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ABSTRACT

The main goal of this thesis is the developmerdroglgorithm for identification
of particles (protons, electrons, muons and piavil) trajectories contained within the
Fine Grained Detectors of the T2K (Tokai-to-Kamipkaperiment. This is achieved by
constructing a distribution that compares the distaand the energy deposited by a
particle travelling in the detectors. Using thistdbution, a probability density function
is created using simulations for particles intaractin the FGDs. The method of
comparison includes the calculation of the pullialsle, which gives a measurement of
how close a particle being analysed is to a detexchiparticle hypothesis. These pull
variables can then be used as an estimate ofkdiéhbod for the particle identification.
Tests using this method were performed using aepeddent set of simulated samples,
and also control samples of real protons and mueofiscted with the experiment. The
results show that protons and electrons can bdifidehsuccessfully from muons and
pions. However, the developed particle identifeatalgorithm is unable to discriminate
between muons and pions since they behave in asuailar way under the conditions

studied.



ACKNOWLEDGEMENTS

I would like to thank my supervisor, Mauricio Barbor all the help and patience during
the development of this project, and also fortad dpportunities given to me.

I would also like to thank all the T2K Canada memsHer the support, especially
the Regina group — Dr. Edward Mathie, Dr. Romanik;aand Dr. Nick Hasting, and my
graduate student colleagues Caio Licciardi and SperGiffin. All the help and
discussions were fundamental for the conclusiahisfthesis.

| also acknowledge the Department of Physics atihieersity of Regina for all
the support, and the Faculty of Graduate StudiesResearch for the partial funding
through many teaching assistantships, an IntemaitiGraduate Student Scholarship and
a Graduate Research Award.

| need to thank all my friends for the support, amd chatting. A special thanks
goes to my friend Erica Partridge for everythirtgslalways good to know that you have
someone you can count on.

Finally, 1 would like to thank my family, Cristin&stanislao and Andrei for, in

spite of the distance, still support me in all negidions. | love you guys!



TABLE OF CONTENTS

AB STRA CT ittt et e e e ettt e e e e et e e e e e e r e e e e e nabereaaeeanarrareaaeaaas [
ACKNOWLEDGEMENTS ....oiiiiiiiiiiiee ettt e e e e e e s s snnnneeeee s ii
TABLE OF CONTENTS ..ottt ittt ettt ettt et e e e s e e e e e e nnsnaeaeaeeans i
LIST OF TABLES ..ottt et e e e ettt e e e e e et e e e e e e nnnneees %
LIST OF ILLUSTRATIONS ..ottt ettt Vi
LIST OF ABBREVIATIONS ..ottt Xii
INTRODUGCTION ...ctiiiiieeiiiiitit ettt et e e e st e e e e s e e e e e e e e nnnrnees 1
CHAPTER ONE: Theoretical ConsSiderations ........ccccccceeeeiriniiiiiiiiiiiiiieeieeeee 3
1.1 NEULIINOS .. ettt e+ttt ettt ettt ettt ettt ettt et e et eeeaaeeeeaaaaaaaaaaaaaaans 3
1.2 The T2K EXPEIMENT ....cceiiiiiiiiiie ittt 11
1.3 FINE GraiN@d DELECLOIS .......uuuieuiettceeeeaeeeeeeeeeieeaeeseeseeseseessessssssssssseemeeeeeeeeeeeeeeees 15
CHAPTER TWO: Interactions between Particles and Matter ........................ 20
P2 A [ 11 oo [0 Tox i [o] o I PP PP TOPPPI 20
2.2 SCINIIAOr AEECIOIS .....eiiiiiieiii ettt e e e 23
CHAPTER THREE: Methodology.....ccooiiiiiiiiiiiiie e 25
3.1 PDFS dEVEIOPMENT .....evviiiiiiiiiiiiiiieeeeeee e e e e e e e e e e e e e e e e e e e et e e aaaa e e e e e e e e aaeaaas 25
3.2 Energy and traCk [ENQLN ..............uvmmmm e eeeeeeeee e 29
3.3 Probability density fUNCLIONS ........... oo eeeeeeeeiiiiiiiiiieiieiieiiiiereneeer e 41



