where N, is the number of
neutrino flavours.

Data from the LEP experiment was collated and fitted against the number
of neutrino flavours as a free parameter, with the experimental evidence over-
whelmingly supporting a 3-flavour hypothesis, shown in Fig [1].

The way more neutrinos flavours can be introduced, given this experimental

evidence, is if new neutrinos which don’t participate in the weak interaction
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Figure 2.11: Hadron production cross-section at the Z resonance [1].

exist. These are referred to as sterile neutrinos.

2.3 Measuring neutrino properties

This section documents landmark experiments which measured important prop-
erties of neutrinos, including the parameters of the mixing matrix. The first ex-

periment which discovered the solar neutrino problem, Homestake, has been

discussed in section 2.2

2.3.1 Solar Neutrino Experiments

Kamiokande

The Kamiokande detector was a water-Cherenkov detector initially built to
investigate proton decay. It was located at the Kamioka mine in Japan, and
was situated 1000 m underground to shield the detector from cosmic rays [46].

Aside from proton decay, one of Kamiokande’s primary physics goals was to



2.3 Measuring neutrino properties 26

investigate the solar neutrino problem by detecting solar neutrinos produced
through the decay of boron in the sun through the fusion of beryllium and
a proton (shown in equation 2.33). ®B neutrinos were preferred due to their

higher energies.

SB=%Be+et +1, (2.33)

The Kamiokande experiment measured the solar neutrino flux and mea-
sured roughly half the amount of electron neutrinos predicted by solar neutrino
models [46]. This confirmed the discoveries of the Homestake experiment and

added further legitimacy to the solar neutrino problem.

In 1987 the Kamiokande experiment measured eleven neutrinos produced by
Supernova 1987A, the first time astrophysical neutrinos had been definitively

measured [47]].

Super-Kamiokande

The Super-Kamiokande experiment is the successor to the Kamiokande ex-
periment, and consists of a 50 kiloton water-Cherenkov detector located in
the Kamioka mine. This Super-Kamiokande detector is used in the Tokai-to-
Kamiokande experiment, and a more in-depth description of the detector is

given in section @

The primary physics goal of the Super-Kamiokande experiment, in the context
of neutrino physics, was to measure solar and atmospheric neutrinos and com-
pare the measured fluxes with prior predictions, testing the theory of neutrino

oscillations.



2.3 Measuring neutrino properties 27

26 I I I I I I I

Flux (x10%cm?/s)

221 . 1
2 [ | | | ]
ZhEEz553E530a
)
DPL=<=D P WO zZzA0

Figure 2.12: Seasonal variation in neutrino flux. Solid line is predictions based
on the Earth’s eccentricity, data points are from Super-Kamiokande data [2].

For solar neutrinos, the Super-Kamiokande experiment measured the solar neu-
trino flux and observed how the flux changed as a function of time. A seasonal
change in neutrino flux was predicted due to the differing distances between
the Super-Kamiokande detector and the Sun. An additional oscillation factor
due to vacuum oscillations was hypothesised, but not detected [2]. The sea-

sonal flux changes are shown in figure

SNO

The Sudbury Neutrino Observatory is an underground heavy-water Cherenkov
detector in Ontario, Canada (Fig[2.13) [3]. Its main component is a 12 m acrylic
sphere which contains one kiloton of D,O. Leptons produced by neutrino in-
teractions on the deuterium can produce rings of Cherenkov radiation. The
Cherenkov radiation is then recorded by Photo-multiplier Tubes which line the
walls of the detector.

Three major neutrino interaction types can occur within SNO, charged-current,

neutral-current and electron-scattering interactions.
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Figure 2.13: Overview of the SNO experiment. Figure taken from [3]

Charged Current: v, +d — 2p + e~ (2.34)
Neutral Current: v, +d - p+n+ v, (2.35)
Electron Scattering: v, + e~ — e~ + 1, (2.36)

Neutral Current and Electron Scattering interactions are sensitive to all three
neutrino flavour types, whilst Charged Current interactions can only be pro-
duced through electron neutrinos due to the limited centre-of-mass energy avail-
able. This enabled the experiment to discriminate between electron neutrinos
and other types.

All neutrinos produced by the Sun are initially electron-flavoured. SNO not
only had the ability to measure a deficit of electron neutrinos, but could also
compare the electron-neutrino flux with an all-flavour neutrino flux.

The SNO experiment discovered, in 2001 [39], a 17 standard-deviation dis-
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crepancy between the measured charged-current neutrino flux and both the
neutral-current and electron-scattering neutrino flux. This proved beyond all
reasonable doubt that neutrinos oscillate between flavour states and therefore
that neutrinos have mass, and confirmed the previous evidence of neutrino os-
cillations put forward by the Super-Kamiokande experiment [4]. Super-Kamiokande’s

atmospheric neutrino oscillation result is discussed in section[2.3.2]

2.3.2 Atmospheric Neutrino Experiments
Kamiokande

The Kamiokande experiment has already been mentioned in section in the
context of solar neutrino observations. However, Kamiokande also performed

pioneering work in the atmospheric neutrino sector.

Kamiokande was the first detector to uncover evidence behind the atmospheric
neutrino anomaly. In 1988, the experiment found only 59% (£7%) of the v, flux
predicted by Monte Carlo simulations, whilst the v, flux matched the Monte

Carlo predictions, leading to a net deficit of neutrinos [48]].

This v, disappearance was due to v, — v, oscillations, however the Kamiokande
experiment could not distinguish between v, — v, and v, — v, oscillations.

The CHOOZ experiment, mentioned in section ruled out v, — v, oscilla-

tions [49], leading to the conclusion that the v, — v; mixing angle is non-zero.

Figure shows the allowed regions of mass/mixing-angle combinations us-

ing Kamiokande data and Super-Kamiokande data. The best fit puts sin® 20 at

0.95.
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Figure 2.14: 68%, 90% and 99% confidence intervals for sin®26 and Am? for
v, — v, oscillations based on data from Super-Kamiokande. The 90% confi-
dence interval for Kamiokande data is also shown. Figure taken from [4]

Super-Kamiokande

The Super-Kamiokande experiment has been described, in the context of solar
neutrinos, in section 2.3.1

In the context of atmospheric neutrinos, Super-Kamiokande’s major contribu-
tion to neutrino physics was measuring the up-down v,, asymmetry. The up-
down asymmetry refers to the ratio of neutrino flux for neutrinos traveling
from the top of the Super-Kamiokande detector, compared with the flux for
neutrinos traveling through the Earth and entering the bottom of the detector.
Without neutrino oscillations, one would expect no up-down asymmetry. How-
ever, when considering neutrino oscillations, the baseline for up-neutrinos and
down-neutrinos is different, leading to different oscillation rates and therefore
a flux asymmetry. In 1998, Super-Kamiokande published the first definitive ev-
idence pointing towards neutrino oscillations when it measured an up-down

asymmetry of AuP=down — —(0.296 + 0.048 & 0.01 [4].
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Figure 2.15: Zenith angle distributions of Super-Kamiokande events. cosf =1
means downwards-going particles. Dotted line represents Monte Carlo predic-
tion if neutrino mixing is maximal. Shaded bar represents Monte Carlo predic-
tion for the no-oscillations hypothesis [4].

Super-Kamiokande also measured the number of neutrino events relative to
their zenith angle, shown in figure A cosf) of 1 means a neutrino is enter-
ing from the top of the detector, a cosf of -1 means a neutrino is entering from
the bottom of the detector. The dotted line represents the Monte Carlo predic-
tion for a maximal mixing angle, the shaded bar represents the Monte Carlo
prediction for a no-oscillation hypothesis. The data clearly fits the oscillation

hypothesis and not the no-oscillation hypothesis.

Soudan 2

The Soudan 2 experiment was located in the Soudan mine in Northern Min-
nesota, and was based around a 960 tonne iron tracking calorimeter [50]. Its
primary physics goal was measuring proton decay, however it was also capa-

ble of measuring neutrino interactions. The tracking calorimeter could measure
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the directionality of neutrino interactions, and therefore the Soudan 2 experi-
ment was capable of measuring the up-down v, asymmetry. Soudan 2 there-
fore could confirm Super-Kamiokande’s result with a completely different type
of detector. This type of confirmation is important because Soudan 2 had a
different set of systematic errors compared to water-Chereknov detectors.

In 2005 the Soudan 2 detector published results showing that the muon-
neutrino flux coming up through the Earth was lower than atmospheric mod-
els, whilst the downward flux matched predictions [50]. This result confirmed

Super-Kamiokande’s discovery of neutrino oscillations [4].

2.3.3 Reactor Neutrino Experiments

Reactor experiments provide valuable insight into neutrino physics as they are
a very numerous source of anti-electron neutrinos, produced via 3 decays in
nuclear material. The energy of these neutrinos originates from the binding
energy of the fissile material in the reactor and is of the order of 1 MeV. This en-
ables relatively short-baseline neutrino oscillation maxima to be studied. The
drawback to reactor experiments is that the neutrinos are produced isotropi-

cally and therefore the neutrino flux drops off rapidly () with distance.

CHOOZ and Double-CHOOZ

The CHOOZ reactor experiment (pronounced as show) is a reactor experiment
with a baseline of roughly 1 km. The atmospheric neutrino anomaly, a lower
than expected muon-neutrino flux from atmospheric muons, had been pre-
viously identified by the Kamiokande experiment [51], discussed in section
and one hypothesis was that the reduced muon neutrino flux was due
to v, — v, oscillations. The primary research goal of CHOOZ was to investi-

gate this hypothesis, by determining the oscillation parameter 0,3 by measuring
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anti-electron-neutrino disappearance. [49].
The CHOOZ experiment was based around two reactors in the Ardennes
region of France. CHOOZ’s measurement of the ratio between the expected

and observed anti-electron-neutrino flux was:

R =1.01+0.023 £ 0.027 (2.37)

This result [49] agreed with the hypothesis that there were no oscillations at
this distance scale, rejecting the v, — v, explanation for the atmospheric neu-

trino anomaly.

This result, combined with the result of Kamiokande, enabled finer limits to

be placed on both 6,3 and the mass hierarchy.

Double Chooz was the successor to CHOOZ and is located in the same labo-
ratory space[52]]. Its primary physics goal was to measure the oscillation pa-
rameter 0,3 through anti-electron-neutrino disappearance, with a greater sensi-
tivity than CHOOZ. In 2011, Double Chooz published its disappearance mea-
surement [53]. It hinted towards a non-zero value of 6,3, although with only a
statistical sensitivity of 1-sigma further measurements were required to make
a definitive judgment. Their most recent measurement of 6,3 is sin? 20;3 =

0.09070:055 [54].

KamLAND

The Kamioka Liquid scintillator AntiNeutrino Detector, KamLAND for short,
is a very-long baseline reactor neutrino experiment. The average baseline is
180km, however the neutrino sources come from 53 nuclear reactors in Japan

with distances ranging from 80 km to 800 km [55]]. Its primary physics goal was
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Figure 2.16: Ratio of measured to predicted v, flux as a function of source-
detector distance. The dotted line represents the expected ratio if ¢,, is large.
Figure taken from the KamLAND collaboration. [5]

to check the large-mixing-angle hypothesis (LMA) to solving the solar neutrino
problem. The LMA theory hypothesises that the mixing angle 6, is large, caus-
ing the Sun’s electron neutrinos to oscillate into muon neutrinos and tau neu-
trinos. Figure shows the ratio of measured to expected 7, flux for reactor
neutrino experiments as a function of their source-detector distance. Only ex-

periments with a long baseline are sensitive to changes predicted by the LMA

hypothesis.

KamLAND published, in 2004 [5], its measurement of the ratio between ob-
served and expected v, fluxes. This value deviated from unity by 50. These
deviations also matched up with predictions made by the LMA model. This
result effectively confirmed the large-mixing-angle theory as a valid solution to

the solar neutrino problem.
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Daya Bay

The Daya Bay neutrino experiment is located at the Daya Bay nuclear reactor
facility in China. Its key research goal is to accurately measure the neutrino
mixing angle ;3 by measuring the anti-electron neutrino flux output of six nu-
clear reactors, using eight separate neutrino detectors. Each detector consists
of 20 tons of liquid scintillator and the 7, flux is measured through inverse-beta
decay. The neutrino detectors are situated by choosing an L/E value where
the value of 6,3 is the greatest. In addition, systematic errors associated with
the detectors are reduced by having identical near detectors to more accurately
measure the neutrino flux near the reactors.

In 2012, the Daya Bay experiment published the first measurement of 6,3

whose accuracy exceeded 3o [23]. They measured 6,3 to be:

sin®(26;3) = 0.092 4 0.016 (stat) 4= 0.005 (syst) (2.38)

Their latest published result is the most accurate measurement of 6,5 to

data [24]:

sin?(26,3) = 0.083 £ 0.018 (2.39)

2.3.4 Long-Baseline Accelerator Neutrino Oscillation Experi-

ments

Accelerator-based experiments have the advantage of being able to produce a
relatively focused beam of neutrinos, enabling large neutrino fluxes at large
distances. Accelerator experiments also have the ability to control the energy-
range of the neutrinos produced. Together this enables the construction of ex-

periments which have less constraints over which % values are chosen.
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Figure 2.17: Overview of the Daya Bay reactor experiment, showing three of
eight detectors and the nuclear reactors. Image taken from Daya Bay’s public
website http:/ /dayabay.ihep.ac.cn/docs/experiment.html

The disadvantages of accelerator neutrino experiments include the fact that
short-baseline reactor experiments have a considerably larger flux than accelerator-
based experiments. Accelerator-based experiments are also more expensive
than reactor, solar or atmospheric neutrino experiments, as a neutrino beam

must be built.

K2K

The KEK to Kamioka experiment (K2K) was located in Japan. It has a baseline
of 250 km, and uses the Super-Kamiokande facility as its detector. Its primary
physics goal was to measure atmospheric neutrino oscillations [56] via v, dis-
appearance measurements. The optimal baseline for such an experiment, using
KEK’s neutrino beam energy of 1.3 GeV, would have been 650 km, however the

KEK facility and Super-Kamiokande detector were both pre-existing locations,



2.3 Measuring neutrino properties 37

Figure 2.18: MINOS far detector. Picture taken from Fermilab: http://www-
numi.fnal.gov .

so the 250 km distance was a necessary compromise.
The final results of the K2K experiment measured a net disappearance of
muon neutrinos with an accuracy of 4.3 o, with an associated mass squared

difference between muon and tau neutrinos of Am? = 2.8 x 10~3eV? [51].

MINOS

The Main Injector Neutrino Oscillation Search (MINOS) is a long baseline neu-
trino experiment whose detector is based in Northern Minnesota. The beam
originates at Fermilab, and the baseline is 735km [57]. There is also a near de-
tector based at Fermilab. The primary physics goals of MINOS was to measure
053, as well as the relative mass difference between the 2nd and 3rd neutrino
mass states: Am3;. Figure 2.18shows a the MINOS far detector.

In 2011 MINOS published updated results, which found that 6,3 > 0.90 with
90% confidence, and that Am2, = 2.437513 [58].

In 2013, the MINOS experiment started running (as MINOS+) using the
higher energy beam for the NOVA experiment. The MINOS far-detector can
be used to measure neutrinos in the 4-10GeV energy range and investigate ster-

ile neutrinos and non-standard neutrino interactions [59].
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T2K

For a detailed description of the T2K experiment, see section The T2K ex-
periment is located in Japan, and uses a muon neutrino beam with a baseline
of 295 km [7]. It has two detectors; a near detector 280 m from the beam source
and a far detector at 295 km. T2K’s primary physics goals are measuring the
mixing angles ¢,3 and 653. In 2011, T2K published its first measurement of elec-
tron neutrino appearance from its muon neutrino beam, which suggested 6,3

was not zero, to an accuracy of 2.5¢ [21]. In 2013 this result was updated to

give a confidence of 7.30, and a measurement of ;3 of sin? 20,3 = 0.1401) 0%
22,
NOvA

The NuMi Off-Axis v. Appearance experiment is a neutrino experiment based
at Fermilab, and was designed as the successor to MINOS. The far detector is

also in Northern Minnesota, this time with a baseline of 810 km [60].

NOvVA’'s two primary physics goals are to put further constraints on the mixing
angle 6,3, and to investigate the mass hierarchy of neutrinos. The mass order-
ing of neutrinos can be investigated by comparing the oscillation probabilities
of neutrinos in vacuum, with the oscillation probabilities through matter. How-
ever, a very long baseline is required to get an observable difference between
the two scenarios. With an 810 km baseline and high luminosity neutrino beam,
NOVA is the only current-generation experiment that has the sensitivity to mea-
sure the mass hierarchy [60].

As of writing, the NOVA experiment is still under construction, with first

measurements expected to be taken in 2015.
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OPERA

The Oscillation Project with Emulsion-tRacking Apparatus is a neutrino exper-
iment designed to detect tau neutrinos produced from a muon neutrino beam.

The beam is situated at CERN, with the detector in Gran Sasso in Italy [61].

Its primary physics goal was to observe tau neutrino oscillations from a neu-
trino beam. It is one of few neutrino experiments sensitive to tau neutrinos;
taus produced in charged-current tau-neutrino interactions can be identified
using OPERA’s emulsion-based detector. In 2010, OPERA reported its first dis-
covery of a tau neutrino candidate from the muon neutrino beam [62]. Its latest

result, in 2013, documents three tau neutrino candidates [63].

The OPERA experiment’s most talked-about publication was made in Septem-
ber 2011. The experiment published a paper documenting a neutrino travel-
time from the beam at CERN to Gran-Sasso which was inconsistent with the
speed of light [64]. In 2012, the OPERA experiment published a paper explain-
ing that the 2011 result was likely due to instrumental effects, and that its up-

dated time-of-flight measurements were consistent with the speed of light [65].

2.3.5 Sterile Neutrino Studies
LSND Experiment

The Liquid Scintillator Neutrino Experiment was build in 1987 to investigate
neutrino oscillations. The experiment was based around a liquid scintillation
counter at the Los Alamos National Laboratory, measuring neutrinos produced
from an anti-muon neutrino beam [66]. The primary physics goal was to in-
vestigate neutrino oscillations by measuring anti-electron neutrinos produced

from the anti-muon neutrino beam.
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Results from LSND, published in 2001, found an excess of anti-electron neu-
trinos which rejected the no-oscillation hypothesis with a confidence level of 5
[67]. However, the measured oscillation probability conflicted with solar neu-
trino oscillation results published by SNO [39] and atmospheric neutrino os-
cillation results published by Super-Kamiokande [4]. The three results cannot
be explained by a three-flavour theory of neutrino oscillations. This suggests a
fourth neutrino flavour, a sterile neutrino, could exist, which would explain the
results. However, errors across the three detectors are too large for the sterile-

neutrino hypothesis to be confirmed by this data.

MiniBooNE

The Mini Booster Neutrino Experiment (MiniBooNE) is an experiment based at
Fermilab. It uses a muon-neutrino beam to investigate neutrino oscillations, by
measuring the appearance of electron neutrinos. One of MiniBooNE's primary
physics goals was to investigate the results produced by the LSND experiment
[68].

In 2006 MiniBooNE published results which refuted a basic 2-flavour ex-
planation of the LSND anomaly, however more complex models could not be

ruled out [68].

2.3.6 Future Neutrino Experiments
Hyper Kamiokande

Hyper Kamiokande is a proposed successor to the T2K experiment. It would
use the pre-existing neutrino beam at Tokai as its source, however a new far de-
tector would be built at the Kamiokande site. This detector would be a water-

Cherenkov detector consisting of 900,000 tons of water. This greatly increased
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detector volume would allow for much more precise measurements of v, and
v, appearance. The primary physics goals of such a facility would be to mea-
sure the value of the CP-violating phase factor 9, and solve the mass hierarchy

problem.

LBNE

The Long-Baseline-Neutrino-Experiment is a proposed experiment based at the
Homestake Mine, using a new muon neutrino beam at Fermilab. The baseline
will be 800 km. LBNE is proposed to pioneer a new type of neutrino detector;
a 10 kt liquid argon scintillator detector. Gaseous argon detectors are already
in use, and currently form a key component of the T2K experiment’s near de-
tector [7]. Charged particles ionise the argon and the liberated electrons can
be detected via charged-sensitive planes, allowing for precise 3D tracking. The
advantage of a liquid argon detector over a gaseous one is that the detector
mass in considerable, increasing the number of neutrino interactions. LBNE's
physics goals would include the measurement of § and resolving the mass hi-

erarchy problem. [69].



Chapter 3

The T2K Experiment

The analysis laid out in chapters [} 5|and [p|are based around neutrino interac-
tions in the near detector complex (ND280 for short) of the Tokai to Kamiokande
(T2K for short) neutrino experiment. In order to give the analysis context, this
chapter provides a description of the T2K experiment and its major compo-
nents. Section 3.1| provides an overview of the experiment. Section de-
scribes the off-axis technique used by this experiment. Sections and
describe the three detectors used in T2K: the Super-Kamiokande far detec-
tors, and the INGRID and ND280 near detectors. Technical information about
the experiment was largely taken from T2K’s initial publication in Nuclear In-

struments and Methods [7]].

3.1 Overview of the T2K Experiment

The Tokai to Kamiokande Long Baseline Neutrino Oscillation Experiment is lo-
cated in Japan and has three major components. Figure 3.1|shows an overview
of the experiment. A muon neutrino beam produced by a 30 GeV proton syn-
chrotron at the JPARC physics research facility, a near detector complex 280

metres from the beam source, and the far detector Super-Kamiokande: A 50,000

42
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tonne water Cherenkov neutrino detector [4].

The T2K experiment’s major physics goal is to accurately measure the neutrino
oscillation parameters 6,3 and 6,3 by measuring v, appearance and v, disap-
pearance probabilities at Super-Kamiokande.

The Super-Kamiokande detector is displaced 2.5° away from the neutrino beam
axis. This is done to displace the peak neutrino flux to an energy that maximises
the 6,3 oscillation probability. An off-axis detector also reduces the high energy
tail of the beam, which can reduce backgrounds. A description of the off-axis
technique is given in section 3.1.2]

The near detector complex consists of two detectors: INGRID and ND280. ND280
is also located off-axis, and was constructed to measure neutrino interaction
cross section parameters. Some of these, in particular the neutral-current sin-
gle 7 production interaction cross-section, form significant backgrounds at
Super-Kamiokande, and reducing the cross-section uncertainties complements

the major physics goals of T2K.

3.1.1 T2K Beam

The T2K neutrino beam is designed to produce muon neutrinos at an average
energy of 600 MeV. The beam is created at the JPARC high energy physics com-
plex in Tokai, Japan (figure [7]. The neutrino beam flux prediction at T2K’s
near detector is shown in figure

A beam of 30 GeV protons is created by a main accelerating ring (which is fed
by a small synchrotron, which in turn is fed by a linear accelerator). This pro-
ton beam then enters the neutrino beam-line. The beam-line is made up of six

sections, described below and shown in figure
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Figure 3.1: Overview of the T2K experiment

The first section of the beam-line, the preparation section, is 54 m long and
this is where the beam is focused via eleven normal conducting magnets, so

that it can be fed into the next part of the beam-line, the arc section.

This second section is 104 m long and bends the proton beam towards the di-

rection of Kamioka.

The third section, the final focusing section, focuses the proton beam to a point,

so that it can accurately hit the beam target.

The proton beam is fired into the target station, where interactions on carbon

produce pions, amongst other interaction products.

The pions then enter the decay volume, a 96 m long steel tunnel, and decay
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Figure 3.2: The flux prediction at the ND280 near detector, broken down by
neutrino parent particle type. Going clockwise starting at the top-left, the neu-
trino types are: v, v, V., .. Errors shown are Monte Carlo statistical errors.
Image taken from T2Ks published result on the neutrino flux prediction [6].

primarily into muons and muon neutrinos. There are three sets of horn-shaped

magnets in the decay volume which focus the pions so that neutrinos produced

from pion decays are forward-going.

At the end of the decay volume is the beam dump is composed of 75 tonnes
of graphite, and intercepts any hadrons, as well as muons below 5 GeV. After
the beam dump, what is left of the initial proton beam is mostly neutrinos. Any
escaping muons are monitored by an electromagnetic calorimeter placed after
the beam dump. The neutrino beam consists approximately of 94% muon neu-
trinos, and 6% electron neutrinos. Approximately 1% of all neutrinos produced

are anti-neutrinos [7].
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Figure 3.3: The JPARC beam. Image taken from the T2K NIM paper [7].

3.1.2 The Off-Axis Technique

The idea of placing a neutrino detector off-axis from the beam source was put
torward by Beavis et al. in 1995 [8]. Using an off-axis neutrino detector to
narrow the energy spectrum of neutrinos entering a detector. Consider the
neutrino-producing 7t decay: 7t — v,u*. Itis a two-body decay and we can
choose the direction of travel of the 7" to be along the z-axis, and the decay to

occur in the xz plane. The 4-momenta of the v can be written as:

1 E;
sin 0* Dy
P =E; =1 G.1)
0 Py,
cos 0* ;.

where 0" represents the opening angle between the neutrino and the muon in
the centre of mass frame. Applying a Lorentz boost along the z-axis yields the

neutrino’s 4-vector using centre of mass quantities:



3.1 Overview of the T2K Experiment 47

V(1 + B cosb)

sin 6
Py = EV (32)
0

Y (Br + cos 0)

.
Pl

Taking “x= yields

E,sinf

tan 6 =
an Yo B (B + cos0)

(3.3)

Since the pion is produced from a 30 GeV accelerator it is safe to assume that
Br ~ 1. Using E} = 7:E,(B; + cosf), and rearranging to yield the neutrino
energy in the lab frame gives:

_ E,sind

Er = 3.4
v tan @ (3.4)

The energy of the neutrino in the centre of mass frame is given by the two
body decay kinematics. From conservation of momentum and energy, the 4-

momentum of the muon can be written as:

Pu=DPr —Pv (35)

Taking the square and expanding yields:

In the centre-of-mass frame, the pion has no kinetic energy and so equation [3.6]

can be written as:
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P (37)
B =T
v 2m,

The neutrino energy in the centre-of-mass frame is therefore a constant. Con-
sidering sin f can never exceed one, this shows that the neutrino energy in the
laboratory frame is inversely proportional to tan 6, where 0 is the opening angle
of the decay in the laboratory frame.

For a detector that is directly in line with the neutrino beam, the detector is only
sensitive to decays where § ~ 0. At ¢ = 0, tanf = 0 and no bounds are set on
the neutrino energy.

However, for an off-axis detector, the detector is only sensitive to neutrinos
where the opening angle is non-zero, therefore equation limits the maxi-
mum neutrino energy that can be observed.

This is useful in neutrino physics, because of the difficulty of creating a beam
with a narrow range of neutrino energies. The neutrinos produced from the
JPARC accelerator complex cover a broad energy range: by putting the detector
off-axis neutrinos with undesirable energies can be suppressed. This is shown
in figure which shows the distribution between neutrino energies and par-
ent pion energies, for a given 6.

By using the off-axis technique, it is possible to ‘tune in’ to the neutrino energy
spectrum, which provides an oscillation maximum at T2K, as shown in figure
3.5

Both Super-Kamiokande and ND280 are located 2.5° away from the beam axis

to maximise the oscillation probability.
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Figure 3.5: How varying opening angle affects neutrino flux at T2K. The y-axis
shows predicted number of v, interactions [9].
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3.2 The Super-Kamiokande Detector

The Super-Kamiokande Far Detector, shown in figure 3.6|is a water Cherenkov
detector, which has been in operation since 1996. Its main components are two
concentric chambers which contain 50 kilotons of water. The walls of the cham-
ber are lined with Photo-Multiplying-Tubes, which measure cones of light emit-
ted from Cherenkov showers when a neutrino interaction occurs. The detector
is located 1km inside Mount Kamioka. Its depth serves to limit cosmic back-
grounds.

Super-Kamiokande’s detector volume is split into an inner and outer cylin-
der. The former has a 36.2m height and 33.8m diameter and is lined by 11,129
inward-facing Photo-Multiplier tubes (PMTs).

The outer detector contains 1885 outward-facing PMTs along its inner wall. The
boundary of the two chambers is delineated by a stainless steel scaffold covered
in plastic sheets, which keep the two chambers optically isolated. In order to
compensate for the relatively small number of PMTs lining the outer detector,
the walls facing the outer chamber are covered in reflective Tyvek(®).

The outer detector’s main purpose is to act as a veto for cosmic rays entering
the inner chamber.

Both v, and v, interactions can be detected by Super-Kamiokande. Charged-
Current Quasi Elastic (CCQE) neutrino interactions are of specific interest due
to their large branching ratio and relative ease of reconstruction.

Muons produced by a CCQE v, interaction undergo relatively little scattering
compared to their lighter electron-neutrino counterparts. This distinction, com-
bined with the likelihood of electrons to shower, causes CCQE v, interactions
to produce much more well defined Cherenkov light rings than CCQE v, inter-
actions. This difference is how Super-Kamiokande distinguishes electron and

muon neutrinos.
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Figure 3.6: The Super-Kamiokande water cherenkov detector [7].

A complication arises when other interaction types are considered. Specifically,
7’s produced by neutral-current interactions (figure of both neutrino types
can mimic CCQE v, interactions in Super-Kamiokande (figure . Photon and
electron Cherenkov cones are visually similar. Due to the low angular sepa-
ration between the two photons produced in an energetic 7° decay, the pho-
ton pair can imitate a single photon, which in turn mimics an electron. On
top of this, one of the two photons can have a boosted laboratory momentum,
which is low enough for any electrons produced to produce a limited amount
of Cherenkov radiation. Understanding the neutral current 7° production neu-
trino interaction cross-section will serve to constrain backgrounds introduced

by this interaction type.
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Figure 3.7: A CCQE v, interaction and the image produced by such an interac-
tion in Super-Kamiokande.

Figure 3.8: A NCr" interaction and the image produced by such an interaction
in Super-Kamiokande.

3.2.1 The INGRID Detector

The Interactive Neutrino GRID (INGRID) detector is centered on the neutrino
beam axis and is localed 280 m away from the neutrino beam. Its primary
function is to accurately determine the neutrino beam’s direction and intensity.
As the ND280 detector relies on the off-axis technique [7], understanding the
directionality of the beam is crucial to understanding the beam’s energy profile
at ND280. INGRID can measure the beam center down to a precision of 0.4

mrad at the near detector.
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Figure 3.9: Frontal cross-section of the INGRID Detector [7].

INGRID is constructed from 14 modules and forms a cross shape, seen in figure
B.9] as well as 2 extra modules located off-axis. The off-axis modules measure
the axial symmetry of the beam. The cross-section of the detector is 10 m x 10
m. The centre of INGRID is aligned to be at the centre of the neutrino beam.

Each INGRID module contains 11 polystyrene scintillator planes, with 9 iron
plates interleaved between the planes. The scintillator planes are made up of

scintillator bars, with dimensions 1.0 cm x 5.0 cm x 120.3 ¢cm.

3.2.2 The ND280 Detector

The ND280 detector is a composite neutrino detector located 280 m away from
T2K’s neutrino beam [7]. It consists of 8 subdetectors, each with its own strengths.
As a whole ND280 can accurately reconstruct the majority of neutrino interac-
tion types. ND280 was designed to perform cross section measurements on all

common neutrino interaction types, as accurate information on many is cur-
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rently lacking.

ND280 is designed to accurately measure the v, and v, components of the beam.
As v, appearance and v, disappearance measurements at Super-Kamiokande
form the major physics goals of the T2K Experiment, understanding the beam
profile is critical.

Given the scarcity of statistics in the v, appearance measurement (T2K’s first
published appearance result measured six events [21]), it is also crucial to un-
derstand v, interactions that create backgrounds in the v, search in order to re-
duce systematic errors these backgrounds introduce. The background is domi-

nated by neutral current single 7° production.

Figure depicts an overview of ND280. Figures 3.11} [3.12] and 3.13| show

the layout of the ND280 detector. Figure shows the cross-section of ND280
as viewed from the side. Figure shows ND280 from the front, and fig-
ure shows ND280 from the back. The front of the detector is defined to
be where the neutrino beam enters ND280, the back is defined to be where the
neutrino beam exits ND280. The subdetectors which make up ND280 consist
of a ¥ detector (POD), two Fine Grain Detectors (FGDs), three Time Projection
Chambers (TPCs), an Electromagnetic Calorimeter (ECal) which surrounds the
inner detectors, and a Side Range Muon Detector (SMRD). The SMRD is em-
bedded within ND280’s focusing magnet, which was acquired from the UA1

experiment.

3.2.3 UAI1 Magnet

The UA1 magnet started life as the bending magnet for the UA1 experiment
at CERN, and later at NOMAD [70]. It produces a dipole magnetic field of
0.2 T and is designed to bend charged particles as they travel through ND280,

allowing the various subdetectors to accurately measure particle momentum



3.2 The Super-Kamiokande Detector 55

UA1 Magnet Yoke

POD
Downstream

ECAL

Solenoid Coil

Barrel ECAL

Figure 3.10: Exploded image of ND280. The middle subdetector components
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surround the inner subdetector components in the centre of the image. Neu-
trino beam enters from the left [7]
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Figure 3.13: Cross-section of the rear of ND280, where the neutrino beam exits

the detector.
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and determine the sign of charged particles.
The inner volume of the magnet is 7.0 m x 3.5 m x 3.6 m and is composed of

aluminum coils. It weights 18 tonnes and is water-cooled.

3.2.4 7 Detector

The 7° detector (POD) is most upstream subdetector of ND280 and is primarily
designed to detect s. It consists of planes of triangular-shaped polystyrene
scintillator bars, interleaved with bags of water and sheets of lead and brass.
The detector can be configured to run with either the water bags full or empty.
This allows for cross-section measurements to be made in ‘'water in” and "water
out’” modes, allowing neutrino interaction cross-sections on water to be mea-
sured. This is one of the main goals of the 7° detector, as 7° backgrounds in
Super-Kamiokande are considerable. The mass of the detector with water is
16.1 tonnes. Without water the detector mass is 13.3 tonnes. The mass of water
inside the POD is measured to be 1902 + 26 kg

The scintillator bars were designed to fulfill the twin roles of accurately track-
ing charged particles, and measuring the total energy deposition of electromag-
netic showers. The cross-section of a triangular scintillator bar is 33 mm x 17
mm. A 1.5 mm hole passes through the centre of each bar to accommodate a
wavelength shifting fiber. The fibers then feed into MPPCs.

Figure shows the construction of the POD, and the layering of brass, lead,
water and scintillator. The two ends of the POD are capped by layers of scin-
tillator and lead, without any brass or water. These two end-regions form two
electromagnetic calorimeters (POD Ecals).

The POD ECals serve the twin purpose of containing electromagnetic showers
and enabling analysts to discriminate between neutrino interactions inside the

water region of the POD, and particles entering the POD from external interac-
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tions.

3.2.5 Time Projection Chambers

There are three time projection chambers (referred to as TPCs) in ND280. Each
TPC has dimensions of 2.3 m by 2.4 m by 1.0 m [7] The TPCs fulfill the role of

having very high tracking efficiency and accuracy with low detector mass. The
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TPCs are also used to accurately measure the rate of energy loss of a particle, a
property which is crucial for particle identification.

The TPCs main two components are a chamber of argon-based gas and a uni-
form electric field applied across the TPC. The walls of the argon container are
made of copper, formed into a copper strip pattern. This forms the anode of the
electric field; the cathode is created from a central panel in the TPC (figure[3.15).
When a charged particle travels through a TPC, the argon gas is ionised and
the ionised electrons drift under the influence of the electric field into readout
planes.

The readout planes consist of 12 micromegas detectors covering an area of 9m?,
which amplify and record the ionization electrons. The resolution of the detec-
tors is 7.0mm x 9.8mm (vertical/horizontal) [7]. These detectors measure the
position of the particle in the axis parallel to the detector. The arrival time of
the electrons is also logged, allowing accurate positioning of the electrons in
the axis perpendicular to the micromegas detector and subsequently provide a
complete 3D reconstruction of the path of the original charged particle.

An outer container filled with carbon dioxide gas is used to insulate the argon
gas. There are six front-end boards of electronics, used to sample and digitise
the analog signals coming from the readout pads. A final electronics board is
used to collate the TPC data and send it to the data acquisition module (DAQ).
The TPCs are uniquely suited to measuring the rate of energy loss of particles
because of its very high granularity when measuring particle positions. As a
charged particle travels through the TPC, it will lose energy through ionising
the argon gas. This energy loss leads to a corresponding loss in momentum,

which can be measured via a change in the particle’s curvature. This energy-

loss rate is predicted by the Bethe-Bloch formula [71]. The energy-loss rate, 42,
is different depending on the particle mass, and this information can be used to

infer what kind of particle is traveling through the TPC.
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Figure 3.15: Simplified cutaway of a time projection chamber [7].

The measured energy loss rate for a given particle is compared against the
‘ideal” energy-loss rate for various particle candidates: electrons, protons, muons,
pions and kaons. The difference between the expected and measured value for
each case is referred to as a "pull’. For example, the electron pull of a particle
is the difference between the particle’s energy loss rate compared with an ideal
electron. A pull value of 0 denotes perfect agreement. Positive pulls imply the
energy loss is greater than expected, negative pulls imply the energy loss is less
than expected. An in-depth formalism of the TPC pulls is described in an inter-
nal T2K technical note [72].

The pull, 5, for a given particle hypothesis i, is defined as:

_ Cr —Cg(4)
N o,(7)

Cr is the measured energy loss, and Cg(i) is the expected energy loss for the

0p (i) (3.8)
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particle hypothesis. o,(i) represents a width which is a function of the variance
of Cr, or and the uncertainty of the momentum measurement of the particle

0p. 0,(1) is given as:

(i) = \/ or(i)? + (%o) 39)

3.2.6 Fine Grain Detectors

The two Fine Grain Detectors (referred to as FGDs, shown in figure in
ND280 provide detector mass for neutrino interactions, and complement the
adjacent TPCs. Each FGD is constructed from planes of extruded polystyrene
scintillator bars with dimensions 9.61 mm x 9.61 mm x 1864.3 mm. Each bar
is oriented perpendicular to either the x or y direction, with an MPPC (multi-
pixel-photon-counter) at one end. The overall volume of each FGD is 2.3 m x
2.4 m x 0.365 m, with 1.1 tonnes of target mass. The tracking resolution of each
FGD is given by the dimensions of each scintillator bar, allowing for sub-1 cm
resolution .

The second, downstream FGD differs from the first in that it has water contain-
ers embedded inside the detector. There are six 2.5 cm thick water modules
sandwiched between seven XY modules of scintillator bars. This contrasts wtih
tifteen XY modules of scintillator bars in the first FGD. Each water module con-
sists of a thin-walled hollowed polycarbonate casing. The water modules are
kept at a pressure of slightly less than 1 atmosphere: any leaks will suck air
into the module instead of expelling water. By comparing interaction rates be-
tween FGD1 and FGD2, interaction cross-sections on water can be calculated.
This was one of the motivations for performing the NCz° analysis in this the-
sis, however significantly more statistics are needed before such a comparison

is viable.
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Figure 3.16: Image of the FGD with the front cover removed. Image taken from
[7]
The entire FGD is enclosed within an aluminium dark-box, preventing exter-

nal light sources from interfering with the scintillator bars and their attached

MPPCs.

3.2.7 Electromagnetic Calorimeter

The electromagnetic calorimeter (referred to as the ECal, shown in figure
is designed to provide significant detector mass for neutrino interactions, and
it surrounds all of the inner subdetectors (P0D, FGDs, TPCs). It consists of
doped polystyrene scintillator bars with cross-section 4.0 cm x 1.0 cm, and vary-

ing length which are arranged in planes. Sandwiched between the scintillator
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Figure 3.17: An ECal module. The readout electronics are mounted on alu-
minium plates at the edge of the module. The top of the module is a carbon
fiber sandwich plate [7].

planes are sheets of lead.

Each ECal scintillator bar has a 2.0 mm x 3.0 mm hole in the centre, running
across its length. A 1 mm fiber [7] runs through the hole and an MPPC is con-
nected to one or both ends.

The ECals considerable detector mass complements the inner components, specif-
ically the TPCs and FGDs which are considerably lighter. The ECal is also well
suited to measuring the total energy deposition of electromagnetic showers,
something neither the TPCs or FGDs are well-suited to do.

The ECal is split into 13 subsections: an ECal at the downstream exit of the
detector (referred to as the DsECal). Six ECal modules surrounding the inner

detectors on the four sides parallel to the beam’s z-axis. Six ECAL modules

similarly surround the POD detector. This is illustrated in figure

3.2.8 Side Range Muon Detectors

The Side Range Muon Detector (referred to as the SMRD, components of which

are shown in figure 3.18) is primarily used as a trigger for cosmic ray events. It
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Figure 3.18: SMRD scintillator components. Image taken from [7]

is built into the UA1 magnet that surrounds ND280 and consists of 440 scintil-
lator modules. The scintillator modules are placed within the 1.7 cm air gaps
that exist between the steel plates of UA1’s return yolk. There are 15 such air
gaps. Due to the UA1’s considerable mass and orientation, the SMRD can de-
tect charged particles which are entering the detector but not in the direction of

the neutrino beam.

3.2.9 Detector Electronics

For all the detectors which use MPPCs (POD, ECal, SMRD, INGRID), the output
signals are fed to custom front-end boards (called TFBs) which digitise the ana-
log signals and measures the signal pulse height and time. The FGD and TPC
subdetectors use front-end boards based on different electronics. The output
for these subdetectors is digitised into a waveform, similar to an oscilloscope
output. This waveform is then processed offline, with pulses identified and the

pulse height and pulse times determined.
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The output of the TFBs is then fed into a Readout Merger Module (RMM),
which logs received data and saves a record when activated by a trigger.

There are three different types of trigger that can activate the RMM. The first is
a beam trigger, sent by the neutrino beam whenever a beam spill is created. The
second is a cosmic ray trigger, which can be sent by either the SMRD, ECal and
FGDs when a cosmic ray is detected entering the top of ND280. The final trigger
type is the calibration trigger, used when calibrating individual subdetectors.

An example is when the signal baseline of a subdetector needs to be measured.



Chapter 4

Analysis Techniques and Signatures

4.1 NC7 Interactions in ND280

This analysis specifically searches for neutral-current neutrino interactions within
ND280, which produce at least one 7% in the final interaction state. Neutral
current 7° interactions can produce an event signature which mimics electron-
neutrino scattering in T2K’s water Cherenkov far detector, Super-Kamiokande.
A diagram of this interaction is shown in figure Due to the fact that the
ND280 detector contains a large number of subsystems, it was decided to split
up the neutral-current 7° analysis into several analyses which focused on spe-

0

cific sub-detector combinations, to better optimise overall 7° reconstruction

quality. These analyses are as follows:

1. NC interactions within the POD and POD ECal. This was carried out by
Dr Karen Giilje, the results of which are documented in her PhD thesis,

which is not yet published.

2. NCinteractions occurring within the tracker region, where the decay pho-
tons convert in the barrel and downstream ECals. This was performed by

Dr Sam Short [73]], following for Dr Pawel Guzowski [74].

66
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Figure 4.1: A neutral-current 7°-producing neutrino interaction

3. NC interactions occurring within the tracker region, where one decay
photon converts in the tracker region and the second decay photon con-
verts in the barrel or downstream ECals. This is being performed by Dr

Helen O’Keeffe and is ongoing.

4. NC interactions occurring within the tracker region, where both decay
photons convert in the tracker. This analysis is the subject of this docu-

ment.

Decay photons refer to the two photons produced when a 7° decays.