3.4 LIKElINOOM @QNAIYSIS .....vueriiiiiiiiiiitimmmmme e e anne 43

CHAPTER FOUR: RESUILS ....eiiiiiii ettt nnaeeaa e 50
.1 PUI TESUIES ...ttt ettt e s e e e e e ee s 50
4.2 Results using real data ............oooieeeeeeeiiii e 58
CHAPTER FIVE: CONCIUSIONS ....coiiiiiiiiiiiiii e 66
BIBLIOGRAPHY ..oeeiiiiiiei ettt ettt e et e e e e ettt e e e e e e e nnbaeaeaeeennnnes 68
F N o o N G R EPP 71



LIST OF TABLES

Table 3.1: Number of particles used in generation of the PDFs for FGD1.......... 28
Table 3.2: Number of particles used in generation of the PDFs for FGD2.......... 28
Table 3.3: Fitting parameters using eq. 3.3 for the PDFs in FGD1 (fig. 3.25).... 47
Table 3.4: Fitting parameters using eq. 3.3 for PDFs in FGD2 (fig. 3.26)........... 48
Table 3.5: Fitting parameters using eq. 3.4 in standard deviation for FGD1 (Fig.
327 ) ettt 48
Table 3.6: Fitting parameters using eq. 3.4 in standard deviation for FGD2 (Fig.

B.28). ettt ettt ettt ettt ettt ettt 48



LIST OF ILLUSTRATIONS

FIQUrE 1.1: BELA UECAY. ..ieevveeeiiiiiiiiiiiiiiiiieee e e e e e e e e e et e e eeee ettt s s s s e e e e e e e eaeseeeesnnees 3
Figure 1.2: Inverse beta deCAY. ........cciiiiiiiii i e e 4
Figure 1.3: “Standard Model of elementary particles” by MissMJ...............cc...uees 6

Figure 1.4: Contribution from different processes for energy production in stars

with different Core teMPEratures. .........ocooo oo 7
Figure 1.5: The CNO CYCIE. ..o e 7
Figure 1.6: Main form of pp chain inthe Sun............cccciiii s 8

Figure 1.7: Solar neutrino spectrum as predicted by the standard solar model.... 9
Figure 1.8: Sketch of the location of each of the T2K experiment components.. 12
Figure 1.9: Schematic of the neutrino beamline ............cccccooiiiiis 12

Figure 1.10: Effect of the off-axis beam technique relative to the neutrino energy

spectrum and compared to the oscillation probability curve. ...........cccccceeeieeennn. 13
Figure 1.11: Off-axis near detector in T2K.........couvvviuiuiiiiiiiiiieeeee e eeeeeeeeiiiienns 15
Figure 1.12: View of FGD with its scintillator bar modules stacked. ................... 16
Figure 1.13: Cross-section of a FGD scintillator bar. ...........ccccccoeeeeiiiiiiiiiiieiiiiinns 16

Figure 1.14 — Scintillator bars with WLS fiber in its center, connected to MPPC.18
Figure 1.15: Representation of a charged-current quasi elastic reaction, where a

muon neutrino interacts with a neutron, producing a muon and a proton. .......... 19

Vi



Figure 2.1: lonization energy loss for charged pions, muons and protons in an
(o]0 F= U a T Toa=Tod o] 1] F=1 o] gAru PSP 22
Figure 3.1: Representation of fiducial volume region relative to FGD................. 26
Figure 3.2: Representation of the coordinate axes relative to the neutrino beam
direction in the ND280 detECTOT. .......ccoevviiiiiiiiiiiiiie e 27
Figure 3.3: 2-dimensional representation of the angular bins used in the
SIMUIALIONS. ... e e et e e e e e e e e e e e e st e e e 27
Figure 3.6: Correlation between energy and track length for electrons in FGD1
using_truth (left-hand side) and reconstructed (right-hand side) variables........... 30
Figure 3.7: Correlation between energy and track length for pions in FGD1 using
truth (left-hand side) and reconstructed (right-hand side) variables.................... 31
Figure 3.8: Correlation between energy and track length for protons in FGD1 with
angles smaller than 70°. ... s 32
Figure 3.9: Correlation between energy and track length for muons in FGD1 with
angles smaller than 70°. .. ... e 32
Figure 3.10: Correlation between energy and track length for electrons in FGD1
with angles smaller than 70°. .........uuueiiii e 33
Figure 3.11: Correlation between energy and track length for pions in FGD1 with
angles smaller than 70°. .. ..o 33
Figure 3.12: Correlation between energy and track length for protons in FGD2
with angles smaller than 70°..........uuueiii e 34
Figure 3.13: Correlation between energy and track length for muons in FGD2