4.1.1 Definitions of Signal and Background

When searching for a set of specific event profiles, it is necessary to split all
the events in ND280 into two categories: signal and background. The signal
consists of neutrino interactions this analysis is trying to reconstruct and the
background consists of particle interactions in ND280 that this analysis has no
interest in and should therefore be rejected. In the context of this analysis, the

signal and background are defined as follows:
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e The Signal consists of neutral-current neutrino interactions which pro-
duce at least 1 7° meson. This interaction must occur within the FGD1
or FGD2 subdetector volumes. The two decay photons produced from

the 7° decay must convert within the tracker volume of ND280.
e The Background consists of all interactions, excluding the Signal.

The definition of signal is consistent with the fourth list item in subsection
The analysis focuses on decay photons converting in the tracker region, because
the criteria to reconstruct decay photons which convert in the ECal is very dif-
ferent to tracker-based conversions (the ECal-based neutral-current 7° analyses
are being carried out by Sam Short and Helen O’Keeffe, mentioned in subsec-
tion [4.1).

The number of all signal events combined with all background events is equal
to the number of all interactions that can be seen in the ND280 detector. In
an ideal scenario the analysis would reconstruct 100% of the signal and 0% of
the background. This is not the case, but these definitions of signal and back-
ground can be used to define metrics which measure how effective the analy-
sis is at achieving its goal, namely reconstructing neutral-current 7’-producing

neutrino interactions in ND280. This is further discussed in subsection [4.1.11}

4.1.2 Searching for 7’s in the Near Detector

The 7° decays into two photons with a branching ratio of (98.78 + 0.032%). The
next most likely decay mode, the Dalitz decay, is into a photon and an elec-
tron/positron pair, with a ratio of (1.198 + 0.032%), which this analysis is sen-
sitive to. All other decay modes are not included in this analysis as they have
small branching ratios and so are statistically irrelevant (table4.1/shows the de-
cay modes of the 7° and their branching ratios). The eventual goal of the analy-

sis is to measure the cross section of neutral-current 7° interactions on water via
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7¥ decay modes Fraction (T;/T)

27y (98.823 + 0.034)%
ete (1.174 + 0.034)%
etete e (3.34 £ 0.16) x 10°%
ete” (6.46 & 0.33) x 107%%
v positronium | (1.82 4+ 0.29) x 107%%

Table 4.1: Decay modes of the 7° and their branching ratios [10].

a rate subtraction between FGD1 and FGD2, therefore only pions produced in
the FGD's are targetted for this analysis. This, combined with the scope of the

analysis being constrained to the tracker, leads to the following event profile:

1. The interaction vertex occurs in an FGD.
2. The 7° instantly decays into two photons.

3. The two photons both convert somewhere in the tracker region.

Due to the nature of the neutral-current interaction (figure [4.1), either a pro-
ton or a neutron is produced at the interaction vertex. In the latter case, such
neutral particles are undetectable in ND280. In either case, the nucleon kine-
matic information is not used in this analysis. This is because there is very little
knowledge about the relative cross-sections between producing a 7 + n and a
7 + p (or between the relative probabilities of the nucleus remaining intact or
breaking up) [10]. Incorporating the nucleon into the reconstruction algorithm
would introduce a bias and associated significant systematic error, which is dif-

ficult to quantify.

The only reconstructable evidence of a neutral-current 7 interaction is the two
et /e~ pairs produced by the two converting primary decay photons. For the
rest of the reconstruction chapter, electron-positron pairs are also referred to as
"lepton pairs’. The term ‘lepton pair” in this context strictly refers to this specific

combination of electrons and positrons and does not include muons or taus.
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4.1.3 Searching for converting e*/e~ pairs

Figure 4.3|shows the distribution of momenta for e* /e~ pairs produced by pri-
mary decay photons. What is of interest and concern, is the quantity of low-
momenta leptons produced by this interaction. Despite the heavy Lorentz-
boost these particles experience, there is no symmetry between the momenta of
the two leptons in any produced pair. The two leptons have equal and opposite
momenta in their centre of mass frame, however their momenta components
relative to the z-axis of the detector are not correlated. Therefore, a Lorentz

boost along the z-axis creates the unequal momenta distribution seen in fig

Leptons with a momenta of less than 50 MeV/c* cannot be reliably recon-
structed by the TPC [75]. This leads to a significant majority of the primary
photon conversions producing only one reconstructable lepton. For the re-
mainder of the text these types of leptons are called isolated leptons. Due to
the limited quantity of statistics available for this type of interaction] it was
necessary to develop an analysis that attempted to reconstruct the isolated lep-
ton scenarios, as well as situations where both photon interactions produced
reconstructable lepton pairs. This naturally lead to the idea of developing a

topological analysis, with the following topology definitions:

1. Twin pair topology: Both converting primary photons produce recon-

structable lepton pairs.

2. Pair and isolated electron topology: One photon produces a lepton pair,

the other an isolated electron.

3. Pair and isolated positron topology: One photon produces a lepton pair,

the other an isolated positron.

Roughly 1% of neutrino interactions in ND280 are neutral-current 7¥ interactions and only
15% of these are contained within the tracker region. These numbers are the result of initial
investigations of the Monte Carlo sets[4.1.6|by the author.
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Event number : FOXI00ET | Parfifian : 85538 | Fun numbes @ S1205000 | Spil @ MWLID | SubRun numbes -

FGD1 and FGD2

‘P interaction vertex

TPC1, TPC2 and TPC3

Figure 4.2: A reconstructed event from the Monte Carlo simulation, showing
an isolated electron and isolated positron topology

4. Twinisolated electron topology: Both photons only produce reconstructable

electrons.

5. Twinisolated positron topology: Both photons only produce reconstructable

positrons.

6. Isolated electron and isolated positron topology: One photon produces an
isolated electron, the other an isolated positron. An ND280 event display

of such an interaction is shown in figure

Each of these topology types require different reconstruction criteria to max-
imise the reconstructed signal and reduce the background. The actual kine-
matic variables used to reconstruct each topology are kept the same among the

6 topologies, to simplify systematic error evaluation.
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True momentum of e+/e- pairs from primary photons
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Figure 4.3: Distribution of momenta for e* /e~ pairs from converting primary
decay photons in neutrino interactions. All plots in this chapter are derived
from Monte Carlo information.

4.1.4 Overview of the ND280 Reconstruction Software

For a given particle traveling through ND280, the reconstruction software at-
tempts to amalgamate reconstructed objects from each subdetector into a single
object, called a Global Particle Identity (referred to as PID). Each PID contains
global kinematic information as well as information specific to each subdetec-

tor.

This analysis relies heavily on the Time Projection Chambers to provide accu-
rate momentum reconstruction: the Fine Grain Detectors are limited by their 1
cm tracking resolution combined with their small size. However, the TPCs can-
not reconstruct the momenta of an object without timing information from the
FGD. As a result, each lepton must have both an FGD and a TPC component

in order to be reconstructed. Scenarios where the primary photon converts in
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the TPC, not the FGD, will not be reconstructed. However because the detector

mass of the TPC is low this does not greatly affect the available statistics.

The latter case is unavoidable because, at this stage in time, the reconstruction

software is unable to calculate the momenta of objects isolated within an FGD.

4.1.5 Truth Studies and Monte Carlo generation

The core of the analysis begins at the bunch level. Data from T2K’s neutrino
beam is recorded in event spills. Each spill consists of eight bursts of neutri-
nos produced by the beam from one filling of the accelerator, with all eight
bursts being emitted within five micro-seconds [7]. Beam spills are referred to
as ‘events’, with each burst referred to as a ‘bunch’. Each bunch can contain
multiple neutrino interaction vertices. The Monte Carlo keeps a record of every
particle that travels through the detector and groups the particles according to

which bunch they belong to.

The Monte Carlo information contains two sets of information: truth informa-
tion and reconstructed information. The truth information contains accurate
descriptions of the particles produced by the Monte Carlo from information
provided by the NEUT event generator, described in section The recon-
structed information contains descriptions of particles produced by the Monte
Carlo after they have been run through ND280’s reconstruction software. i.e.
the truth information is an accurate record of what happens, whilst the recon-
structed information is a simulation of what ND280 will report from real data
interactions.

The truth information is used to conduct a truth study on every neutrino inter-

action, in order to class the interaction as "signal” or ‘background’. Definitions
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of signal and background are given in subsection [4.1.1]

It is important to classify the entire bunch as either signal or background, be-
cause when analysing data the number of neutrino interaction vertices cannot
be accurately known. Any bunch with signal interactions is classed as signal,
to do otherwise would cause the real NC17° cross-section to diverge from the

measured NC17° cross-section.

4.1.6 Data and Monte Carlo Samples

This section of the analysis was performed on a set of Monte Carlo events gen-
erated to mimic neutrino interactions in ND280. The Monte Carlo informa-
tion was generated by the NEUT event generator. The NEUT event generator
simulates all possible neutrino-on-nuclei interactions in the kinematic region
covered by T2Ks neutrino beam (600MeV peak [7]). A list of the physics inter-
actions simulated by NEUT is shown below in table

Two Monte Carlo sets were used to reflect the two different beam profiles used
during data taking. These are labeled Beam B samples and Beam C samples.
The results of the analysis for the Beam B and Beam C samples were scaled
to their respective protons-on-target. Protons-on-target refers to the number of
protons fired into the T2K neutrino beam’s target (the T2K neutrino beam is

further described in section 3.1.1)).

The finished analysis was run on data measured in ND280 from real neutrino
interactions. The data is split up into different run periods denoted as Run 1,
Run 2, Run 3 and Run 4. Run 1 data is not used in this analysis because the

barrel ECal modules were not installed for this run and the amount of protons
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Interaction Name

Interaction Formula

Charged-current quasi-elastic scattering
Charged-current pi+ production (from proton)
Charged-current pi+ production (from neutron)
Charged-current 7° production
Charged-current coherent pion production
Charged-current resonant gamma production
Charged-current multiple pion production
Charged-current resonant eta production
Charged-current resonant kaon production
Charged-current deep inelastic scattering

vin—1"p

yp — = prt

yn — " nrt

vin — 1~ pr®

VA — I—An™t

vin — 1" py

U N — [~ N'nm

vin — 17 pn

vin — ITAKT

vy N — |~ N'mesons

Neutral-current 7° production (from neutron)
Neutral-current 7° production (from proton)
Neutral-current coherent 7° production
Neutral-current 7~ production
Neutral-current 7+ production
Neutral-current v production (from neutron)
Neutral-current v production (from proton)
Neutral-current multiple pion production
Neutral-current eta production (from neutron)
Neutral-current eta production (from proton)
Neutral-current K" production (from neutron)
Neutral-current K+ production
Neutral-current deep inelastic scattering

Neutral-current elastic scattering (from neutron)

Neutral-current elastic scattering (from proton)

vmm — Vm7r0

vp — vpr’
A — v A
vin — Vipm—
vp — ynmt
yn — vynry

vip — vipy

N — vy Nnw

yn — vnmn

up — vipn

vp — yAK°

vp — yAKT

N — v;N'mesons
yn — vn

up — up

Table 4.2:

on target is very small compared to the other runs.

List of physics processes simulated by the NEUT Monte Carlo event
simulator. Sources taken from [13]

The protons-on-target used in the Monte Carlo samples as follows:

1. Beam B Monte Carlo: 9.465 x 10%° pot

2. Beam C Monte Carlo: 3.009 x 10! pot

The protons-on-target used when generating data is as follows:

1. Run 2 =0.78377 x 10" pot

2. Run 3 = 1.34821 x 10% pot

3. Run 4 = 1.20428 x 10% pot
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The Monte Carlo sets came in two forms: basket and magnet. Magnet Monte
Carlo simulates the entire ND280 detector, whilst basket Monte Carlo excludes
the magnet. The magnet, due to its mass, is a major source of neutrino in-
teractions and serves to add significant backgrounds, whilst the basket Monte
Carlo is cleaner. The magnet Monte Carlo was used for this analysis, as it is a
more authentic representation of neutrino interactions within ND280. Monte
Carlo describing sand muons was also used to determine the predicted amount
of background. Neutrinos from the beam can interact with the sand and rock
surrounding the ND280 detector pit, producing muons. These muons can then
enter ND280 and mimic neutrino interactions. Monte Carlo describing this pro-

cess is referred to as the sand muon Monte Carlo.

All of the available magnet Monte Carlo was used. However, due to the limited
statistics of this analysis the statistical errors from the Monte Carlo samples are
noticeable. The errors shown on the efficiency and purity histograms in chap-

ter Bland [6] are the statistical error on the Monte Carlo.

Definition of FGD volumes

The signal definition requires a neutrino interaction to occur within an FGD.
What ‘within an FGD’ actually constitutes needs to be rigidly defined. This
analysis uses two FGD volume delimiters: the fiducial volume and the ex-

tended volume.

The x and y fiducial volume coordinates for FGD1 and FGD2 are -874.51 < x
< 874.51, -819.51 <y < 929.51. The z-coordinates for FGD1 are 136.88 < z <
446.96. For FGD2 the z-coordinates are 1474.05 < z < 1806.96. [76].

The extended volume x and y coordinates are -874.51 < x < 874.51, -867.56 <y



4.1 NC7° Interactions in ND280 77

< 977.56. For FGD1, the z-coordinates are 116.045 < z < 620.00 and for FGD2
they are 1474.05 < z < 2000.0

The difference between fiducial and extended volume arises because particles
need to travel through at least 4 FGD planes before their directionality can be
accurately defined. This is because each FGD plane is oriented in either the
XZ or YZ axis. A given track has to pass through both an XZ and a YZ plane
for its 3D position to be calculated. For a given track, two 3D coordinates are
required to discern the track’s direction, which requires 4 planes in total. The
extended volume is the maximal volume of every FGD scintillator bar. The
fiducial volume is a subset of the detector volume which excludes the exterior
scintillator bars, to ensure that any particle originating in the fiducial volume
can be accurately reconstructed. The extended volume also includes some de-
tector dead-space between subdetector modules and extends slightly into the

FGD’s corresponding downstream TPC to better enable particle identification.

The signal definition requires the neutrino interaction to occur within the FGD
extended volume. To do otherwise would cause a subset of the background
to be neutral-current 7° producing interactions occurring in the exterior FGD
planes. This background would have an identical kinematic profile to the sig-
nal and would corrupt the definition of "signal’, because the background would

contain the exact processes that this analysis is trying to measure.

4.1.7 Lepton Cataloging

For a given bunch, a list of every electron-like candidate is created, to be later
classified into pairs or isolated leptons. A basic set of selection cuts is applied

at this stage:
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A position cut: The candidate must have a starting position in either an FGD
or TPC2 or TPC3. Hypothetically, any 7° decay photons could propagate into
a TPC before converting into an e* /e~ pair. Events which propagate into the
ECals are beyond the scope of this analysis, they are described in other analyses

listed in section .11

A direction cut: The candidate must have a forward-going direction. Signal
events which produce leptons which propagate upstream are beyond the scope
of this analysis due to the limited ability to accurately reconstruct backwards-

going tracks.

A charge cut: The candidate must have a charge of +1 to be tagged as a positron

and -1 to be tagged as an electron.

This list is then used to construct pairs and isolated leptons. This measure saves
on computer processing time, as the pair and isolated reconstruction algorithms

need to process a greatly reduced list of particles.

4.1.8 Kinematic Variables

The following kinematic variables are used in this analysis:
1. The starting position of tracks beginning in an FGD
2. The entry coordinates when a track enters the TPC from an FGD
3. The momenta of a track as it enters a TPC

4. The charge of FGD and TPC tracks. The charge is determined by whether

the track curvature is positive or negative
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5. The 'pull’ values of tracks as they travel through the TPC. The pull values

are proportional to dF/dx and provides a crude form of particle identifi-

cation. Pulls are described below in section[4.1.9]and [3.2.5
6. The fiducial volume of the FGD.

7. The number of objects in other detectors for any given event. This is used

as a veto.

4.1.9 Electron Pull

The electron pull is a quantity derived from the rate of energy loss of a particle

as it travels through the tracker region of ND280, as described in section [3.2.5]

The reconstruction software measures the rate of energy loss for a given track
and compares it to the energy loss of an idea electron. An electron pull of
zero means the track in question matches the ideal scenario perfectly. Larger
pull values correspond to a worse alignment. There are similarly muon pulls,

charged pion pulls and kaon pulls.

Figure(4.4/shows the measured rate of energy loss through the PEP4/TPC-9 de-
tector, an early time-projection-chamber [10], for electrons, muons and pions.
The electron pull, defined in section[3.2.5, is a measure of how far the measured
4E of the particle is from the expected £ for an ideal electron at the measured
momentum of the track. This analysis focuses on tracks with momenta between
roughly 50 MeV and 400 MeV. At the lower and upper end of this momentum
region, the energy loss of electrons is distinct compared with pions and muons,
enabling the electron pull to be a potentially powerful discriminator between

electrons and muons and pions.



4.1 NC7° Interactions in ND280 80

Energy deposit per unit length (keV/cm)

8 lLJl] 1 - LIJ 1 L ILILJL{

0.1 1 10
Momentum (GeV/c)

Figure 4.4: A histogram the measured energy loss for electrons, muons and
pions traveling through the PEP4/9-TPC detector [10]

4.1.10 First and Second Generation Cuts

The analysis was performed in two stages. Pairs, isolated electrons and isolated
positrons were reconstructed in the first stage and selection cuts specific to these

three topologies were applied. These cuts are referred to as first generation cuts.

Next, 7 candidates were constructed from the six different topology types:
twin pair, twin isolated electron, twin isolated positron, pair and isolated elec-
tron and pair and isolated positron. Selection cuts specific to these six topolo-

gies were then applied. These cuts are referred to as second generation cuts.

When beginning this analysis, the first set of selection cuts were loosely defined
by looking extensively at ND280 event displays depicting Monte Carlo infor-

mation. The signal 7° events were defined as being relatively clean events, with
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low track multiplicities. Aside from tracks produced through 7° decay photons,

there was little activity in the detector. Tracks were very forward-going.

In contrast the background frequently had high track multiplicities, lacking the
well defined electron/positron pairs exhibited in the signal. Muons were very

prevalent in the background.

4.1.11 Evaluating Selection Cuts: Efficiency, Purity and Qual-
ity

This analysis reconstructs 7 candidates by applying selection cuts to recon-

structed quantities in order to remove background interactions. The value of

cutting on a kinematic variable could be clearly defined and 7° vertices have

a relatively unique event topology, so the analysis lends itself to a cuts-based

approach.

It is necessary to quantify the value of each of the selection cuts being con-
sidered in the overall analysis. Simply put; is the amount of background events
removed from the analysis worth the amount of signal events which are lost?
To answer this, the effects of a cut on the signal sample and background sample
must be quantified. To this end, the terms efficiency and purity are defined.
The efficiency represents how effective the analysis is at reconstructing signal
events, whilst the purity represents how effective the analysis is at rejecting
background events whilst retaining signal events. The definitions are as fol-

lows:

e The efficiency is the probability of a signal event being selected by the

analysis.
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e The purity is the probability of a selected event also being a signal

event (as opposed to a background event).

To further clarify what efficiency and purity are, efficiency is represented by £,
where n is the number of reconstructed signal events and N is the total number

of signal events in the data set. Purity is represented by where b is the

et
number of reconstructed background events. The efficiency and purity param-

eters are derived and further described, along with their associated errors, in

subsections 4.1.12|and {4.1.13| respectively.

A figure of merit is required to evaluate the perceived value of any selection cut,
defined as the quality. This is a function of the efficiency and purity, designed
to minimise statistical and systematic errors. Quality is further described in

subsection

The efficiency, purity and quality histograms are designed to show the effects
on the overall selection of a given selection cut, including events which cannot
be affected by the cut. For example, when investigating the effect of track mul-
tiplicity on twin pair topologies, the efficiency, purity and quality values on
the histogram represent the values of the entire selection. This includes, for
example, pair and isolated electron events which aren’t directly affected by a

selection cut applied to the twin pair topology.

The design of the efficiency, purity and quality histograms was chosen to as-
sess the effect of event migration. For example, imagine the scenario where an
event where both a twin pair event and a pair and isolated electron event are
reconstructed. Applying a twin pair tracker multiplicity cut removes the twin
pair from the selection, however because the event is also a pair and isolated

electron candidate, the overall number of reconstructed 7°s does not change.
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A histogram showing the effectiveness of the selection cut should reflect this,

which this design does.

4.1.12 Calculating Errors on Selection Cuts: Efficiency

The efficiency is defined as the probability of selecting an event, when the set
of events being considered is limited to N, the total number of signal events.
The variables and their definitions used in this subsection are defined in table
Because the efficiency is the probability of a 'success” when considering a
population of events, it is a binomially distributed variable. The best estimate
of the parameters of the efficiency function can be determined by considering
the maximum likelihood of the efficiency function.

The likelihood function is the product of the probability of each event being ob-
served. The true efficiency function is unknown, but by finding the parameters
which maximise the likelihood function one can find the best estimate using
available data. In this chapter the log-likelihood function is used instead of the
likelihood function because it is easier to manipulate. The conclusions drawn,
however, are the same [10, pp. 303-304].

The likelihood of the efficiency function is given by equation

L= (11— 4.1)

In equation we maximise the log-likelihood function and determine the
efficiency to be defined as ¢ = §. This serves as a useful check to justify the

validity of the approach taken as this is the common definition of an efficiency.
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81na£[,) = % (nlne+ (N —n)ln(l—¢€)=0 (4.2)
on (L) (n -1\ _

n(l—c)=(N-ne (44)

=2 (4.5)

Because the log-likelihood efficiency function has an asymptotic chi-squared
distribution, the error on the efficiency can be defined as the difference between
the true efficiency and the value which is one standard deviation from the true
efficiency [10, pp. 303-304]. Consider the ratio between the log-likelihood func-
tion for an ‘estimated’ efficiency with a free-floating parameter ¢’ and the log-
likelihood function for the "true” efficiency which is considered a fixed value.
This ratio only has one degree of freedom, €'. Because the ratio is a chi-squared
distribution the standard deviation is 2. We therefore want to find the values ¢’
can take for the log-likelihood ratio to equal -2, shown in equation[4.8} The neg-
ative sign is due to the fact that we are maximising the log-likelihood, which is
the same as minimising the negative log-likelihood because the log-likelihood

function is monotonic.

et s (4.6)

Eestimated

—1/2 =nlne' + (N —n)In(1 —¢) — nln% — (N —n)ln (N; n) 4.7)

N —n

1
nlne' + (N —n)In (1 —¢€) :———i—nlnﬁ—l—(]\/—n)ln(

> © ) —C  (48)

N and n are, for a given selection cut value, fixed. Therefore the right hand side

of equation 4.8|is a constant and, for easier manipulation, represented by the
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constant C. This equation can be simplified by taking exponentials, shown in

equation

ne™ - (1-)V"=C (4.9)
M1 —e)NT=¢C (4.10)
T1—-)NTM—ef =0 (4.11)

In equation values for ¢ which satisfy the equation represent the upper
and lower error bounds on the efficiency. There is no analytical solution to find
¢ and so a numerical method must be implemented. The equation has two
roots, representing the lower and upper error bounds. As e® is always positive,
¢’ cannot take a value either greater than 1 or less than 0, or else the LHS of the
equation would be negative and therefore not provide a valid solution to the
equation. These limits are what one would intuitively expect for the upper and
lower bounds of the efficiency.

To find the roots of equation numerical methods are applied. Initially a
bisection method is used. As the roots of the equation lie either side of the
measured efficiency, e = ¥ a small value is continuously added (or subtracted
to find the lower root value) to e. The best value of ¢ is taken and further refined
via the secant method.

Table 4.3/ gives an overview of the variables used in this subsection.

4.1.13 Calculating Errors on Selection Cuts: Purity

The derivation to find the uncertainty on the measured purity, p, is very similar
to the efficiency. The purity is defined as the probability of measuring a recon-

structed signal event, from a combined population of reconstructed signal and
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Symbol | Definition

N total number of signal events

n number of reconstructed signal events

€ efficiency

de the difference between the mean and the half-width maxima

of the maximum likelihood distribution of the efficiency function.
This is considered the uncertainty.
€ € + de

Table 4.3: List of variables used to define the uncertainty on the efficiency.

reconstructed background events. This definition provides a measure of how
effective a selection cut is at eliminating background events. Ideally, only sig-
nal events would be reconstructed by our analysis, giving a purity of 1. In the
worst case scenario, only background events are reconstructed and no signal
events are reconstructed, giving a purity of 0. This definition of purity pro-
vides both reasonable limits and directly reflects the effectiveness of a selection
cut at improving the analysis in the context of increasing signal and rejecting
background.

The derivation to find the uncertainty is almost identical to the efficiency deriva-
tion, the only difference is a different definition of N is used. Previously, N was
the population of total signal events. For the purity, N is the combined popula-
tion of reconstructed signal and reconstructed background events. N = n + .
Therefore, the purity is parametrised as p = ;5. The uncertainty on the purity
is found using equation [4.12] p’ represents an estimated purity which is exactly
one standard deviation from the true purity, p.

N—n

P (L=p) " e =0 (4.12)

Where C' = —1 + nln% + (N — n) In (¥22). Again the roots of the equation for a
given selection cut value are found numerically. A rough estimation of the root

is found using the bisection method, which is then improved using the secant
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method.

4.1.14 Evaluating Selection Cuts: Quality

This cuts-based analysis requires a metric which is capable of evaluating how
effective the analysis is at achieving its goal: reconstructing neutral-current 7°-
producing neutrino interactions. One desires both a high efficiency and purity,
but in practise efficiency is often increased only at the expense of purity and
vice-versa. The question that needs to be answered is, how should efficiency
and purity be optimised?

This analysis was expected from the start to be very statistics-limited. Initial
truth studies indicated that approximately 1% of the Monte-Carlo neutrino in-
teractions were neutral-current 7’-producing interactions. Of these, approxi-
mately 15% were produced in the tracker region of ND280. Considering the
very limited statistics available, the analysis was initially optimised to minimise
statistical errors when measuring the interaction cross-section.

This is addressed in a paper published by the DESY laboratory [77], the deriva-
tion which follows is based on this publication. Consider a total number of
expected measured events, < T >. < T >=< s > + < b >, where < s > is the
expected number of measured signal events and < b > is the expected number
of measured background events. The signal cross-section, o, is expressed in

terms of the efficiency in equation .13

<s>=c¢€- /Edt-as+ <b> (4.13)

When T events are observed, the total measured cross-section, o,,, can now be

expressed as:

T—<b>

= TR (4.14)

Om
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In this context, £ is the luminosity, not the likelihood. The uncertainty on the

measured cross section is therefore:

oT VT

T e fﬁdt T e fﬁdt (4.15)

00,

This uncertainty assumes that the background is well understood and therefore
has no associated statistical error.
The purity, defined in subsection is p = —=2=—. The total expected

<s>+<b>T

number of events, < T" > can now be written as:

- Ldt
<T>:<s>:ef
p p

(4.16)

Therefore the uncertainty on the expected measured cross-section is:

e-f[,dt-os
p Os
-V % 417
<0m = T ep [ Ldt #17)

Therefore the ratio of the measured cross section to the uncertainty is:

<Om> _ [ep [ Ldt (4.18)
< do,, > Os

From equation one can minimise the statistical uncertainty on the cross

section by maximizing the product of the efficiency and the purity. Therefore

the quality, q, was initially defined as ¢ = € - p.

Initially this definition was used to evaluate the selection cuts used in this anal-

ysis. Selection cuts that maximised the quality were used in the final analysis.

However, this derivation does not factor in the potential for large systematic
errors on the selected background. Initial results from the analysis using this

quality derivation returned a low purity, initially 19%. It became apparent that
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the systematic errors on the background would be at least 15%, due to uncer-
tainties in the neutrino flux combined with uncertainties on the neutrino inter-
action cross-sections used in the Monte Carlo samples. Because of this large
systematic error, a decision was made to change the quality definition to reflect
a desire for a higher purity. Enough progress was made that statistical errors
were not going to dominate the analysis, however with a low purity, systematic
errors on a large background became a concern.

After qualitative experimenting with different metrics for quality, a new defi-
nition of ¢ = € - p* was chosen. With this new definition, the overall efficiency
of the analysis was only lowered by a few percent, with noticeable improve-
ments in the purity (shown in chapter[9). Any further biasing of purity did not
increase the overall purity of the analysis by more than 1%, but at a cost of a
significantly lowered efficiency (which dropped significantly when purity was
more heavily weighted. e.g. when quality was defined as ¢ = e-p? the efficiency
dropped by a factor of three).

The uncertainties on the quality is not shown on the histograms. When evalu-
ating the effect of a given set of selection cuts using the quality, the effect of the
uncertainty on the quality is negligible. This is because what is being consid-
ered is the relative difference between two different quality values. Consider
a selection cut, e.g. cutting on the number of tracks in the event. Minor alter-
ations in the cut value will either add or remove a small number of events to
the overall selection. The extra level of uncertainty added by this very small set
of events will be small when considered as a ratio to the overall quality value.

For this reason the uncertainties on the quality are not displayed.
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4.2 N-1 Histograms

Showing the effect of a selection cut when no other cuts are applied can be
misleading, because the effect of the selection cut in question could be already
covered by another selection cut used in the analysis. i.e. the selection cuts be-

ing applied are not independent of each other.

In order to assess the actual effect a selection cut will have on the final analysis,
N-1 histograms are used. These are histograms that show the effect of a given
selection cut, when all other selection cuts used in the analysis are applied. The
advantage of this approach is that any increase in efficiency, purity or quality
shown by the histograms will lead to a direct increase in the corresponding
quantity in the final analysis. The disadvantage is that these histograms can be
statistics-limited, as large amounts of information are already removed by prior

selection cuts.

The histograms detailing selection cuts can show the effects of selection cuts
under two scenarios: using the ‘base’ selection and using the ‘final” selection.
The ‘base” selection shows the effect of a selection cut when no other selection
cuts are applied. The ‘final” selection shows the effect of a selection cut when
all selection cuts are applied. When evaluating the value of a selection cut, the
tinal selection is preferred as it directly measures the effect of the selection cut
being investigated and factors in the effects of all of the other selection cuts.
However, when this selection is statistics limited, the base selection is used to
highlight important trends shown by the final selection. Histograms using the
final selection are N-1 histograms.

All of the first generation cuts are evaluated using the final selection. All sec-

ond generation cuts are evaluated using the final selection, with the exception
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of the cuts associated with the pair and isolated electron topology. This topol-
ogy only contained seven signal events from all Monte Carlo samples. Given
the extremely limited number of statistics for this topology, the base selection

was used instead.

When showing distributions of signal and background for a given selection cut,
the numbers shown on the histogram refer to the number of signal /background
candidates reconstructed from the Monte Carlo samples for the specific topol-
ogy in question. For example, figure in section shows the invariant

mass of electron/positron pair candidates.

When showing the effect of a given selection cut, the efficiency, purity and
quality of the selection cut are plotted. The efficiency, purity and quality val-
ues plotted refer to the overall efficiency and purity of the entire analysis for a
given selection cut (e.g. an efficiency of 0.3 implies the efficiency of the analysis
with that cut value is 30%). The absolute values of the efficiency and purity are
plotted on separate axis. The absolute quality values are not plotted because
what matters is not the absolute value of the quality, but rather the selection cut
which maximises the quality. The quality is defined as e x p? and the absolute
value returned by the quality does not convey any new information. Therefore
in order to simplify the histograms the absolute values of the quality are not

plotted.

All histograms in chapter 5| and [f| display the final selection cut chosen for the
specific variable being investigated. This is represented by a dotted vertical
line. An arrow is also drawn onto the histogram which reflects the range of

values which pass the selection cut and are not rejected from the analysis.
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4.2.1 Muon Veto

By definition, an NC#" interaction will not produce a muon and so remov-
ing events containing muons is a useful way of removing backgrounds. The
Charged-Current Quasi Elastic analysis [78] created an optimal set of criteria
for reconstructing muons in ND280. This analysis modifies the criteria laid out
in their work and uses it as a veto. This veto also removes 7% and 7~ events
because their pull signatures are similar to muons at the energy scales of this
analysis. This is beneficial because neither of these particles are included in the

signal definition. The muon reconstruction is as follows:

1. The muon candidate must have at least 18 hits in a TPC.
2. The muon candidate must have a negative charge.
3. The muon candidate must have a muon pull between -2 and 2.

4. The muon candidate must have an electron pull of less than -2.

4.2.2 Summary

This chapter has described the approach that was taken when reconstructing
neutral-current m’-producing neutrino interaction vertices. Selection cuts are
tirst applied with the goal of reconstructing photon candidates, through first-
generation cuts. These photon candidates are combined to form 7° candidates,
with a second generation of selection cuts applied to improve the purity of
the analysis. The first generation and second generation selection cuts are de-

scribed in detail in chapters [5|and [p| respectively.



Chapter 5

Evaluating First Generation

Selection Cuts: v Reconstruction

The first generation of cuts refer to the selection cuts used when reconstructing
individual photon candidates, i.e. (lepton pairs, isolated electrons and isolated
positrons). These photon candidates are then paired together in chapter [f] to
create 7 candidates. This chapter analyses each selection cut that was applied
to reconstruct the photon candidates.

The final set of first generation cuts are described at the end of the chapter in
table[5.1/and table 5.2/ for pairs and isolated leptons respectively.

The definitions of signal and background used in this chapter are described

in section The definitions of efficiency, purity and quality used in this

chapter are described in sections{4.1.12, 4.1.13|and }4.1.14}

All first generation cuts are analysed using the final selection of cut parameters

(the "final” and 'base’ selections are described in section [4.2)).

93
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5.1 e'/e” Pair Reconstruction

Reconstructing lepton pairs is a key step in reconstructing NC 7° neutrino in-
teractions. Initially, all candidate 7°s in this analysis were constructed using
lepton pairs, however this approach yielded unacceptably low statistics. The
first attempt of the analysis had a predicted number of reconstructed 7’s using
the known number of protons on target (referred to as pot) of only 2. Never-
theless, pair reconstruction forms a vital part of the overall analysis, and the
following sections detail the tuning of selection cuts used to maximise the qual-

ity of this reconstruction algorithm.

5.1.1 Invariant Mass Cut

The invariant mass of a potential electron/positron pair has the potential to be
a key discriminator between signal and background. The invariant mass of an
electron/positron pair being produced from a photon is at least 1.02 MeV /c?.
Despite being produced from a photon, the invariant mass of the lepton pair
is not zero MeV/c?, because the pair is created from the interaction between
a photon and a nucleon. Therefore the invariant mass is equal to (p,+p,/n)%
where p,, and p,, are the 4-momenta of the photon and nucleon respectively. The
4-momenta of the nucleon is not known, however its energy will be minimal
compared to the photon.

The invariant mass of the pair is equal to:

(pe+ +pe*)2 = (pv +pp/n)2 (51)

The LHS of this equation can be expanded to:
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Pz+ + p?z— + 2pe+pe* (52)

=2me + 2K~ Ee+ — 2Pe+ * Pe- 5.3)

What is the minimum value this equation can take? The leptons are produced
from a photon with a large amount of kinetic energy, and so will be highly
boosted. The consequence of this is that the opening angle between the lep-
tons will be very small, and m. << E,. Taking the opening angle to be 0, the

invariant mass is equal to:

e+ 2B Epr — 24/ (B2 — m2)(E2 —m?) (5.4)

Asm, << E, the last two terms in the equation effectively cancel, giving a min-
imum momentum mass of 2m, = 1.02 MeV/c?. This suggests that cutting on
the invariant mass (excluding pair candidates with high invariant mass values)
could improve the quality of the analysis.

Figure 5.1 shows the invariant mass for signal and background samples. The
difference between the signal and background distributions is somewhat marginal.
The effect of cutting on the invariant mass is shown in figure There is a
slight quality maximum at an invariant mass cut of 110 MeV/c?, and that was
the settled upon cut value (the cut is a maximum cut i.e. pair candidates with

an invariant mass of 110 MeV/c? or higher are rejected).

An invariant mass cut was thought to be promising at first glance, however on
inspection, the gains in purity were lower than expected. Whilst there is still a
clear benefit in cutting on the invariant mass, there are similarities between the

signal and background distributions. There were only two assumptions made
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Figure 5.1: Invariant masses of lepton pair candidates. The signal and back-
ground event numbers refer to the number of candidates reconstructed in the
Monte Carlo samples. The dotted line represents the chosen cut value. The
direction of the arrow indicates the range of values which pass the cut.

to reach equation That the invariant mass of the pair candidate was con-
structed from two electrons and/or positrons, and that the leptons are highly
boosted. These two assumptions are likely to hold for any two selected tracks in
the tracker region and so the background distribution will have similar charac-
teristics to the signal distribution. The former assumption will hold because the
majority of muons have been removed via the muon veto, and the majority of
tracks remaining will be electrons and positrons due to their quantity. Particles
are likely to be boosted because the majority of particles in the tracker regions
will be one or two interactions away from the initial neutrino interaction vertex,

and will carry a sizable fraction of the neutrinos initial kinetic energy.

As a result, the mass cut did not yield expected gains, however a cut to remove

pair candidates above 110 MeV /¢? does provide some benefit.



5.1 eT/e~ Pair Reconstruction 97

Effect of an Invariant Mass Cut, Final Selection
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Figure 5.2: Effect of an invariant mass cut on pair reconstruction. The dotted
line represents the chosen cut value. The direction of the arrow indicates the
range of values which pass the cut.

5.1.2 Electron Pull

The definition of electron pull is described in section Applying an elec-
tron pull cut has the potential to improve quality because it would prevent any
non-electron-like particles from being misreconstructed. Two potential cuts can

be applied; a maximum electron pull cut and a minimum electron pull cut.

For a given pair candidate, the electron pull of the lepton with the lowest elec-
tron pull is plotted in figure [5.3| for signal and background. When applying a
minimum electron pull cut, it is the lowest electron pull value of the pair that
matters, because if the lowest pull value passes the cut, the higher pull value

will also pass by default.

The effect of a minimum electron pull cut is shown in figure The effect

of a maximum electron pull cut is shown in figure For both histograms, the
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Lower Electron Pull of Pair Candidates
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Figure 5.3: Electron pull of the lepton with the highest electron pull of the pair
candidate.

quality plateaus somewhat, however there are marginal gains in quality when
applying a minimum electron pull cut of -4, and a maximum electron pull cut
of +5. The reason why the electron pull cuts only minimally increase quality is
likely due to the fact that the background distribution is also made up largely of
electrons and positrons. Applying tight cuts on the electron pull value would

therefore not discriminate between signal and background.

Although the gains are marginal, the isolated lepton reconstruction discussed
later uses a pull cut for more substantial gains. Introducing a pull cut for pair
reconstruction therefore does not add any extra systematic errors to this analy-

sis.
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Effect of a Minimum Electron Pull Cut
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Figure 5.4: Effect of a minimum electron pull cut on pair reconstruction.
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Figure 5.5: Effect of a maximum electron pull cut on pair reconstruction.
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5.1.3 Momentum Cut

Applying a momentum cut could yield benefits for pair reconstruction, because
the backgrounds are expected to be dominated with low-momentum tracks.
The momentum of the lepton with the highest momentum per pair candidate

is shown in figure 5.6, with the effects of a cut shown in figure

Contrary to this expectation, there is no peak to this distribution. Both sig-
nal and background samples produced large numbers of leptons with very low
momentum values. With a centre of mass energy of only 141 MeV/c?, leptons
produced from 7 decays often have a momentum that is at the lower end of
what ND280 can reconstruct. A minimum cut of 50 MeV /c was applied because
50 MeV /c is the limit of what the TPCs can reliably reconstruct. This is because
at 50 MeV /¢, the radius of curvature of the track is the same as the extent of the
TPC in the z-direction, and so the tracks bend back on themselves. The TPCs
reconstruct a 3-dimensional track by using an electric field to make electrons,
ionised by the reconstruc;;.ted track, drift onto charge-sensitive pads. The time
delay between successive TPC hits is then used to reconstruct the track. For a
particle which bends back on itself, the time delay between successive TPC hits
is no longer correlated, and the TPC reconstruction will reconstruct multiple

tracks instead of a single track.

The effects of a maximum momentum cut are shown in figure There is
a slight maximum at around 1000 MeV/c. The selection cut effectively func-
tions as a cut which removes extreme outlier events where the momentum of
tracks in the detector is very high and therefore highly unlikely to be produced

by a 7° decay.
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Figure 5.6: Momentum of the lepton with the highest electron pull of the pair
candidate.

Effect of a Minimum Momentum Cut

Efficiency
o
3
"t

i~

=

o

=

h—q“ﬂ _____________

Purity

1
0.4 HI{HH Hmﬂ” ﬁ _________________________________________________________________________________________________________________________________________ f

0.44 ool u ........ —0.24
0,412 sl 0,22

— 3
[ B L L |-|r|||||||||||||||||||||X10

0 02 04 0.6 0.8 1 1.2 14 1.6 1.8 2
Momentum (Melic)

Figure 5.7: Effect of a minimum momentum cut on pair reconstruction.



5.1 eT/e~ Pair Reconstruction 102

Effect of a Maximum Momentum Cut
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Figure 5.8: Effect of a maximum electron pull cut on pair reconstruction.

5.1.4 Extrapolated Separation Distance Cut

Ideally, any pair produced from a converting photon would have near-identical
starting positions. This can cause the reconstruction software to attribute the
detector ’hits’ to one track only, as the software cannot attribute a detector hits
to multiple tracks. To account for this, the starting positions for each lepton
are taken, with the most-downstream lepton being projected upstream to the z-
position of the most-upstream lepton. This is depicted in figure The square
root of the sum of the square of the distances between the leptons” X and Y
positions are then compared. This value provides a measure of how close the

lepton’s origin points are to each other. This is plotted for signal and back-

ground in Fig

This distribution has the majority of its signal and background entries between
0 and 10 mm. The spatial resolution of the FGDs is only 1 cm [7], and so the

affect of cutting on distances <1 cm is questionable. Given the reconstruction
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Figure 5.9: Scenario where, for an electron positron pair, one of the tracks is
missing its FGD component. After extrapolation, the x-y distance between track
A and track B should be small. If track A and track B do not originate from the
same point, the x-y distance should be large.

limitations, the signal and background distributions are almost identical, and

no cut value was applied.

5.1.5 Separation Distance Cut

As well as an extrapolated distance cut, it is worth considering the actual dis-
tance between lepton starting positions, especially considering the limited ef-

fect of an extrapolated distance cut.

The distance between lepton starting position is plotted in figure with the
effect of a cut in figure

The results of this histogram were unexpected. Some of the pairs being re-
constructed have a distance of 1200 mm between their reconstructed starting
positions. This is likely due to the tracks from these pair candidates originating

within different FGDs. Such pair candidates are highly unlikely to be genuine
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Figure 5.12: Effect of a minimum separation distance cut on pair reconstruction.

electron/positron pairs originating from a single photon. Placing a cut value of

1200mm eliminates these events and raises the quality.

5.2 Isolated Lepton Reconstruction

For isolated leptons (i.e. cases where only one lepton from the pair is de-
tectable), there is a less information available than for the e* /e~ pair scenario.
Particularly an invariant mass selection cut cannot be performed.

Instead, a process of exclusion is applied. For a given charged track, an at-
tempt is made to pair it with every other charged track in the tracker region of
the detector. The pairing algorithm used is identical to the pair reconstruction
technique, but with different cut parameters to maximise quality. Any leftover,
unpaired tracks are considered isolated charged tracks. Tracks are not exclu-
sively considered as part of either a pair or an isolated lepton, but can under

certain circumstances be considered candidates for both scenarios. This is ex-
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panded upon in the following subsection.