with angles smaller than 70°. .........uuueiiii e 34



Figure 3.14: Correlation between energy and track length for electrons in FGD2
with angles smaller than 70°. .........uuueiii e 35
Figure 3.15: Correlation between energy and track length for pions in FGD2 with
angles smaller than 70°. .. ..o 35
Figure 3.16: Energy distribution for protons (top left), muons (top right), electrons
(bottom left) and pions (bottom right) in FGD1. ........uuviiiiiiiiiiiiiiieeeeeeeeeeeeeeeciiiiie 36
Figure 3.17: Energy distribution for protons (top left), muons (top right), electrons
(bottom left) and pions (bottom right) in FGD2. .........uuuiiiiiiiiiiiieeeeeeeeeeeeeeeciiiiis 37
Figure 3.18: Difference in energy between reconstructed and true energy for
simulated protons (top left), muons (top right), electrons (bottom left) and pions
(bottom right) IN FGD L. ....uueiiiiiiie e e e e e e e e e eeeennenaaes 38
Figure 3.19: Track length distribution for protons (top left), muons (top right),
electrons (bottom left) and pions (bottom right) in FGD1..........ccoovviiiiiiiiiiiinnnnn. 39
Fig. 3.20: Track length distribution for protons (top left), muons (top right),
electrons (bottom left) and pions (bottom right) in FGD2. ..........cooeviiiiiiiiiiiiinennn. 40
Figure 3.21: PDF for protons (top left), muons (top right), electrons (bottom left)
and pions (bottom right) iN FGDL. ......ccovviiiiiiiiiiiiieie e 42
Figure 3.22: PDF for protons (top left), muons (top right), electrons (bottom left)
and pions (bottom right) iN FGD2. .......covvviiiiiiiiiiiieeeeeeee s 43
Fig. 3.23: PDF fittings for protons (top left), muons (top right), electrons (bottom
left) and pions (bottom right) in FGD1. ........cooviiiiiiiiiiiiiiiiieee e 45
Fig. 3.24: PDF fittings for protons (top left), muons (top right), electrons (bottom

left) and pions (bottom right) in FGD2. ........coovviiiiiiiiiiiiiiiiei e 46

viii



Fig. 3.25: Standard deviation fittings for protons (top left), muons (top right),
electrons (bottom left) and pions (bottom right) in FGD1...........coovvvviiviiiiiiinnnnnn. 46
Fig. 3.26: Standard deviation fittings for protons (top left), muons (top right),
electrons (bottom left) and pions (bottom right) in FGD2...............covviiiiiiiiiinnnnnn. 47
Figure 4.1: Pull distributions for each particle hypothesis assuming a pure proton
Yz L] o] LI T o I €1 Lo PSPPI 51
Figure 4.2: Pull distributions for each particle hypothesis assuming a pure muon
Yz L] o] LI T o I €1 Lo PSP 51
Figure 4.3: Pull distributions for each particle hypothesis assuming a pure
electron sample iN FGDL. ... 52
Figure 4.4: Pull distributions for each particle hypothesis assuming a pure pion
SAMPIE TN FGD ...t a e e e e 52
Figure 4.5: Pull distributions for each particle hypothesis assuming a pure proton
SAMPIE TN FGD2.... e e e e 53
Figure 4.6: Pull distributions for each particle hypothesis assuming a pure muon
SAMPIE TN FGD2.... et e e e 53
Figure 4.7: Pull distributions for each particle hypothesis assuming a pure
electron sample IN FGD2. ... 54
Figure 4.8: Pull distributions for each particle hypothesis assuming a pure pion
SAMPIE TN FGD2.....oeiiieiiiiie et a e e e e e e e e e et e e e e raaa bbbt aaeeeas 54
Figure 4.9: Pull distributions for proton (top left), muon (top right), electron
(bottom left) and pion (bottom right) samples in FGD1 using the combined