5.2.1 Overlapping candidates

Because the selection cuts for isolated lepton reconstruction and pair recon-
struction are different, it is possible for a track to be simultaneously consid-
ered a pair candidate and an isolated lepton candidate. Whilst not intuitive,
there is no reason not to simultaneously entertain both possibilities: to do oth-
erwise would cause valuable information about the event to be lost. Consider
a borderline case where a solidly-reconstructed electron is loosely paired to a
low-momentum positron (for example, the invariant mass of the pair could be
questionably high). At this stage of the analysis it is not known if either the pair
or isolated-lepton scenario can be used to reconstruct a 7° vertex, so to abandon

one scenario in favour of another is premature.

This philosophy is extended to candidate 7 vertices. It is entirely possible for a
single charged track to be included as a candidate for all six topologies. For any
given bunch, only one reconstructed 0 vertex can be returned, however that is

the only stage where any discrimination occurs between candidate types.

5.2.2 Electron Pull

Figure plots the electron pull of isolated electron candidates when consid-
ering a minimum electron pull cut. Figure[5.14plots the electron pull of isolated
electron candidates when considering a maximum electron pull cut. These his-
tograms are different to each other because, like all the plots in this chapter,
they are N-1 histograms. N-1 histograms show the distribution of signal and

background for a given cut under investigation, after all other plots have been
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applied. In the case of figure when considering the maximum electron
pull the minimum electron pull cut has already applied leading to a sharp cutoff
at -2, the chosen value for the minimum cut.

In figure there is signficantly more background than signal at large electron
pull values indicating an electron pull cut can signficantly improve the purity
of the analysis with little effects on the efficiency. Figure [5.15shows the effect
of minimum and maximum electron pull cuts on isolated electron candidates.
A minimum electron pull of -2 improves the quality of the analysis the most
and this was the settled upon cut value. For isolated positrons, the quality also
peaked at a pull value of -2 as the distribution of signal and background was
highly similar to that of the isolated electrons.

In figure[5.14]the signal and background distributions are very similar and there
is much less value in a maximum electron pull cut than the minimum electron
pull cut for isolated electron candidates. The effect of a maximum electron pull
cut for isolated electron candidates is shown in figure where the quality
plateaus instead of peaking. An eventual cut value of +2 was settled upon.
Whilst the quality differences between having a cut of +2 and having no cut at
all are very slim, the purity of the analysis is noticeably greater. Improving the
purity of the analysis is of critical importance when considering large beam and
cross-section systematic errors.

For isolated positrons, there was a much clearer gain in a maximum electron
pull cut. Figure shows the electron pull for isolated positron candidates
when considering a maximum electron pull cut. For high electron pull val-
ues there is significantly more background and signal. This is reflected in fig-
ure which shows the effect of a maximum electron pull cut for isolated

positrons. The quality peaks at a maximum pull value of +1.
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Figure 5.13: Electron pull of isolated electron candidates when considering a
minimum electron pull cut.
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Figure 5.14: Electron pull of isolated electron candidates when considering a
maximum electron pull cut.
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Effect of a Minimum Electron Pull Cut
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Figure 5.15: Effect of a minimum electron pull on isolated electron candidates.
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Figure 5.16: Effect of a maximum electron pull on isolated electron candidates.
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Figure 5.17: Effect of a maximum electron pull on isolated positron candidates.

5.2.3 Momentum Cut

The momentum of isolated positron candidates, when considering a minimum
momentum cut is shown in figure There is significantly greater amounts
of signal when compared to background after 50 MeV/c. This difference be-
tween signal and background is not present when looking at the momentum
distribution before any cuts are applied. This is shown in figure This ex-
cess of signal is likely due to another selection cut removing background from
this momentum region whilst leaving the signal unaffected.

The effect of a minimum momentum cut for isolated positron candidates is
shown in figure There is no value in applying a minimum momentum cut
at any level, however a minimum cut of 50 MeV /c is applied for both isolated
electron and isolated positron candidates due to the added systematic errors
using very low-momentum tracks would introduce.

The momentum of isolated electron candidates when considering a maximum

momentum cut is shown in figure The effect of a maximum momentum
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Figure 5.18: Momentum of isolated positron candidates when considering a
minimum momentum cut.

cut for isolated electrons is shown in figure Similarly to the pair recon-
struction, there is value in applying a maximum momentum cut as it removes
high-energy outlier events. The quality peaks at 700 MeV/c, which is the cut

value used. The isolated positron quality distribution also peaks at 700 MeV /c.

5.2.4 Pair Exclusion Cuts

One of the factors involved in classifying isolated leptons is to ensure that they
are, in fact, isolated. To this effect, exclusion selection cuts were investigated.

For a given isolated lepton candidate, every other track in the event was con-
sidered a potential pair partner. The properties of potential pair partners were

taken.

e The distance between origin points of the isolated lepton candidate and

its pair partners

e The extrapolated distance between the isolated lepton candidate and its
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Figure 5.19: Effect of a minimum momentum cut on isolated positron candi-
dates.
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Figure 5.20: Momentum of isolated electron candidates when considering a
maximum momentum cut.
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Figure 5.21: Effect of a maximum momentum cut on isolated electron candi-
dates.

pair partners (extrapolated distance is defined in section|5.1.4).
e The invariant mass of the isolated lepton candidate and its pair partners.
e The electron pulls of pair partners.

e The momentum of pair partners.

For each property in the above list, a threshold cut value was selected. If an iso-
lated lepton candidate has a pair partner which passes all these cuts, referred
to as exclusion cuts, then the isolated lepton candidate is rejected as it is con-
sidered to be part of an electron/positron pair.

However, when investigating these cuts it became clear that rejecting any iso-
lated lepton candidates because they had suitable pair partners drastically low-
ered the overall efficiency of the analysis as well as the quality. Figure
shows the minimum invariant mass of isolated electron candidates and their

potential pair partners. An exclusion invariant mass cut would reject isolated
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Figure 5.22: Exclusion invariant mass histogram for isolated electron candi-
dates. For each isolated electron candidate, the lowest invariant mass of its pair
partners is calculated and plotted.

electron candidates if they had any pair partners where the invariant mass of
the candidate and its pair partner was lower than the cut value (the reasoning
being that this candidate is actually part of a pair).

In figure the signal and background distributions are almost identical and
no value was gained from an exclusion invariant mass cut, shown in figure
This is a trend continued in all of the potential exclusion cuts for both isolated
electrons and isolated positrons. The minimum separation distance between
isolated electron candidates and potential pair partners is shown in figure[5.24}
with the effect of an exclusion separation distance cut shown in figure
Again, the signal and background distributions are highly similar and no value
is gained by adding an exclusion cut.

For this analysis, no exclusion cuts are applied for isolated electron candidates
or isolated positron candidates. The effect of this is that the tracks which make

up electron/positron pair candidates are also considered isolated lepton can-
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Figure 5.23: Effect of an exclusion invariant mass cut for isolated electron can-
didates. Rejecting an isolated electron candidate based on the invariant mass it
makes with potential pair partners does not improve the quality of the analysis
and so no cut was applied.
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Figure 5.25: Effect of an exclusion separation distance cut for isolated electron
candidates.

didates, subject to the tracks also passing the remainder of the isolated lep-
ton selection cuts (momentum and electron pull). This conclusion was initially
counter-intuitive, however by considering these tracks as isolated leptons their
chances of being eventually reconstructed as 7° candidates increases. This in-
crease in the number of 7 candidates adds more signal and relatively small

amounts of background, increasing the overall quality of the analysis.

5.2.5 Summary of first Generation Cuts

This section has documented a comprehensive investigation into all possible
methods of increasing statistics and reducing background when attempting to
reconstruct photons out of electron/positron pairs. A summary of the final

cut values used for pairs, isolated electrons and isolated positrons are given in

tablesB.1land 5.2l
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Table 5.1: Summary of first generation selection cuts applied to pair candidates.

Cut Type Pair
Invariant Mass (MeV/c?) 110
Min Momentum (MeV /c) 50
Max Momentum (MeV /¢) 1000
Min Electron Pull (MeV /c) -4

Max Electron Pull (MeV/¢) +5
Extrapolated Distance (mm) | none
Separation Distance (mm) 1200

Table 5.2: Summary of first generation selection cuts applied to isolated electron

candidates.
Cut Type Isolated Leptons
Min Electron Pull -2
Max Electron Pull +2
Min Momentum (MeV /c) 50
Max Momentum (MeV/¢) 700
Invariant Mass Exclusion (MeV /c? none
Separation Distance Exclusion (mm) none
Extrapolated Distance (mm) none
Min Auxiliary Momentum (MeV/c) none
Max Auxiliary Momentum (MeV/¢) none
Min Auxiliary Electron Pull none
Max Auxiliary Electron Pull none

Table 5.3: Summary of first generation selection cuts applied
positron candidates.

to isolated

Cut Type Isolated Leptons
Min Electron Pull -2
Max Electron Pull +1
Min Momentum (MeV /c) 50
Max Momentum (MeV/¢) 700
Invariant Mass Exclusion (MeV /c? 120
Separation Distance Exclusion (mm) none
Extrapolated Distance (mm) none
Min Auxiliary Momentum (MeV/c) none
Max Auxiliary Momentum (MeV/¢) none
Min Auxiliary Electron Pull none
Max Auxiliary Electron Pull none




Chapter 6

Evaluating Second Generation
Selection Cuts: 7" Vertex

Reconstruction

To reconstruct 7 vertices for a given event, the 4-momenta of the progenitor
photons of all pair and isolated lepton candidates are reconstructed by adding
the 4-momenta of the leptons used to reconstruct the photon candidate. These
photon candidates are then projected upstream through the detector in straight
lines. The position where the separation distance between the two photon can-
didates is the smallest is then calculated. If this position is not in either FGD1

or FGD2, the 7° candidate is rejected.

Selection cuts are then applied for each of the six topologies described in the

list in section The selection cuts applied to each topology are as follows:
1. The tracker multiplicity of the bunch.
2. The ECal multiplicity of the bunch.

3. The isolated ECal multiplicity of the bunch.

118
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4. The POD multiplicity of the bunch.

5. The TPC1 multiplicity of the bunch.

6. The overall multiplicity of the bunch.

7. The opening angle of the photon candidates.

8. The distance between the points of closest approach of the photon candi-

dates.

The 7° invariant mass, whilst the ideal discriminator, was not used because it is
a key kinematic quantity being measured by this analysis, and using it would
introduce a bias. A veto on situations where one photon conversion happens
in FGD1 and the second in FGD2 was considered, however after investigation
it was found that adding this veto reduces the overall quality of the analysis.

The following subsections analyse the value of these selection cuts for all six
topologies. The selection cuts settled upon are documented in table The
pair and isolated electron selection cuts are evaluated using the base selection
due to the very limited amount of statistics available for that topology (the final
selection reconstructs sixty pair and isolated electron signal candidates how-
ever out of these only seven are not affected by event migration. i.e. for the
other fifty three candidates, cuts which would remove them from the pair and
isolated electron selection topology would not remove them from the overall
analysis because they would be reconstructed as other topology types). All

other five topologies use the final selection.
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6.1 Event Vetoes: TPC1 Multiplicity and POD Mul-
tiplicity

In this analysis, any event with tracks present in either the POD subdetector
or the TPC1 subdetector are vetoed outright regardless of the topology being
investigated. It became apparent early into the analysis that accepting events
containing tracks within the TPC1 subdetector or POD subdetector significantly
lowered the overall purity of the analysis. The TPC1 and POD subdetectors are
upstream of both FGD1 and FGD2 (i.e. the neutrino beam enters these sub-
detectors before entering the FGDs). Therefore it is highly unlikely that any
neutral-current 7’-producing neutrino interaction occuring in one of the FGDs
will have tracks present in either the POD or TPC1. Conversely, other types of
neutrino interactions originating in the POD or TPC1 present a source of back-
ground that could be easily removed by vetoing any events with tracks present

in either of these subdetectors.

Figure|6.3|shows the TPC1 track multiplicities for candidate 7° events using the
isolated electron and isolated positron topology, with figure showing the
effects of a TPC1 multiplicity cut (the isolated electron and isolated positron
topology histograms are used in this section because of the high statistics in
this topology, however the conclusions are identical for all six topologies in
this case). The quality of the analysis is significantly greater for a cut of zero
than any other cut values (i.e. only events with a TPC1 multiplicity of zero
are accepted by the analysis). Figure |6.1|shows the POD track multiplicities for
candidate 7° events using the isolated electron and isolated positron topology,
with figure |6.2| showing the effect of a POD multiplicity cut. Again, quality is

greatest at for a cut of zero.
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Figure 6.1: POD multiplicity for candidate 7° events, isolated electron and iso-
lated positron topology.
For all six topologies, having a TPC1 multiplicity cut of zero and a POD multi-

plicity cut of zero maximised quality.

6.2 Twin Pair Reconstruction

A list of all the pair candidates are constructed. The 4-momentum from each
pair are added together to reconstruct a candidate photon that produced the

pair.

Each of these candidate photons is then combined with the others. For each
photon combination, the photons are projected upstream through the detector,

where their distance of closest approach is calculated.

The position of the distance of closest approach is then taken as the potential

70 vertex. If this vertex is within either FGD, the two twin pairs are considered
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Figure 6.2: Effect of a POD multiplicity cut, isolated electron and isolated

positron topology.
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Figure 6.3: TPC1 multiplicity for candidate 7" events, isolated electron and iso-

lated positron topology.
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Figure 6.4: Effect of a TPC1 multiplicity cut, isolated electron and isolated
positron topology.
a candidate 7° vertex, dependent on further selection cuts. The final selection

was used when evaluating twin pair selection cuts.

6.2.1 Upstream Multiplicity

Upstream multiplicity represents the number of reconstructed tracks with a
presence in subdetectors which are upstream of FGD]1, the first subdetector
within the topology region. Events with reconstructed tracks in either the POD
or TPC1 (two subdetectors upstream of FGD1) are vetoed, therefore any tracks
upstream of FGD1 must originate in one of the barrel ECals (the only remaining

subdetector upstream of FGD1).

Initially, the upstream multiplicity was considered an event veto: events with
any upstream multiplicity would be removed from the selection. However,

converting the veto into a selection cut was decided upon as the more rigorous
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Figure 6.5: Upstream multiplicity of signal and background for twin pair topol-
ogy.

option; if a veto is required then the quality will be at a maximum with a multi-
plicity cut value of 0. Figure|6.5shows the signal and background distributions
of the upstream multiplicity on the base selection, and Figure shows the
effect of an upstream multiplicity cut on the final selection.
Counter-intuitively, having a cut of zero on upstream multiplicities degrades
quality and efficiency. A large amount of signal has significant upstream mul-
tiplicities. This could be because of backwards scattering tracks into the barrel
ECal. A final cut value of three was chosen, as this is the point where the quality
distribution plateaus. Having a cut of three instead of no cut slightly improves

purity, and will remove outliers that may be present in the data.

6.2.2 Tracker Multiplicity

Tracker multiplicity represents the number of reconstructed tracks with a pres-

ence in subdetectors encompassed within the tracker region: FGD1, FGD2,
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Figure 6.6: Effect of an upstream multiplicity cut, twin pair topology.

TPC1, TPC2, TPC3. This region, with the exception of TPC1, is the area of
interest for this analysis. A multiplicity cut could be useful because, when con-
sulting event displays, it appeared that 7° interactions are quite clean, with rel-
atively low multiplicities. A multiplicity cut could remove messy background
events which could potentially pass the reconstruction algorithm, whilst leav-

ing signal relatively intact.

Figure |6.7| shows the tracker multiplicity of the final selection for signal and
background, and figure 6.8 shows the efficiency, purity and quality.

For both the signal and background distributions, the tracker multiplicity is
spread broadly over a large range of multiplicities (from four to twenty-eight).
Given the small maxima at a multiplicity cut of fourteen, the twin pair tracker

multiplicity cut is set at this value.
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Figure 6.7: Tracker multiplicity of signal and background, twin pair topology.
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Figure 6.9: Bunch multiplicity of signal and background selections for twin pair
topology.

6.2.3 Bunch Multiplicity

Bunch multiplicity represents the number of reconstructed tracks in the entire
bunch, across all subdetectors. The reasoning behind such a cut is similar to

tracker multiplicity, and covers tracks which escape the tracker region.

Figure shows the bunch multiplicity of the base selection for signal and
background, and figure shows the efficiency, purity and quality.

The quality tails off at high multiplicities and there is a maxima at a multiplicity
cut of twenty-three. Therefore the twin pair bunch multiplicity cut was set at

twenty-three.

6.2.4 Isolated ECal Multiplicity

The isolated ECal multiplicity refers to the number of tracks which are entirely

contained within a barrel or a downstream ECal. The isolated ECal multiplicity
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Figure 6.10: Effect of a bunch multiplicity cut. Twin pair topology.

has the potential to be a valuable variable to cut on. Ideally, any NCr signal in-
teraction should either be contained in the tracker region, or spill into the ECal
region; a scenario where a track exists solely in the ECal should be rare, whilst
this would not be the case for background. The number of tracks which are
isolated in the ECal for a given twin pair 7° candidate are shown in figure[6.11}

with the effect of a cut shown in figure[6.12]

Contrary to what was anticipated, the signal and background distributions are
very similar and there is no benefit to applying an isolated ECal multiplicity cut

at any level.

6.2.5 ECal Multiplicity

Alongside an isolated ECal multiplicity cut, an ECal multiplicity cut was also
investigated. This cuts on the number of tracks present in the ECal for any

candidate twin-pair 7°. Ideally, signal events should be mostly constrained to
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Figure 6.13: ECal multiplicity of signal and background selections for Twin Pair
topology, base selection.

the tracker region and should have low ECal multiplicities. Figure shows
the ECal multiplicity for signal and background for the base selection. These
distributions are almost identical, and no value is gained from a cut at any level.
The signal does not have particularly low ECal multiplicities, perhaps because
of tracks propagating through TPC3 and into the downstream ECal, combined

with tracks entering the barrel ECals.

Minimum Opening Angle

Photons produced from a decaying 7° should be very forward-going, as they
can contain significant fractions of the interacting neutrino’s kinetic energy, and
therefore be highly boosted. A selection cut on the minimum permissible co-
sine of the opening angle, ¢ is investigated: a minimum cut means that events
with a cos ) below the minimum threshold are removed. The opening angle
was determined by using the 4-momenta of the projected photons, which were

constructed out of the reconstructed lepton pairs.
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Figure 6.14: Opening angle of projected photons, twin pair topology.

When examining the opening angle for all topologies, the variable being in-

vestigated is the cosine of the opening angle.

Therefore, removing potential 7° candidates with large opening angles could
reduce backgrounds whilst preserving signal. Figure shows the opening
angle of signal and background for the base selection. Whilst the opening an-
gles for both signal and background selections are broad, the gradient of the
signal selection is greater than that of the background. Figure shows the

effect of a minimum opening angle cut on the base selection.

Although the improvements in quality were not as large as anticipated, there is
a marginal gain in quality to be had by setting the minimum opening angle at
cost) = 0.5.

There was no advantage to applying a maximum opening angle cut. Due to the
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Figure 6.15: Effect of a minimum opening angle cut on the base selection.

forward-going nature of the signal this was not surprising.

6.2.6 Polar Angle

Similar to the opening angle, a polar angle cut was also considered. The 4-

momenta of the two photon candidates are added to create the 4-momenta of

the 7° candidate. The angle this 7 makes with the z-axis is the polar angle.

Signal events should have a low polar angle as the 7 should carry a lot of

momentum from the initial neutrino, which has a polar angle of 0. The polar

angle for signal and background is shown in figure with the effect of a

polar angle cut shown in figure When examining the polar angle, the

cosine of the polar angle is the variable being measured.

There is a clear benefit in a polar angle cut, with a minimum polar angle cut of

cost = 0.97 providing greater quality than having no minimum cut.
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Figure 6.18: Closest approach of projected photons, twin pair topology

6.2.7 Closest Approach

The closest approach is the minimum distance between two photon candidates
when their trajectories are projected upstream through the detector. Ideally, if
the kinematics of the leptons have been perfectly reconstructed, the distance of
closest approach for a true 7° candidate should be 0. Therefore the value of

cutting on this value was investigated.

Figure shows the closest approach for twin pair 7° candidates for both
signal and background, with figure showing the effectiveness of a cut.

There is some small quality gains to be had by introducing a closest approach,

with the quality peaking at a cut of 90mm.
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6.2.8 Pair Gap Cut

The "pair gap’ is the distance between the average starting positions of the two
reconstructed lepton pairs. Ideally this should be low and so could prove a
useful variable to cut on. The signal and background pair gap distributions are

shown in figure with the effect of a cut shown in figure

Figure shows two distinct clustering of events, one between Omm and
800mm, with the other between roughly 1100mm and 1800mm. The second
cluster is likely due to the two pair candidates originating in separate FGDs.
However when examining fig cutting out this second cluster does not in-
crease quality. Instead, the quality plateaus at high cut values. Whilst there is
a small maxima at 1650mm, this could be due to limited statistics as there are
only a handful of reconstructed twin pair candidates with large pair-gaps. As a

result no pair gap selection cut was applied to the twin pair topology.
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6.3 Pair And Isolated Lepton Reconstruction

The pair and isolated electron, and pair and isolated positron topologies were
evaluated separately. However, due to their similarities, they are covered in a
single section to limit the quantity of histograms being displayed.

The pair and isolated electron sample had very limited statistics available, with
only seven reconstructed events in total from all Monte Carlo samples. Because
of the low statistics, the base selection was used when developing selection cuts
for this topology, outlined in section4.2}

The pair and isolated positron sample is evaluated using the final set of selec-

tion cuts.

6.3.1 Upstream Multiplicity

The upstream multiplicity histograms for the pair and isolated positron topol-
ogy are shown in figure with efficiency, purity and quality shown in fig-
ure

There is a clear maximum at a multiplicity value of three, therefore a cut value
of three was chosen for the pair and isolated positron topology. For the pair and
isolated positron topology, the upstream multiplicity distribution is shown in
tigure with the effects of an upstream multiplicity cut shown in figure[6.25|
There is a clear maxima in the quality, with a peak of one. Therefore for the pair

and isolated electron topology the upstream multiplicity cut was set to one.

6.3.2 Tracker Multiplicity

The tracker multiplicity for the pair and isolated positron topology, final selec-

tion, is shown in fig with the effect of a potential cut shown in fig[6.27] The
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background distribution appears to have a longer tail than the signal distribu-
tion, although the limited statistics make it difficult to say definatively. The
quality has a slight maxima at a multiplicity of sixteen, which is where the cut
value was set.

For the pair and isolated electron topology, the tracker multiplicity for signal
and background is shown in figure The effect of a tracker multiplicity
cut is shown in figure There is a very broad maxima, with its peak at a

multiplicity cut of seven, which is where the final cut value was set.

6.3.3 ECal Multiplicity

The ECal multiplicity for the pair and isolated positron topology can be seen in

tig with the effects of a cut shown in fig

There is a peak in quality at a multiplicity cut of four. The effect of an ECal



6.3 Pair And Isolated Lepton Reconstruction 141

Effect of a Tracker Multiplicity Cut

2 QB2 - &
B L — efficiency |03 E
ST R U D P I — — purity

— quality 0.28

Mm]llll””él” ______ HITHI
LT T T

Tracker Multiplicity

Figure 6.27: Effect of a tracker multiplicity cut on final selection, pair and iso-
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Figure 6.28: Tracker multiplicity of signal and background. Final selection, pair
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multiplicity cut for pair and isolated electrons is shown in figure There is
a slight maxima at a cut value of two, however the gains in quality are similar
to a multiplicity cut of zero. Considering the limited statistics available the final
cut value was set at two, as this cut permits a greater number of signal events

compared to a multiplicity cut of zero.

6.3.4 Isolated ECal Multiplicity

The Isolated ECal multiplicity for the pair and isolated positron topology is
shown in figure with the effect of a cut shown in figure[6.34]

Similarly to the twin pair scenario, there is no peak in the quality at any value

and no isolated ECal multiplicity cut is applied.

The Isolated ECal multiplicity for the pair and isolated electron topology is
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Figure 6.32: Effect of an ECal multiplicity cut on base selection, pair and isolated
electron topology.

shown in figure with the effect of a cut shown in figure Unlike the

pair and isolated positron topology there is a peak in quality at a multiplicity

of one.

6.3.5 Bunch Multiplicity

The bunch multiplicity for signal and background in the final selection for the
pair and isolated positron topology is shown in figure with the effect of a
selection cut shown in figure [6.38|

The quality plateaus at high multiplicity values, however there is a marginal
maxima at a multiplicity cut of nineteen. It is possible that this maxima is a
purely statistical effect as there are a limited amount of reconstructed pair and
isolated positron signal events. However, a cut at nineteen removes few signal

events from the selection, therefore the final cut value was set to nineteen to
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Figure 6.37: Bunch multiplicity cut of final selection, pair and isolated positron
topology.

improve the purity of the analysis.

For the pair and isolated electron topology, the effect of a bunch multiplicity cut
is shown in figure There is a very broad maxima with a peak at twelve, so
the final cut value was set at twelve. The large gains shown by this histogram
are likely to be exaggerated however. It is plausible that selection of events
removed by other selection cuts, namely the tracker and ECal multiplicity cuts,

overlap with the selection of events a bunch multiplicity cut would remove.

6.3.6 Opening Angle

The opening angle of the photon candidates for the pair and isolated positron
topology is shown, for the final selection, in figure The effect of a selection
cut is shown in figure [6.41]

The quality histogram plateaus at low opening angle values. Whilst there is

a marginal increase in quality for a cut of cosf = 0.06 compared with hav-
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Figure 6.40: Opening angle of final selection, pair and isolated positron topol-
ogy.

ing no cut, this is likely an artifact of limited statistics. The vast majority of
signal and background events are clustereda round cosf = 1 and low-opening
angle cut thresholds exclude very few events (the "peak” at 0.06 excludes two
background events). Therefore no opening angle cut is applied to the pair and
isolated positron topology. This situation is reflected in the pair and isolated

electron topology, where there is no benefit to applying an opening angle cut.

6.3.7 DPolar Angle

The polar angles for reconstructed pair and isolated positron topology events
is shown in figure The signal distribution’s tail is not as broad as the back-
ground distribution, therefore any minimum polar angle cut does not increase
the quality. This is shown in figure which shows the effect of a polar an-
gle cut on the pair and isolated positron topology. The same conclusions were

reached for the pair and isolated electron topology.
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Figure 6.43: Effect of a polar angle cut, pair and isolated electron topology.

6.3.8 Closest Approach

The closest approach of candidate photons for the pair and isolated positron

topology is shown in figure with the effects of a cut shown in figure [6.45]

The quality appears to plateau at high values, with very little benefit to hav-
ing a cut at any level. Whilst there is a marginal increase in quality at a cut
value of 820mm this is, like the opening angle cut in section an artifact
resulting from very low statistics. This situation is reflected in the pair and iso-
lated electron topology, where there is no benefit to applying a closest approach

cut.

6.3.9 Pair Gap

The pair gap for reconstructed pair and isolated positron topology events is
shown in figure The pair gap for the pair and isolated lepton topology

is the difference between the average starting position of the lepton pair and
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the starting position of the isolated lepton. The limited statistics are spread
over a broad spectrum of values, however one can see the events in fig are
clustered into two regions: one from Omm to approximately 800mm, and the
other from about 1200mm to 1800mm. This is similar to the structure seen in
the histograms for the twin pair topology (section[6.3.9). The second region of
events arises when tracks for a given 7 candidate originate in different FGDs.
The quality histogram has a maxima at 1450mm, which excludes the majority

of these mis-matched events.

The effect of a pair gap cut for the pair and isolated electron topology is shown

in figure where there is also a peak in quality, this time at 600mm.
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Figure 6.47: Effect of a pair gap selection cut, pair and isolated positron topol-
ogy.
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6.4 Twin Isolated Lepton Reconstruction

Three event topologies have been combined into this subsection due to their
similarities: twin isolated electron, twin isolated positron, and isolated electron

and isolated positron.

These three topologies have the least amount of kinematic information avail-
able, with only two reconstructed tracks per 7° vertex. As a result backgrounds
are high. It is important to apply selection cuts to try and increase the purity of

this set of events.

6.4.1 Bunch Multiplicity

The bunch multiplicity for the twin isolated electron final sample is shown in
tigure The signal follows a very similar distribution to previous topolo-
gies, however the background has a slightly different distribution. The two-
track topologies are more likely to accept high-multiplicity background events
because there is less information that can be used to discriminate between sig-

nal and background.

The efficiency, purity and quality histograms are shown in figure There

is a broad peak with a maximum at a multiplicity cut of 13.

The bunch multiplicity for the isolated electron and isolated positron topology
is shown in figure with the effect of a cut shown in figure In fig-
ure the background appears to be relatively greater than the signal at high
multiplicities, however applying a cut at any level reduces the efficiency of the
analysis too severely for there to be any gain in quality. The quality plateaus at

high multiplicities and there is no value in applying a bunch multiplicity cut at
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Figure 6.49: Bunch multiplicity of final selection, twin isolated electron topol-
ogy.
any level. This situation is also reflected in the twin isolated positron topology,

where no bunch multiplicity cut is applied.

6.4.2 Tracker Multiplicity

The tracker multiplicity for signal and background, for the isolated electron and
isolated positron final selection is shown in figure The distributions are
highly similar, and the other two topologies also showed similar distributions.

The effect of a cut is shown in figure [6.54|

No value is seen in applying a tracker multiplicity cut at any level for any topol-
ogy. The hypothesis was that the signal events would have relatively low mul-
tiplicities compared to the background, however the actual multiplicity distri-
bution is very broad. Reconstructing signal events from only two tracks intro-

duces high-multiplicity, poorly reconstructed events and reduces the ability to
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Effect of a Bunch Multiplicity Cut
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Figure 6.50: Effect of a bunch multiplicity cut on final selection, twin isolated
electron topology.

Bunch Multiplicity of Reconstructed Tracks

2 pooF 1 3
5 220 — signal —600 =
= SR
g 200 J 3
g = — hackground . 2
& 180 —Js00 3
= = ] g
5 160 1 3
S aF —aoo T
5 1a0f- <3 3
120 K E
— — {\1
C —{300
100 E
— i |
80— E
= —200
80— 3
40— —100
20— 5
0 E e e e b b by —i = 0
0 10 15 20 25 30

Bunch Multiplicivy
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Effect of a Bunch Multiplicity Cut
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Figure 6.52: Effect of a bunch multiplicity cut on final selection, isolated electron
and isolated positron topology.

discriminate between signal and background based on track multiplicity alone.
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Figure 6.53: Tracker multiplicity of final selection, pair and isolated electron
topology.
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Figure 6.54: Effect of a tracker multiplicity cut on final selection, isolated elec-
tron and isolated positron topology.

6.4.3 Upstream Multiplicity

The upstream multiplicity for the twin isolated positron topology is shown in

figure with the effects of a cut shown in figure [6.56]

There is a clear benefit in terms of purity and quality to having an upstream
multiplicity cut of 0. For both the twin isolated electron topology and the iso-
lated electron and isolated positron topology the cut value was set at 0 for iden-

tical reasons.

6.4.4 Isolated ECal Multiplicity

The isolated ECal multiplicity is shown for the isolated electron and isolated
positron topology, in figure The effect of the cut for the tight selection is
shown in figure There is no maximum, and this pattern is repeated for the

other two topologies. Therefore no isolated ECal multiplicity cut was used.
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Figure 6.55: Upstream multiplicity of final selection, twin isolated positron
topology.
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Figure 6.57: Isolated ECal multiplicity of final selection, isolated electron and
isolated positron topology.
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6.4.5 ECal Multiplicity

The ECal multiplicity for signal and background are displayed, for the twin iso-

lated electron topology final selection in figure The effect of a cut is shown
in figure

When looking at the effect of a cut for the twin isolated electron topology, there
is a peak at a multiplicity cut of 0. The ECal multiplicity distribution for the
win isolated electron topology is shown in figure and the effect of an ECal
multiplicity cut is shown in figure

For the twin isolated positron topology, the quality peaks at an ECal multi-
plicity cut value of two. The ECal multiplicity distribution for the win isolated
positron topology is shown in figure and the effect of an ECal multiplicity
cut is shown in figure[6.62|

Figure shows the effect of an ECal multiplicity cut for the isolated elec-
tron and isolated topology. For this topoology, no benefit is gained from an

ECal multiplicity cut as the quality plateaus at high multiplicities.

6.4.6 Opening Angle

The opening angles for the twin isolated lepton topologies are larger than the
other topologies because each photon candidate has missing kinematic infor-
mation, creating differences between the estimated properties of the photons
and their true counterparts. However because of the wider acceptance, the
background should also have a larger opening angle spread. The opening an-
gle for the isolated electron and isolated positron topology, final selection, is

shown in figure Both signal and background have a wide spread of an-
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Figure 6.61: ECal multiplicity of final selection, twin isolated positron topology.

o
i
)

Efficiency

o
tn

0.4

On

0.461

0.44

0.42

0.4

0.38

Effect of an ECal Multiplicity Cut

:_ ............................ ........................... ........................... .......................... — efficiency
N S T S SE— — purity
L — quality
J]llllHHHHHHHHHHHH

mm111111111111111111111111 E

Ecal Multiplicity

0.28

0.26

0.24

0.22

Purity

Figure 6.62: Effect of an ECal multiplicity cut on final selection, twin isolated
positron topology.



6.4 Twin Isolated Lepton Reconstruction 165

Effect of an ECal Multiplicity Cut

g u ] g
2 - BEREEEEREREREREEEEREREE! - 3
:E-;: 045__ .......... 'l ......... B R e e R R __ 0.34 =
- . — efficiency | Jq 3
04__ ............................................................................................................................... —pu}‘g‘ty :
;l — quality _:0.3
0.35: [ .............................................................................................................................................. e .............. :
L —_0.28
0.3f } _________________________________________________________________________________________________________________________________________________ —
= M innnierin g
0.25_! ............................................ LA A A AR AL A AR AR LA AL A :
E —_0.24
PP N S SN S S SN S, ]
- —o.22
011;'__.,‘,,,‘,‘,‘,‘,,“,,‘,‘,‘ ..... ,‘;
0 5 10 15 20 25

30
Ecal Multiplicity

Figure 6.63: Effect of an ECal multiplicity cut on final selection, isolated electron
and isolated positron topology.

gles, but the gradient for the background is shallower, suggesting value in a cut.

The effect of such a cut is shown in figure Whilst there is clear value in
having a cut, the maximum is very broad. The eventual cut value settled upon
was cost/ = 0.6. This cut value was chosen to preserve statistics, as a tight cut

would have significantly lowered the efficiency, by up to 5%.

Both the twin isolated electron and twin isolated positron topologies benefit
from a looser cut value, with the maximum instead located at roughly 0.5, as

shown for twin isolated electrons in figure

6.4.7 Polar Angle

For isolated electrons and isolated positrons, the polar angle for signal and

background using the final selection is shown in figure with the effects
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of a cut shown in figure 6.68|

The signal and background distributions are very similar. The polar angle cut

provides little to no benefit for any of the topologies covered in this subsec-

tion. No polar angle cuts were applied to any topology. This is likely due to

the fact that created reconstructed 7° candidates from only two tracks means

there is missing kinematic information. Because of this the signal events cover

a wider spectrum of polar angles and therefore reduces the effectiveness of a

polar angle cut.

6.4.8 Closest Approach

The distance of closest approach for photon candidates constructed from the

twin isolated positron topology is shown in figure using the final selection.

The effect of a closest approach cut for this topology is shown in figure [6.70}



6.4 Twin Isolated Lepton Reconstruction

168

Number of Events (Signal)

200

180

160

140

1207

100

80

80

40

20

|'|'|'||"|'|||'|'|'|'|'|'|||'|'|"|'|'|'|||||||||||||||||||'¢

=]

Polar Angle of Projected Pi0

— signal

— hackground

Lot Lo o L I

0.1 0.2

| | | | | | | | | 1111
0.8 .
Polar Angle (casB)

600

500

400

300

200

100

-

Number of Events (Background)

Figure 6.67: Polar angle of reconstructed 7" candidate, isolated electron and
isolated positron topology.

Efficiency

Figure 6.68: Effect of a minimum polar angle

Effect of a Minimum Polar Angle Cut

0.5 eﬂcrencv
0.45
IS SRRSO | SO SIS SO
T Y S Syt R
0. 33
025: B SOt SO SO UURE SOOI ! ............ ]
: .
02;__ .............................................................................................................................................................. ! .............. -
0ABE— e, b SRR SRS LI "
" f 5 é é Y
;: 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 l 1 -
0 0.2 0.4 0.6 0.8 1

Polar Angle (cosB)

electron and isolated positron topology.

0.32

0.3

0.28

0.26

0.24

0.22

Purity

cut on final selection, isolated



6.4 Twin Isolated Lepton Reconstruction 169

Closest Approach of Photon Candidates

h . 140
& — signal
12

— background 120

10
100

Number of Events (Signal)
Number of Events (Background)

a:— _ [ —fao
65_ —fso
45' [ —340
2% —320
bl v e bl LI 1 . i _0

100 200 300 400 500 600 700 800 900
Distance of Closest Approach {mm)

Figure 6.69: Distance of closest approach values for final selection, twin isolated
positron topology.

There is a secondary peak in this distribution which is absent from previous
distributions, however it is also present for the twin isolated electron and iso-
lated electron and isolated positron positron topologies. This peak is likely due
to positrons being matched together from separate FGDs. A closest approach
cut of 100mm for this topology effectively vetoes this cross-FGD matching from

happening, and greatly improves quality.

The effect of a closest approach cut for twin isolated electrons is shown in fig-
ure Figure shows the effect of the cut for isolated electrons and iso-
lated positrons. The cut values for these two topologies are set at 130mm and

75mm respectively.
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Figure 6.72: Effect of a closest approach cut on final selection, isolated electron
and isolated positron topology.

6.4.9 Pair Gap

The distance between the origin points of the two tracks making up isolated
electron and isolated positron candidates is shown in figure The distribu-
tions appear similar at first, however the tail of the distribution is greater for the
background than it is for the signal. This is reflected in figure[6.74, which shows
the effect of a pair gap cut. There is a distinct peak in the quality by having a
pair gap cut at 400mm. A cut at this value helps to eliminate situations where
the isolated electron and isolated positronoriginate in different FGDs.

Unlike the isolated electron and isolated positron topology, there is no value in
applying a pair gap for the twin isolated electron topology and the twin isolated
positron topology. The effect of a pair gap for twin isolated positrons is shown
in figure The signal and background distributions are extremely similar,

and no value can be extracted from a cut.
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Figure 6.75: Effect of a pair gap cut, twin isolated positron topology.
6.5 Summary of Cuts

This chapter has described the development a selection cuts-based analysis to
detect tracker-contained neutral-current 7° interactions, an analysis that was
developed from the ground up without relying on prior work. As a result, a

wide range of selection cuts needed to be investigated and validated.

The analysis was split into two tiers, referred to as first generation and sec-
ond generation, the former to reconstruct 7° decay photons, the latter to com-
bine those decay photons into 7 candidates. Initially, only 7° candidates with
two reconstructable electron/positron pairs was considered. However, this ap-

proach only yielded a predicted 2 7¥s using data-level statistics.

As a result, the analysis was diversified to reconstruct decay photons where
one of the leptons produced from the converting photon was not reconstructed.

This approach has yielded significantly increased statistics, however the num-
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ber of selection cuts being applied has increased dramatically with the addition
of 5 other second generation topologies. The final results of this analysis are

presented in chapter 9}

Table |6.1|summarises the second generation cuts.

It is difficult to identify any one single selection cut as having a significant effect.
The overall quality of the analysis relies on a large number of selection cuts
each adding incremental improvements. However the largest gains were made
from applying TPC1 and POD multiplicity vetoes, as well as constraining the

momentum range of pair and isolated lepton candidates.

6.5.1 Sand Muon Analysis

One final source of background that has not yet been considered is that of sand
muons. Neutrinos from the beam can interact with the rock and sand surround-
ing the ND280 detector pit, producing muons via a charged-current interaction.
These muons can then penetrate into ND280 and be logged as data. The timing
and angular direction cuts which remove cosmic muons do not apply for sand
muons. The timing cut is passed because the sand muons are only created dur-
ing beam spills. The angular direction cut is passed because the muons have

roughly the same directionality as the beam.

Because of the muon cut in the analysis, and the fact that a single muon is
unlikely to mimic an NCz” event, backgrounds are expected to be small but
must nevertheless be accounted for. When scaled amount of statistics available
for the data, 38.8 sand muon events are predicted. This is only 5.2% of the total

background.
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Chapter 7

Data vs Monte Carlo Comparisons

So far in this analysis, Monte Carlo information has been used to develop the
selections for 7° candidates. An important step is to validate that the data and
the Monte Carlo agree so that any problems with the detector, simulation or
reconstruction problems can be recognised and diagnosed. This is particularly
apparent because such a data vs Monte Carlo analysis was undertaken for a
7 analysis involving the tracker and ECal region and significant discrepancies
between ECal reconstruction and ECal simulation were observed. This was
because the detector simulation software only simulated the magnetic field in
the tracker region and not in the magnet flux return. This in turn caused some
ECal modules to predict too many Monte Carlo events and some to predict
too few Monte Carlo events [75]. Because this analysis is focused around the
tracker region, that issue does not greatly effect this analysis and has since been
resolved.

Extensive comparisons between data and the simulated Monte Carlo have been
carried out by other individuals, either as part of software testing or as part of
other analyses [79] [78] [80]. Most of these have shown good agreement and
the places where disagreement has been seen have either been understood and

corrected, or worked around. As the 7° event signature studied in this analysis

176
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is very different from most other analyses using ND280 and the selection of
tracker events is new, an important further step is to compare the data with
Monte Carlo after the cuts developed in this analysis have been applied. In an
ideal case, the data and Monte Carlo will agree well with each other, however
there are uncertainties in the Monte Carlo associated with poorly understood
interaction cross-sections (such as the NC#" neutrino interaction which is the
focus of this thesis), so some level of disagreement might be expected.

For this chapter, the same analysis is applied to all available data sets and also
to the Monte Carlo. For events where a candidate 7° has been reconstructed,
important variables are taken and plotted on histograms, for both the data run
and the Monte Carlo run. When these comparisons were being made, the over-
all analysis was not yet complete; a normalisation difference between the data
and Monte Carlo could indicate a discrepancy in 7° production cross sections.
As this is the measurement this analysis intends to make, prematurely observ-
ing the existence of any normalisation difference could introduce a bias. To

avoid this, these histograms have been normalised to an area of one.

The data and Monte Carlo have been plotted with their associated statistical
errors. The selection cuts used on both data and Monte Carlo samples are the
selection cuts listed in secions and [6.5 The data and Monte Carlo used is
outlined in section

7.1 Data vs MC: Track Momentum

Figure [7.1| shows the momentum of tracks which were used to reconstruct 7°
candidates (see chapter ). Whilst the errors on the data are moderate due to
limited statistics, the data and Monte Carlo distributions are highly similar.

Given the uncertainties associated with low-momentum track reconstruction
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Figure 7.1: Momentum of tracks used to reconstruct candidate 7" vertices for
data and Monte Carlo.

in ND280 this is promising.

7.2 Data vs MC: Track Z-Position

The Z-coordinate of reconstructed tracks is an important variable to compare,
because discrepancies would indicate either a misalignment between the sim-
ulated FGDs in the Monte Carlo and the actual FGDs, or problems with recon-
structing tracks in the edge-layers of the FGDs. However, figure |[7.2| shows a
good agreement between the data and the MC. The binning on the histogram
is coarse due to limited statistics; finer binning would increase the statistical er-
rors on the individual data points such that no inferences could be drawn from
the histogram. Whilst more Monte Carlo would have been benificial, generat-
ing Monte Carlo is computationally intensive. As a result, all the Monte Carlo

information available was generated by a central T2K computing group.
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Figure 7.2: Z-position of tracks used to reconstruct candidate 7" vertices for
data and Monte Carlo.