(141211270 o PR 55

iX



Figure 4.10: Pull distributions for proton (top left), muon (top right), electron
(bottom left) and pion (bottom right) samples in FGD2 using the combined
MELNOU. ... e e e e 56
Figure 4.11: Likelihood for different particle hypotheses for sample of protons
(top left), muons (top right), electrons (bottom left) and pions (bottom right) in
] 5 1 PSR PPPRTPPPPTTPR 57
Figure 4.12: Likelihood for different particle hypotheses for sample of protons
(top left), muons (top right), electrons (bottom left) and pions (bottom right) in
FGD2. . ettt 58
Figure 4.13: Pull distribution for proton, muon, electron and pion hypotheses
when applied to stopping proton data sample in FGD1. ........cccccooovviiiviiiiiiieenenns 60
Figure 4.14: Pull distribution for proton, muon, electron and pion hypotheses
when applied to stopping proton data sample in FGD2. ...........cccooiiiiiiiiiiieeeiennnn. 60
Figure 4.16: Comparison between pull distributions for simulated and real data
assuming the proton hypothesis for FGD1. ........cccooiiiiiiiiiiiiiiiee e 61
Figure 4.17: Comparison between pull distributions for simulated and real data
assuming the proton hypothesis for FGD2. .......cccooeiiiiiiiiiiiiiiiieeeeeiii 61
Figure 4.18: Pull distribution for proton, muon, electron and pion hypotheses
when applied to stopping muon data sample in FGD1. ........ccccceiviiiiiiiiiineeeieeee, 63
Figure 4.19: Pull distribution for proton, muon, electron and pion hypotheses
when applied to stopping muon data sample in FGD2. .........ccccciiiiiiiiiiieneeeeenee, 64
Figure 4.20: Comparison between pull distributions for simulated and real data

using muon hypothesis and muon sample for FGD1...........ccccceeieiiiiiiieviieiiiinnns 64

X



Figure 4.21: Comparison between pull distributions for simulated and real data

using muon hypothesis and muon sample for FGD2.............ccccoeeeiiiiiiieviiiiiiinnnns 65

Xi



LIST OF ABBREVIATIONS

ADC Analog-to-digital converter

CNO Carbon-nitrogen-oxygen

CP Charge Parity

DONUT Direct Observation of the Nu Tau

ECal Electromagnetic Calorimeter

FGD Fine Grained Detector

J-PARC Japan Proton Accelerator Research Complex
KamL AND Kamioka Liquid Scintillator Antineutrino Detector
LINAC Linear Accelerator

MPPC Multi-Pixel Photo Counter

MR Main ring

ND280 Near detector 280 m

POD Pi-zero Detector

PDF Probability density function

p.e. photoelectron

PID Particle Identification

POPOP 1,4-bis (5-phenuloxazol-2-yl) benzene8:6N,02}

PPO 2,5-diphenyloxazole {&H1:NO}

Xii



PS polystyrene

PVT polyvinyltoluene

RCS Rapid Cycling Synchrotron

SM Standard Model

SMRD Side Muon Range Detector
SNO Sudbury Neutrino Observatory
SK Super Kamiokande

T2K Tokai-to-Kamioka

TPC Time Projection Chamber

UV ultraviolet

WL Swavelength shifting

Xiii



INTRODUCTION

Since the suggestion and first experimental ewiderof neutrino oscillations,
many experiments were designed to prove their enégt and measure parameters
associated with this phenomenon. A full descriptwbrthe neutrino oscillations will not
only shed light over the physical behaviour of m@ats, which are particles very difficult
to detect and, therefore, study, because of itggsties (see section 1.1 for more details),
but can also lead to a better understanding ofCtRe(charge parity) violation, which
might ultimately explain why the Universe is mainlgrmed by matter instead of
antimatter.