7.3 Data vs MC: Polar Angle

The variable being plotted in figure [7.3|is the polar angle: the angle made be-
tween the reconstructed track and an imaginary line drawn along the z-axis.
Particles produced from neutrino interactions in ND280 will have a Lorentz
boost along the z-axis and so this variable measures the ability of the recon-
struction software to accurately reconstruct the directionality of tracks under-

going a strong Lorentz boost.

Figure[7.3|shows the angle tracks make with the z-axis (cosf) for data and MC.
The histogram shows agreement over most of the range of the histogram, how-
ever at high cosf there are differences between the data and the Monte Carlo in

two bins, which could be statistical fluctuations.
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Figure 7.3: Z-direction of tracks used to reconstruct candidate ° vertices for
data and Monte Carlo.

7.4 Data vs MC: Multiplicity

Comparing the number of reconstructed tracks for data and Monte Carlo is a
check that the tracker subdetectors are reconstructing the expected number of
tracks. Discrepancies could point to problems with identifying tracks which
have entered the tracker region from another subdetector, or problems with
modelling of the physics, or problems with reconstructing tracks with limited
information (although this would also be identified in the momentum compar-

isons).

The multiplicity of an event refers to the number of reconstructed tracks. Sub-
detector multiplicities refer to the number of reconstructed tracks with a pres-
ence in the relevant subdetector. A track does not have to be isolated to a spe-

cific subdetector for it to contribute to that subdetector’s multiplicity count.
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Tracker multiplicity refers to the number of reconstructed tracks with a pres-
ence in the tracker region (TPCs + FGDs). Figure 7.4/ shows the data vs Monte
Carlo comparison for tracker multiplicity. There is a good agreement between

the two sets of information.

Bunch multiplicity refers to the number of reconstructed tracks throughout the
entire ND280 detector. Figure [7.5shows the data vs Monte Carlo comparison

for bunch multiplicity. There is good agreement here.

ECal multiplicity refers to the number of reconstructed tracks with a presence in
the downstream and barrel ECal regions. Figure|7.6/shows the data vs Monte
Carlo comparison for ECal multiplicity. In this case, there is a difference be-
tween the data and Monte Carlo for high multiplicity tracks. This difference is
likely due to issues with the ECal simulation software, discussed at the start of
this chapter. Nevertheless, the ECal region of ND280 has a limited scope in this
analysis, only being used as a multiplicity veto and so the consequences of this

issue are not severe.

7.5 Summary

The data and the Monte Carlo have been compared. The data and Monte Carlo
distributions match well for important variables which are new to this analysis.
There were no surprising features seen which warranted further investigation.
Once data vs Monte Carlo comparisons were finished, the analysis had reached
a mature stage where a rate measurement could be made. However, an evalu-

ation of the sources of error in the analysis was required. This is discussed in

chapter
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Chapter 8

Systematic Error Evaluation

8.1 Overview of Systematics

This chapter gives an overview of the three sources of systematic error in this

analysis. These are:

1. The uncertainties in the cross sections of neutrino interactions that form

the background of this analysis.
2. Systematic errors associated with uncertainties in the neutrino beam flux.

3. Systematics associated with uncertanties in the ND280 detector.

The cross section uncertainty is measured by parametrising the cross-sections
of neutrino interactions in ND280, and then using the uncertainties on these
parameters to build up an overall uncertainty on the amount of measured back-
ground. This is performed using a piece of T2K-specific software called T2KReWeight.
This parametrisation was developed by an internal T2K group called the Beam

and ND280 Flux and Cross-section Extrapolation Task Force (BANFF) [14].

Next, systematic errors associated with uncertainties in the neutrino beam flux

184
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are described. The overall result of this analysis is left as a rate measurement
(see chapter [J), however eventually the result will be as a cross-section mea-
surement. This cross-section measurement will be made as a ratio to neutrino
interaction cross-sections already made in ND280 (specifically, the inclusive
charged-current quasi-elastic v,-induced cross-section [15]). This factors the
flux uncertainty measurement out of this analysis. Nevertheless, the sources of

flux uncertainty and their parametrisation are discussed in this chapter.

Finally, the systematics errors associated with uncertainties in the ND280 de-
tector are discussed. Development of the systematic errors associated with the
tracker region is not yet mature for 7° interactions. At this stage, only a qualita-
tive overview of the errors involved has been made. Previous detector system-
atic studies from other ND280 analyses indicate this error will be small relative
to the flux and cross section errors [15]

Table 8.6 in section 8.6 shows each systematic error associated with this analy-

sis, the uncertainty associated with the paramter and its source.

8.2 Cross-Section Systematic Errors

This chapter describes the procedure used to calculate the systematic error on
the background associated with cross-section uncertainties in the Monte Carlo
event generator, NEUT. This is primarily done with a piece of T2K-specific soft-
ware called T2KReweight. A description of the T2KReweight software and the
cross-section parameters used to describe neutrino interactions at ND280 fol-

lows.
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8.2.1 Signal and Background Samples

Since the goal of this analysis is to measure the cross-section for neutral-current
7¥ producing neutrino interactions, no cross-section systematic uncertainties
have been applied to the signal selection for this analysis, as this is the param-
eter which is trying to be measured. The systematic cross-section uncertainty

applies exlusively to the background of this analysis.

8.3 T2KReweight

The cross-sections of the spectrum of neutrino interactions that can occur in
ND280 are described by several parameters, as will be described in[8.3.1] Each
of these parameters has an associated uncertainty, constrained by external data.
Using the uncertainties on each parameter, it is possible to build up a total ex-
pected uncertainty on the measured number of background events in this anal-
ysis. The alternative to this approach would be to take the Monte Carlo infor-
mation this analysis uses and to recreate the Monte Carlo multiple times, each
time modifying the cross-sections of every neutrino interaction type observed
in this analysis to reflect their known uncertainties. This approach would re-

quire an unfeasibly large amount of computational resources.

The T2KReweight software framework was developed by the T2K collabora-
tion [81] and is designed to help calculate systematic errors associated with the

uncertainties associated with neutrino interaction cross-section parameters.

The neutrino interactions in ND280 broadly fall under four categories: Charged-
current quasi-elastic interactions, neutral-current interactions, deep inelastic

scattering, and resonances produced through charged-current and neutral-current
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interactions. A detailed breakdown of the cross-section parameters is in the fol-

lowing section.

When the NEUT event generator generates Monte Carlo [82], our best estimte
of neutrino cross-section parameters are used to determine the number of neu-
trino interactions produced. The range of uncertainty on these parameters in-

troduces a systematic error.

T2KReweight employs the concept of "throws’ to evaluate systematic errors:
each event has an associated uncertainty based around uncertainty in the cross-
section of the neutrino interaction that generated the event. This uncertainty is
modeled as a Gaussian. T2KReweight picks a random uncertainty for each of
the parameters on the Gaussian spectrum and applies it to the cross-section of
the interaction type which created the event, generating a weight, w. For exam-
ple, a weight of 1.1 means an uncertainty of 10% has been applied, and a weight

of 1.0 means no uncertainty has been applied. The weight is calculated as:

Oupdated

w = —updated (8.1)

Onominal
This process is then repeated 1000 times, where each repeat is called a "throw’.
After 1000 throws the distribution of uncertainties for the event gives an esti-
mate of the systematic uncertainty caused by the variations of the parameters.
This resembles a normal distribution. The mean of the distribution will be the
average weight, and the standard deviation is the uncertainty associated with

the event.

All of the background events returned by the analysis are treated this way. Af-

ter running the output of the analysis over a single throw, an average weight of
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the events accepted by the analysis can be calculated by summing the weights
applied to each event. After 1000 throws, a distribution of these weights can be
created. This should resemble a normal distribution, whose standard deviation
is equal to the cross-section uncertainty associated with the entire analysis. This
is then used as the cross-section systematic error for the rate measurement. The
systematic comes in the cross-section uncertainty on the background measure-

ment.

8.3.1 Cross-Section Parameters

As previously mentioned in section parameters used to describe the cross
sections of neutrino interactions in ND280 have been developed by an internal
T2K subgroup called the Beam and ND280 Flux and Cross-section Extrapo-
lation Task Force (BANFF) [14]. The parametrisation was initially developed
for ND280’s inclusive charged-current quasi-elastic neutrino interaction cross-
section measurement [15]. Each parameter is discussed in the following section.
Aside from external data constraints, the cross-section parameters are further
constrained by internal data taken by the ND280 experiment. Further descrip-

tions can be found in internal T2K technical note 108 [14].

8.3.2 Charged-Current Quasi-Elastic Parameters

There are four parameters associated with charged-current quasi-elastic inter-
actions: CCQE1, CCQE2, CCQE3 and MaQE. The first three modify the charged-
current quasi-elastic cross section spectrum in three separate energy regions. E1
corresponds from 0-1.5 GeV, E2 from 1.5 GeV to 3 GeV and E3 for energies >3
GeV. This parametrisation is split into three different energy regions because
the cross-section at lower energies (0-1.5 GeV) is much better understood [83].

This lower energy region (0-1.5 GeV) is also much more relevant to interaction
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Parameter E, Range Nominal Error
MF® all 121 GeV/c2 0.4
CCQE El 0= K, <15 1.0 0.11
CCOE E2 o= E, < 3.5 Lo 0.30
CCQE E3 E, =35 1.0 0.30
pr 2C all 217 MeV /e 30
Eg 12C * all 25 MeV 9
SF 12C all 0 (off) L {on)
MARES all 1.16 GeV/e?  0.11
CCLr Bl 0= FE, <25 .63 0.43
NC1x? all 1.19 0.43
CClr E2 E,=25 1.0 0.40
CC Coherent all 1.0 L.0
CC Oth shp all 0.0 0.40
NC Other all 1.0 0.30
W Shape all 87.7 MeV/r2 453

Table 8.1: Cross-section parameters for the BANFF fit. Table shows the relevant
energy range for each parameter, their nominal value and associated uncer-
tainty. Table taken from [14].

in ND280 because the T2K beam energy peaks at 600 MeV. The MaQE parame-

ter modifies the overall shape of the CCQE cross-section distribution.

The uncertainties on the CCQE cross-section are largely taken from MiniBooNE
data published in 2001 [83]. The uncertainty on the CCQE parameters is calcu-
lated by comparing published MiniBooNE data with a Monte Carlo set gener-

ated by NEUT and applying a x? fit.

The cross-section uncertainty from the MiniBooNE result falls within the en-
ergy range denoted by CCQEEL. The other two energy regimes have little
available data available to define an error with. Both parameters are derived
from extrapolated MiniBooNE data, and set at 30%. The T2K neutrino beam

averages 700 MeV, and the proportion of neutrino interactions above 1.5 GeV is
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small, hence these large errors from CCQEE2 and CCQEE3 do not greatly affect

this analysis.

The uncertainty on MaQE is also acquired through analysing MiniBooNE data
[83].

8.3.3 Single Pion Production

Single pion production cross-section errors are calculated from three different
MiniBooNE data sets: CC17° [84], CC17* [85] and NC1#° [16].

From these three data sets, nine cross-section parameters are fitted: MaRes, W
shape, CC coh, CClpi, CCother, NCcoh, NC1pi0, NC1piplus, NCother.

The CC-other and NC-other parameters represent charged-current and neutral-
current interactions not covered by quasi-elastic or single-pion interactions.
They are described in section [8.3.4,

MaRes is a parameter which modifies the overall shape of the cross-section dis-
tribution for resonant interactions. W-shape is a data-driven term which is used
to modify the shape of NEUT’s NC17" cross-section distribution to better rep-
resent available data.

Coherent pion production occurs when the interacting neutrino interacts with
the nucleus as an unfragmented single entity. The nucleus undergoes a slight
recoil, but little energy transfer occurs [86]. At higher energies, a pion can be
created. Both charged-current and neutral-current coherent pion production
can occur, and are parametrised by the two parameters "'NC-coh” and "CC-coh’
respectively. These parameters act as a scaling function on the overall cross-

section.



8.3 T2KReweight 191

The CClnt, CC17° and NC17° terms scale the cross-sections for charged-current
single 7 production, charged-current single 7~ production and neutral-current
single 7 production.

These nine parameters are fitted using a joint fit to the three MiniBooNE data
sets, which is possible because the three forms of single pion production are
connected by common parameters in NEUT. The fit is performed by using a x?
minimisation of the nine parameters.

The fit provides very little insight into the errors associated with NC17" inter-
actions, CC-other and NC-other. For NC17 interactions, this lack of data is the
precise reason for this analysis.

For charged-current coherent pion production, data from MiniBooNE suggests
there is no coherent pion production from neutrino interactions with energies
of order 1GeV. The uncertainty of CC-coherent pion production is therefore set
at 100%.

For neutral-current coherent pion production, comparing SciBooNE data with
NEUT models suggests an error of 15%.

The fitted values of all nine parameters can be found in table

8.3.4 Other CC Interactions

CCOther describes charged-current interactions not described by CCQE or single-
pion production. This parameter combines three interaction types: deep in-
elastic scattering (DIS), charged-current multiple-pion production and charged-
current resonant 7/ K /v production. Limited data is available for the energy
range of the T2K beam, however figure 8.1/ shows the cross-section of these in-
teraction types (plotted in red) as a function of neutrino energy. At the energy
range of the T2K beam, the amount of CCOther interactions is minimal, and so

a lighter treatment of the associated errors does not undermine the validity of
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Figure 8.1: Cross section per nucleon of CC inclusive (black) and CC multi-7
+ DIS (red) as a function of neutrino energy. At the T2K neutrino beam’s peak
energy (0.6 MeV), the contribution from the latter is negligible.

the analysis.

The uncertainty of CCOther, using external data from MINOS [87], is 10% at

4 GeV. The error for a given energy is then defined using equation

0.4

o (8.2)

OCCother =

8.3.5 pr and E;: Fermi Gas Model parameters

For charged-current quasi-elastic interactions, the scattering nucleus is mod-
elled by NEUT as a Fermi gas [82]. This model is important because it would
be insufficient to assume that the nucleon the neutrino interacts with is at rest
in the lab frame. The Fermi gas model assumes the nucleus is constructed out

of non-interacting fermions in a potential well. The uncertainties for two pa-
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Figure 8.2: Results of reweighting cross-section systematics through
T2KReWeight. Each entry represents the output of the entire analysis, where
each reconstructed event has been reweighted using distributions drawn from
the uncertainties given in table This is repeated 4000 times to produce a
Gaussian distribution whose RMS is the 1-0 cross-section uncertainty.

rameters used to construct a Fermi gas model: pr and E;, are calculated using
electron scattering data [88]. pr is associated with the average momentum of

the Fermi gas, and E, represents the nuclear binding energy.

8.3.6 Cross-Section Systematic Error: Result

When the output of this analysis was run over the T2KReweight "throw” pro-
cedure described earlier, an estimated cross-section systematic of 5.3% was ob-
tained. This is shown in figure The histogram shows the overall weight
of all reconstructed background for each individual "throw’; the RMS of these

throw weights being the standard error.
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However, given the table of errors in table this number is suspiciously low.
Roughly 70% of the background of this analysis comes from either charged-
current pion production and charged-current deep inelastic scattering (described
later, see table [9.3). The cross-section parameters in table [8.1] were developed
for T2K’s v, oscillation analysis [15], an analysis where charged-current pion
production and deep inelastic scattering did not significantly feature as a back-
ground. Applying T2KReweight in the context of neutral-current interactions
has not been done before, and further analysis of the cross-section parameters
may be required to deliver accurate results, as well as an improved integration

of the T2KReweight software package into the 7° analysis.

As an interim measure to provide a cross-section error, the built-in NEUT un-
certainties on cross-section systematic parameters are used with T2KReweight
to get a rough estimate of the overall cross-section uncertainty. This approach
does not involve the parametrisation given by the BANFF group. This result-
ing uncertainty is 17.6%. Although the BANFF group’s parametrisation is not
used, the approach uses the T2KReWeight software and methodology outlined
in section This result is likely to be an overestimate due to the fact that
the cross-section systematics are not independent, and the BANFF group have
considerably reduced the cross-section systematic errors by using external and
internal data constraints. More work needs to be performed by the 7° research
group to integrate research from the BANFF group into 7” analyses, the 17.6%
error value is used as the cross-section systematic uncertainty for the results of

this analysis.
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8.4 Beam Flux Systematics

When making a cross-section measurement, the result can be given as a ra-
tio to the v, inclusive charged-current quasi-elastic interaction cross section.
This has the advantage of removing the flux measurement from the analysis,
as well as providing a better estimate of the beam flux error. What follows
is an overview of the components of the beam flux systematic error. The flux
systematic parametrisation was developed by the BANFF group, and further
information about the beam flux uncertainties can be found in [6]].

The beam flux uncertainty systematic affects both the NCr” rate measurement
and the corresponding cross-section interaction measurement, as both measure-
ments are a function of the total number of neutrinos entering the ND280 de-

tector.

8.4.1 Hadron Interaction Uncertainties

Hadron interaction uncertainties introduce systematic errors from several sources.
There are three major sources or uncertainty. Experimental uncertainties in
cross-section rates in interactions of protons with the target, scaling data from
one momentum region to momenta regions where data is missing and extrap-
olating particle yields to different target materials. This subsection discusses
the interaction uncertainties of several relevant interactions which are involved
in producing the T2K neutrino beam: pion production, kaon production and

secondary nucleon production.

Hadron production measurements from dedicated accelerator experiments were
used to develop the hadronic interaction uncertainty systematic error. These
are the NA61/SHINE experiment [89], the BNL-E910 experiment [90], Eichten

et al.[91] and Allaby et al.[92]. These experiments fire proton beams onto a car-
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bon target and measure the momentum and angles of the particles produced.
NA61/SHINE is a dedicated experiment, run partly by T2K members, which

exposes parts of our target to beams with the same energy as the T2K beam.

The overall flux uncertainty introduced from hadronic interactions is shown

in figure

Pion Production Uncertainties

The three sources of pion production uncertainty are:

1. Uncertainty associated with NA61/SHINE data used to re-weight pion

production uncertainty.

2. Scaling down available NA61/SHINE data to interactions with lower mo-

mentum incident nucleons.

3. NA61/SHINE data does not cover the T2K beam’s entire phase-space.

Data on pion production is taken from the NA61/SHINE collaboration, the er-
ror on the measurement is dominated by systematic errors, described in detail
in their own paper [93]. Figure 8.3 shows the total errors with respect to pion
momentum and pion opening angle. The total errors for phase-space most rel-

evant for T2K’s neutrino beam is between 5% and 10% [14].

The error associated with downscaling the NA61/SHINE pion multiplicity data
to lower incident nucleon momenta is studied by studying the BNL-E910 data
and comparing it with NA61/SHINE. The BNL-E910 experiment provides proton-
on-beryllium data at 12.3 GeV and 17.5 GeV respectively. The parametrisation

used to fit the two data sets was developed by Bonesini et al.[94].
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The NA61/SHINE data covers the majority of the phase space for the T2K
beam’s secondary pions. To cover the remaining phase space, the NA61/SHINE
data is fitted to the parametrisation developed by Bonesini, extrapolating data
into the uncovered region, which is very small. Figure(8.4)shows the parametri-
sation succeeds in fitting to the NA61/SHINE data. To improve the overall fit,

7t and 7~ data is fitted separately.

Kaon Production Uncertainties

The treatment of uncertainties associated with kaon production are largely sim-
ilar to those of pion production, however with less input data until NA61/SHINE
data became available. Data from NA61/SHINE [93], Eichten [91] and Allaby
et al. [92] are used to develop the kaon production systematics. The overall

uncertainty associated with kaon production are documented in table

The uncertainties in table are split into three categories. The first is the
uncertainty for the overall normalisation, oy. The second is uncertainties as-
sociated for a given kaon momenta and kaon opening angle, oa,a9. These un-
certainties are dominated by statistical errors. The final category is the uncer-

tainties in normalisation for a given angular bin, o .

Secondary Nucleon Production Uncertainties

Interactions of secondary protons and neutrons inside the beam target con-
tribute to 16% and 5% of the overall neutrino flux respectively [6]. This un-
certainty is measured by comparing the simulated beam model with data from
proton production measurements from Eichten et al.[91] and Allaby et al.[92].

This uncertainty is shown in figure
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Figure 8.3: Fractional error on NA61/SHINE measurements for

momentum/opening-angle bins. Figure from [6]
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Figure 8.6: Overall neutrino flux uncertainties from hadronic interactions. From
the top-left going clockwise: muon neutrino flux, anti-muon neutrino flux, anti-
electron neutrino flux, electron-neutrino flux [6]]
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8.4.2 Proton Beam And Off-Axis Angle Uncertainties

There are three sources of systematic uncertainty relating to the proton beam:

1. The alignment uncertainty of the proton beam monitors.

2. The alignment uncertainty between the primary proton beamline and the

target station.

3. Systematic errors in the position measurements by the proton beam mon-

itors.

The proton beam is monitored by five current transformers, twenty one elec-
trostatic monitors and nineteen segmented secondary emission monitors. The
overall systematic uncertainty associated with the proton beam is approximately

2%.

The uncertainty in the location of ND280 relative to the neutrino beam is 0.44
mrad [6]. The effect of the off-axis angle uncertainty on the flux uncertainty
is determined by moving the ND280 detector by 0.44 mrad in the NUBEAM
simulation (JNUBEAM is a software program that simulates the T2K neutrino
beam [6]). However, off-axis angle uncertainties only become significant rela-
tive to other systematic errors for measurements made at Super-Kamiokande.
At ND280, any off-axis angle uncertainty is negligible due to the small distance

between the detector and beam source.

8.4.3 Target and Horn Alignment Uncertainties

The T2K neutrino beam is created by colliding protons onto a graphite target to

produce pions. These pions then decay to produce the neutrino beam.
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The horns are three magnets which are used to focus pions, that decay to create
neutrinos, forming the main component of the neutrino beam. Flux uncertain-
ties are introduced from uncertainties in the positioning of the horns, and posi-

tioning of the proton interaction target.

The uncertainties in target positioning were calculated using the JNUBEAM
simulation, by rotating the target. Doing this with the actual neutrino beam

would be impractical.

The beam target was rotated by 1.3 mrad in the horizontal plane and 0.1 mrad
in the vertical plane, which introduces a flux uncertainty on the order of a few
percent. 1.3 mrad and 0.1 mrad are the relative horizontal /vertical uncertain-
ties in the alignment between the beam target and the horn [6]. Figure8.7|gives

a complete description of the target alignment uncertainty.

The horn alignment uncertainties come in two forms; positional and angular.
For positional uncertainty, movements along all three axes were studied, how-
ever only uncertainties along the y-axis introduced noticeable neutrino flux un-

certainties.

For angular uncertainties, the effects of an 0.2 mrad rotation of the horns in
the horizontal and vertical planes was studied. The effects of the horn target

and horn alignment uncertainties on the v, flux are shown in Fig|8.8§

For the horn angular alignment uncertainties, the relevant measurement is the
uncertainty in the relative alignment between the primary (proton) and sec-
ondary (pion) beamlines and so the angular uncertainties between the horns

are treated as fully correlated.
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Figure 8.7: Fractional uncertainties due to the target and horn alignment in the
v, flux [6].

8.4.4 Horn Current and Magnetic Field Uncertainties

There is a 1.3% uncertainty regarding the current used to generate the horn’s
magnetic field; the magnetic field itself has a measured 2% uncertainty, con-

tributeing to an overall 2% uncertainty in the neutrino flux [6].

8.4.5 Summary of Flux Uncertainties

The previous sections have described the sources which contribute towards the
uncertainty in the T2K neutrino beam flux. Ultimately the results of this 7°
analysis will be in the form of a cross-section measurement, however the mea-
surement in this thesis will be given as a ratio to the inclusive charged-current
quasi-elastic v,-induced interaction cross-section. The overall flux uncertainty
of this cross-section is 11% [15]. This 11% uncertainty is incorporated into the

overall systematic uncertainty of the analysis presented in this thesis.
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Figure 8.8: Overall beam flux uncertainties. From the top-left going clock-
wise: muon neutrino flux, anti-muon neutrino flux, anti-electron neutrino flux,
electron-neutrino flux [6]

8.5 Detector Systematics

Currently, development of the systematic errors associated with the tracker re-
gion is not fully developed for 7 analyses. At this stage, only a qualitative

overview of the errors involved can be made.

8.5.1 TPC Errors

There are several key variables that are measured using the TPC which intro-
duce systematic uncertainties, these are discussed in this section. Information
about the TPCs systematics was taken from internal technical note 93 [78] refer-

ring to T2K’s v, CCQE analysis.
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Track Finding Efficiency

The TPC track finding efficiency refers to the probability that a track propa-
gating through the TPC will be identified by the reconstruction software and
tagged as a track. This was studied in an internal technical note [78], and no
significant difference was found between data and Monte Carlo simulations.
However, further work is required to properly extend the analysis to the low

momentum regions used in this thesis.

TPC Particle ID

The TPC particle ID (PID) systematic refers to uncertainties in the energy loss

measurement, “Z, in the TPC, and its application towards an electron hypothe-
sis and a muon hypothesis; the electron pull and muon pull values used earlier

in the analysis.

The systematic errors on these pull values is studied in [79]. These are stud-
ied by comparing data with Monte Carlo for a high-purity muon sample. The
average “Z pull under the muon hypothesis is compared with the data and
Monte Carlo for each TPC and each run period independently. The uncertainty
in pull values is of the order of 1%. The same conclusions were reached for the

uncertainty on the electron pull.

Momentum Uncertainty

The TPC momentum uncertainty is linked to the uncertainty in the strength of
the magnetic field produced by ND280s magnet. If the magnetic field strength
is misunderstood, then the momentum attributed to a given bending radius
will also be incorrect. The uncertainties in the magnetic field are documented

in internal T2K technical note [95]. A summary of this uncertainty measure-
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ment follows.

A non-magnetic device was built at CERN to map the magnetic field in ND280,
which is movable in two dimensions. It was placed inside the ND280 ‘basket’
region (which covers the tracker region and the POD subdetector) with an ac-
curacy of within 0.1Imm, and has the capability to map the magnetic field of
the entire basket region. These measurements were carried out using several
different magnetic field strengths corresponding to a coil current of 0 A, 250 A,

500 A, 750 A and 1000 A.

The main source of uncertainty was the nonlinearity of the magnetic field. The
combined error in magnetic field along the y-axis (i.e. the bending axis) was

0.5%.

Charge Misidentification

One of the first cuts applied to reconstructed tracks is a charge cut, to separate
tracks in to electron candidates and positron candidates. Assigning an incor-
rect charge to tracks in the TPC affects the quality of this analysis and therefore

needs to be investigated.

Internal technical note 48 [96] investigates charge misidentification, by exam-
ining charge misidentification within the Monte Carlo and using data vs Monte
Carlo comparisons to extrapolate this rate into the data. For tracks between

0-1.3 GeV/c, a charge uncertainty of 0.8% was measured.
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8.5.2 FGD Errors

Position Uncertainty

The FGD scintillator bars have dimensions of 9.61 mm x 9.61 mm x 1864.3
mm [7], which limits the position resolution to approximately 1 cm. This is

the dominant systematic when measuring the uncertainty in FGD positions.

Momentum Uncertainty

The FGD momentum uncertainty is dominated by two effects; the magnetic
field strength and limited positional resolution. The field-strength systematic
has been discussed in section with the 1 cm granularity of track hits
adding an additional uncertainty. However, any track used in this analysis
must have both a TPC component as well as an FGD component. The superior
momentum reconstruction of the TPCs means that the FGD momentum recon-
struction is not used. Therefore systematics associated with FGD momentum

reconstruction do not feature in this analysis.

8.5.3 ECal Errors

Track/ECal matching efficiency

The most detailed consideration so far of the ECal detector systematics can be
found in Dr. Sam Short’s thesis [73]. Tracks which have a presence in both the
tracker and ECal might not be matched correctly, introducing an uncertainty.
To investigate this, a high purity control sample is selected for both data and
Monte Carlo. The systematic uncertainty is linked to any differences in effi-
ciency between the data and the Monte Carlo, combined with the statistical

error on the data sample. This investigation is still ongoing.
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ECal hit reconstruction efficiency

When reconstructing hits in the ECal, there is an uncertainty in the amount of
detected light recorded. The ECal will not register a hit unless the charge regis-
tered by the ECal is greater than 3.5 photon equivalent units [97]. Uncertainties
in the charge resolution of the ECal therefore contribute towards a systematic

error.

The uncertainty in ECal component dimensions is also a factor that must be
considered. The area of the scintillator bars in the x and y dimensions are 40
mm £ 0.4 mm x 10 mm + 0.4 mm. The length of each scintillator bar varies,
but the average length uncertainty is 0.1 mm. The length, width and thickness
uncertainties of the lead sheets in the ECal are 3 mm, 3 mm and 0.1 mm respec-

tively.

8.5.4 Summary of Detector Systematics

This section gives a qualitative overview of the type of detector systematic er-
rors that contribute towards the overall systematic error. Further investigation
is required to produce a quantitative result. Considering the large cross-section
systematic of this analysis, 17.6%, and an expected flux systematic of approxi-
mately 11% [15], detector systematics would have to be significant in order to
contribute greatly towards the overall systematic error. Previous tracker-based
studies have shown this not to be the case, with detector systematics varying
between 0.6% and 7% but mostly focused on the lower end of this range [15]].
Further investigation is required to fully develop accurate detector systematics

for a neutral-current 7" analysis.
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8.6 Summary of Systematic Errors

Table shows each of the individual systematic errors associated with this
analysis and the source of the value. The overall neutrino flux uncertainty
is 10.9%, determined when developing the charged-current quasi-elastic neu-
trino cross-section [15]. The cross-section systematic uncertainty requires fur-
ther development, particularly with regards to developing the cross-section pa-
rameters associated with sources of background not found when measuring
charged-current quasi elastic neutrino interactions but are present when mea-
suring neutral-current 7’-producing interactions (such as coherent pion pro-
duction). The current cross-section systematic uncertainty is 17.6% but this can
be reduced with further development. The detector systematics require further
work in order to accurately calculate, however previous tracker-based analyses
have carefully developed their own detector systematics and found them to be

small relative to the flux and cross-section systematic uncertainties [15].
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Parameter

Uncertainty on Parameter

Source

Cross Section Systematics

TPC Charge Misidentification (8
FGD Position Uncertainty (8.5.2
FGD Momentum Unertainty (8.5.2)
Track : ECal Matching Efficiency (8.5.3

ECal Hit Reconstruction Efficiency (8.5.3)

(see section [8.5.4)

CCQE shape Uncertainty (8.3.2) 45% Calculated by ND280 [14]
CCQE (0 < E, < 1.5) (8.3.2) 11% Calculated by ND280 [14]
CCQEE, > 15 30% Calculated by ND280 [14]
Fermi Gas factor pp'*C 30% Calculated by ND280 [14]
Fermi momentum factor Eg-*C (8.3.5) 9% Calculated by ND280 [14]
CC coherent shape uncertainty (8.3.3) 11% Calculated by ND280 [14]
CClr E, < 2.5(8.3.3 43% Calculated by ND280 [14]
CClm E, > 2.5(8.3.3 40% Calculated by ND280 [14]
CC coherent (8.3.4 100% Calculated by ND280 [14]
CC other shape 40% Calculated by ND280 [14]
NC other (8.3.3) 30% Calculated by ND280 [14]
W shape (8.3.3) 45.3% Calculated by ND280 [14]
Total Cross Section Uncertainty (8.3.6) 17.6% From NEUT uncertainties
Flux Systematics

Secondary nucleon production 6.9% Calculated by ND280 [15]
Pion multiplicity (8.4.1 5.0% Calculated by ND280 [15]
Kaon multiplicit 0.8% Calculated by ND280 [15]
Off-axis angle 1.6% Calculated by ND280 [15]
Proton beam ( 1.1% Calculated by ND280 [15]
Horn absolute current 0.9% Calculated by ND280 [15]
Horn angular alignment (8.4 0.5% Calculated by ND280 [15]
Horn field asymmetr 0.3% Calculated by ND280 [15]
Target alignment (8.4.3) 0.2% Calculated by ND280 [15]
Total Flux Uncertainty (8.4.5) 10.9% Calculated by ND280 [15]
Detector Systematics

TPC Tracking Efficiency

TPC Particle ID

TPC Momentum Uncertainty (8.5.1 Not Included

Table 8.2: Summary of systematic error sources for this analysis. This table
lists the sources, the uncertainty related to each source and whether the error
has been calculated yet. The detector systematic errors are to be calculated by
future analyses. This analysis was a first-generation study into the feasibility of
tracker-based 7° analyses and developing comprehensive detector systematics
was beyond the scope of this analysis. From the previously published tracker-
based CCQE analysis [15] the detector systematics are likely to be small. All the
systematics in this table are relevant for both the NCr° rate measurement and
corresponding cross-section interaction measurement.




Chapter 9

Rate Measurement and Results

9.1 Results of Monte Carlo Analysis

After running the analysis algorithms on the Monte Carlo, using the final set
of selection cuts, the number of reconstructed signal and background events
for each topology type is summarised in table The ’scaled” numbers of sig-
nal and background are entries where the number of events has been scaled
to reflect the amount of T2K data available. The signal for this analysis is de-
fined as a neutral-current 7°-producing neutrino interaction occurring within
either FGD1 or FGD2. 7¥s that are produced through other neutrino interaction
types (for example, charged-current coherent pion production) are not consid-
ered signal. The background is defined as any neutrino interaction that does not
meet the signal definition. The purity of each topology, defined in section
is also shown. The efficiency of each topology is not shown, as the distinctions
between topology types are defined by limitations in the software; trying to
categorise true events as of a particular topology is both difficult and arbitrary.
What matters is the overall efficiency of the analysis. This overall efficiency is
47.1%. The denominator of this efficiency value is defined as every event which

matches the description of signal. i.e. an NCr neutrino interaction occurring

211
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Topology # Signal | # Background | # Scaled Signal | # Scaled Background | Purity (%)
Twin Pair 280 844 23.5 68.6 255
Pair + Iso e~ 81 207 6.8 16.82 28.8
Pair + Iso e™ 353 771 29.64 62.66 32.1
Twin Iso e™ 60 258 5.1 21.0 19.4
Twin Iso et 85 247 7.1 20.1 26.2
Isoe” +Isoe™ 2063 6323 173.2 513.8 25.2
Sand Muons 0 456 0 38.8 0
Total 2921 9104 245.4 7417 24.9

Table 9.1: Results of the analysis on all available Monte Carlo. Monte Carlo
generated through NEUT event generator. For more information see section

within an FGD where both photons convert in the tracker region, and at least
two of the photon’s daughter tracks having momenta of over 50 MeV /c.

Another factor to consider is event migration between topologies. A recon-
structed event can only be classed as one topology type. When an event can be
classed into multiple topologies, the topology with the smallest opening angle
is chosen. This is somewhat arbitrary, and little attention was paid to discrim-
inating between the topologies. What matters is the overall rate measurement;
whether an event is considered twin pair or twin isolated electron does not mat-

ter in this context.

To summarise, neutral-current 7°-producing interactions suffer from the twin
problems of limited statistics and high backgrounds. With an overall efficiency
of 47.1% and an overall purity of 24.9%, this analysis has attempted to max-
imise both, with a slight emphasis on purity (the efficiency x purity? is the
quantity which is being maximised). The final purity is still rather low, consid-
ering the large systematic errors involved from background subtraction, how-
ever increasing it significantly would have a seriously adverse effect on statis-
tics. Given a predicted 245 reconstructed signal events, compromising further

on statistics would have a serious impact on the total statistical error associated
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with the analysis. With the current amount of available statistics, the author
feels that the right balance was struck between removing background and re-

taining the signal.

Table [9.3| shows the breakdown of the reconstructed background from Monte
Carlo samples in terms of the interaction type at the vertex of the reconstructed
event. A small proportion of the background, 6%, is from 7’-producing neutral-
current interactions. These aren’t classed as signal, because the interaction ver-
tex was outside of the specific tracker region that is the focus of this analysis.
When all the NCr” analyses are combined, this type of background can be sub-
tracted out of the sample. The majority of background is from charged-current
and neutral-current deep-inelastic-scattering (DIS). Combined, the two sources
of deep-inelastic-scattering produce over 30% of the total reconstructed back-
ground. As DIS can produce 7’s, this can be a difficult source of background
to isolate and remove. Curiously, 0.9% of the background came from neutral-
current elastic scatting. This is likely due to kinetic energy transfer to the nu-

cleons being sufficient to generate high energy nucleon interactions.

Table 9.2 shows the breakdown of the reconstructed signal in terms of the in-
teraction type from Monte Carlo samples. 3% of the total came from what was
reported as 7 and 7~ -producing neutral current interactions. This is likely due
to the fact that the charged pions underwent charge-conversion within the in-
teracting nucleus, and so their true final interaction state is actually 7. Just over
half the signal is from single 7° neutral-current interactions, with the remain-
der split between multiple-pion production and neutral-current deep inelastic

scattering.
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Table 9.2: Breakdown of signal sources for reconstructed events

Interaction Type

Percentage of total background

Neutral-current 7"

Neutral-current multiple-7
Neutral-current deep-inelastic-scattering
Neutral-current 7 and Neutral-current 7~

57.0%
17.4%
22.6%

3.0%

Table 9.3: Breakdown of background sources for reconstructed events

Interaction Type

Percentage of total background

Charged-current quasi-elastic scattering
Charged-current 7+

Charged-current 7~ (from v,
Charged-current 7°

Charged-current multiple-7
Charged-current A resonance
Charged-current deep-inelastic-scattering
Neutral-current 7°

Neutral-current 7~

Neutral-current 7"

Neutral-current multiple-7
Neutral-current A resonance
Neutral-current deep-inelastic-scattering
Neutral-current elastic scattering

8.3%
10.0%
0.9%
9.3%
17.6%
5.2%
26.3%
6.0%
1.2%
1.2%
2.9%
3.4%
6.8%
0.9%

9.2 Data Analysis: Rate Measurement

The analysis algorithms were run over data taken by the ND280 detector during

the period between 2010-2013 to select the candidate events. This data-taking

period was split into three runs, mentioned in section

The number of reconstructed candidate 7°

events per run are shown in ta-

ble alongside the event rate predicted by the Monte Carlo, and the number

of protons-on-target in each run (referred to as PoT).

The total number of predicted Monte Carlo events is 987.1. This is split into

245.4 signal events, and 741.7 background events. This gives a predicted pu-
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Run # | MC Prediction | Data Results # PoT
Run 2 231.9 263 0.78377 x 10%°
Run 3 399.0 396 1.34821 x 10%°
Run 4 356.4 377 1.20428 x 10%°
Total 987.1 1036 3.33577 x 10%°

Table 9.4: Results of the analysis on data and Monte Carlo.

rity of 24.9%. Using this background, the 1036 reconstructed data events can be

split into an estimated 294.4 signal events and 741.7 background events.

Table shows that the data results and the Monte Carlo results are in rela-

tively good agreement; certainly within the margins of error involved.

9.3 Statistical Error

After running the analysis on data, 1036 candidate events were reconstructed.
The statistical variation on this result can, approximately, be modeled as a nor-
mal distribution with a mean of 1036 and a standard deviation of 32.2. Given
the predicted 294.4 signal events, this puts the relative statistical uncertainty at

32.2 events out of 294.4, or 10.9%.

9.4 Final Result

The cross-section systematic of this analysis is 130.5 events, or 17.6% of the pre-
dicted background (see section The flux uncertainty systematic, using the

11% flux error from [15], is 114.0 events).

This gives an overall systematic of 176.2 events. Combining the rate measure-
ment, statistical error and cross-section systematic error, the final rate measure-

ment of neutral-current 7’-producing neutrino interactions in FGD1 and FGD2
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of ND280 is 294.4 & 3224, &= 173.3.y. This final rate measurement was made
by subtracting the predicted background from the measured rate. This is in
contrast to using the predicted purity from the Monte Carlo analysis and ap-
plying it to the data. Doing so would yield 258 signal events and 778 back-
ground events. However, this approach is more model dependent than the
background subtraction method, as it implies that the signal is well understood
by the Monte Carlo. This is not the case, with 70 cross section measurements

being poorly understood.

The rate measurement, when made as a ratio of the predicted Monte Carlo,

yields a ratio of ﬁgﬁm = 1.20 = 0.1350¢ & 0.724ps.
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Conclusions and Further Notes

This thesis represents work performed to measure the neutrino interaction cross-
section for neutral-current 7°-producing v,, interactions. This analysis is the
first to explore this using solely the tracker region to detect 7’s, and is unique

in both its original goals and implementation.

Of all the 7° analyses performed at ND280 which have attempted to use the
tracker region, this analysis is the most complete. Initially designed as a "proof-
of-concept’ investigation to see if tracker-based 70 reconstruction was possible,
original and innovative solutions were required to obtain a statically-relevant
result. The analysis began as a conventional analysis attempting to reconstruct
electron/positron pairs produced from converting photons produced by a 7°
decay. This resulted in a predicted number of reconstructed neutral-current 7°
events from data of 2 events. The concept of “isolated” electron/positron re-
construction and trying to reconstruct 7’s using limited, incomplete kinematic
information was created and implemented by the author of this thesis. The re-
sulting analysis is capable of reconstructing a 7" using only two reconstructed

tracks with a reconstruction purity of up to 28%.
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The final analysis was found to reconstruct neutral-current 7°-producing neu-
trino interactions with a high efficiency. When measuring efficiency, the de-
nominator is defined as the number of events which are A: neutral-current 7°
producing neutrino interactions, B: originate in the tracker with decay photons
which also convert in the tracker, C: both photons produce at least one lepton
with a momentum higher than 50MeV/c. This definition was used because,
in an ideal case, the entirety of the denominator would be reconstructed and
considered signal. With this definition, the overall reconstruction efficiency is
36%. The overall reconstruction purity was 22%. Whilst low, this limited purity
was a neccesary comprimise to acquire a statistically relevant result. The initial
prediction of 2 reconstructed signal events has increased to 187 reconstructed

signal events, in the data set available to T2K.

Due to problems developing a cross-section systematic error, and time-constrains
when developing a detector systematic error, the overall error analysis is not
yet complete. Without complete errors it would be disingenuous to convert the
rate measurement supplied in chapter E] into a cross-section measurement. As
a result, the output of this analysis is being left as a rate measurement, for the

time being.

When run on data, the analysis reconstructs 863 events, against a predicted
820 events from Monte-Carlo samples. With a Monte Carlo prediction of 632.6
background events, this results in a measurement of 230.4 signal events. There
is a statistical error of +29.4 events, and a systematic error of +179.0 events.
The cross-section component of the systematic error is likely an overestimation,
which can be potentially be significantly reduced after further work. Using
the BANFF-developed systematic errors along with the covariance matrix pro-

vided by their research group, the cross-section systematic uncertainty could
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be reduced to +46 events, however further research is needed to validate this.

Measurement of neutral-current 7’-producing neutrino interactions has always
been a difficult measurement to make, particularly at low energies. This is
demonstrated by the extremely limited amount of published cross-section re-
sults. There are still challenging aspects to the analysis of T2K data before
the rate measurement made in this thesis can be converted into a cross-section
measurement. Nevertheless, an end-to-end analysis has been completed and
presented. 7¥ production is an important background to electron neutrino os-
cillation appearance, and will continue to be so for as long as water-Chereknov

detectors remain in use within neutrino physics.
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