The T2K (Tokai-to-Kamioka) experiment is one ofrpaattempts to understand
neutrino oscillations. It is composed of three mpants, neutrino beamline; ND280, a
near detector, localized 280 m away from the targad Super-Kamiokande, a far
detector located at 295 km from the beam targetn(fare details, refer to section 1.2).

The main goal of this thesis was the developmédna @article identification
algorithm for the Fine Grained Detectors (FGDs),chhare part of the ND280. The
algorithm should be able to work with electronsptpns, muons and pions whose
trajectories start and stop within the FGDs.

The thesis is divided in five chapters, besidas thtroduction. Chapter one
discusses theoretical aspects of neutrino physagion 1.1) and gives details about the
T2K experiment (section 1.2) and FGDs (section. CBapter two talks about the theory
of interactions between particles and matter ineggnand the laws governing its

principles (section 2.1) and the specifics of sitatbr detectors (section 2.2). The
1



methodology used is described in Chapter threerevtiee simulation parameters for the
particles used to build the probability densitydtions (section 3.1), the analysis of the
simulated sample (sections 3.2), the generatioprabability density functions (section

3.3) and the likelihood analysis (section 3.4) explained. Chapter four discusses the
results obtained with this algorithm, first usingsacond set of simulated particles
(section 4.1), and then applying the algorithmeal rdata obtained in the detector and
previously identified by other detectors in ND28&®dtion 4.2). Finally, Chapter five

shows the conclusions obtained in this thesis work.



CHAPTER ONE: Theoretical Considerations

1.1Neutrinos

The existence of neutrinos was first suggested 9801after the unsuccessful
description of beta decays. It was believed thanégative beta decay processes, a
nucleus would decay into another nucleus (the rlattgh an extra proton) and an
electron. The problem is that, in two-body decagh produced particle should have a
well-defined energy following the energy and momemconservation laws, whereas the
measured particles in those experiments had urgteedenergy distributions. Wolfgang
Ernst Pauli proposed that another particle, eleatyi neutral and extremely light (or
massless), was also emitted [1]. This particle essaping detection, and thus partially
carrying away undetected energy and momentum ofsyséem. Following up with
Pauli’s proposal, Enrico Fermi called this partictutrino ¢) [1][2]. The beta-decay was
then described as the emission of an electrondsitpn) and an anti-neutrino (neutrino)

by a nucleus, as depicted in fig. 1.1 [3].

Before After

B o C
$ | 98
Parent Daughter A

Figure 1.1: Beta decay. Figure reproduced from GQpenCollege “Nuclear Decay and
Conservation Laws (http://cnx.org/content/m42633)llicensed under CC-BY 3.0.
(Original in colour.)

The road for the detection of neutrinos was a long. The main reason being the

fact that neutrinos are very weakly interactingtipbes, making them difficult to detect.
3



The first neutrino was only identified in 1955 im @xperiment carried out bC.L.
Cowanet al. using inverse bedecay (fig.1.2) [4]. This neutrino was associated

electrons, and is now known as elec-neutrino.

Yy X(A,Z)

Figurel.2: Inverse beta decay. giire obtained from Quantum Diari
(http://www.quantumdiaries.or¢ Reproduced with permissiofOriginal in colour.

By then, physicists knew that neutrinos existed,dnly one type was known :
far. The first experiment to test thypothesis of the existence of two kinds of neut
was developed in 1962 by Leon M. Lederman, Melvirw&tz and Jack Steinberc
[1][5]. In this experiment, they used &neutrinos originated from pion decays, wh
now is known to take the forr

oo U+, (1.1).
They identified 29 events compatible with the faling reaction
tpt-out+n (1.2).

On the other hand, none following the reaction Wwelas identifiec



t+ptoet+n (1.3).
Reaction (1.3) is now known to be forbidden [1].u§hthe conclusion was that there
should be another type of neutrino for this regulte possible: the muon-neutrino.

When the third lepton, tau, was discovered in 18y BA. L. Perlet al.[6], it was
implicit that a new type of neutrino should exisitice there was a neutrino for each of
the lepton generations (see next paragraph) knosvrdate (electron and muon
generations). As it was expected, the tau-neutsias directly observed 26 years later, in
2001, by the Direct Observation of the Nu Tau (DONdollaboration [7].

With three lepton generations, the lepton classiifon in the Standard Model
(SM) of particle physics was complet® this model, the particles are separated in
families of quarks, leptons and the mediators efftndamental forces (weak, strong and
electromagnetic). The lepton and quark familiesgroeiped in generations constituted of
pairs of particles with similar characteristics.eTimediators are bosons responsible for
the interactions among particles: photons for tleeteomagnetic force; gluons for the
strong force; and the WW and Z bosons for the weak force [1]. The famikesl
generations of the SM are represented in fig. WrRil recently, neutrinos were assumed
to be massless particles in the SM. However, tlEsumption was already been

challenged since the first observations of whdniswn as the “solar neutrino problem”

[1].
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Figure 1.3"Standard Model of elementaparticles” by MissMJs licensed under CC
BY 3.0
(http://commons.wikimedia.org/wiki/File:Standard_Msdof Elementary Particles.<)
(Original in colour.)

The processesf energy generation in stars depenmdthei masses. For heavier
stars, with tempetare above 20 million degrees (sfig. 1.4), the dominant mechanis
is the carbomitroger-oxygen (CNO) cycle as shown in fi@.5 [€]. In this process,
nuclear fusion i€atalyzed by these elements The main reaction steps arg:

20 4p > BN 4y
BN 5 13C +et +v, (E, < 1.2 MeV)
BC+p->"N+y

BN+p->10+y
150 5> N + et +v, (E, < 1.73 MeV)

SN +p - 2C + *He



logE

Triple ¢

i 1 »
5 10 15 zu 100 T(K) [10E6]

Figure 1.4: Contribution from different processesdnergy production in stars with
different core temperatures. Heavier stars haviednitemperatures. Original by
Orgullobot, licensed under GNU Free Documentatimehse. (Original in colour.).
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Figure 1.5: The CNO cycle. Picture from Australieléscope Outreach and Education
(http:// http://outreach.atnf.csiro.au/). Reprodiegth permission. (Original in colour.)

In relatively lighter stars (such as the Sun, fatance), the dominant process is

the pp chain (fig. 1.6) [1]. In this process, hygkn nuclei (protons) combine forming

7



deuterons, which then combine with protons genegatie. The®He nuclei give birth to
alpha particles (He nuclei) through reactions wptiotons, other alpha-particles and

among themselves [1]. These reaction processewelteknown, and each has a very

characteristic energy spectrum, as shown in fig. 1.

S *He
'H
" s / \
o
> _9// L?'L *He i
N e\ b
a \ ¥ £ neutron
[
'H Vv @ |posiron
2 vnautrino
VAN o photon

Figure 1.6: Main form of pp chain in the Sun. Pietirom Australia Telescope Outreach
and Education ( http://outreach.atnf.csiro.au/piduced with permission. (Original in
colour.)
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Figure 1.7: Solar neutrino spectrum as predictethbystandard solar model. Figure
reproduced from [9].

The first experiments developed to measure solairines were reported in 1968

by Ray Davis, using a huge tank of chlorine [1iptigh the reaction [8]
37Cl+ v, » 3"Ar + e~ (1.4)

The results, however, were different from those eekgd for the total number of
measured neutrinos was only about a third of thatlipted using the accepted Solar
Standard Model. This became known as the solarineygroblem [1].

The solution came with the suggestion made by Bifeaotecorvo in 1968 that
neutrinos could oscillate among flavours in fliglty which Davis’ experiment was not
prepared, what is now called neutrino oscillatitkh However, the oscillation can only

occur if the neutrinos are massive [10].



Then flavour eigenstateps, ), with (V/;|Va) = &5, are given by a superposition
of n mass eigenstaté¢s;) with (Vi|Vj) = §;;. Using a unitary mixing matrix U [10], these

eigenstates can be written as:

ve) = D Va0 V) = ) Whialvad = D Ulilva)  (15)

Where:
Uty =1 Z UaiUj; = Oap Z Uil = 6 (1.6)
i a

The mixing matrix can also be written in termstiofee angle€6,,, 0,3, 6:3)

and one phase factos):

—ié

C12C13 S12€C13 S13€
— 1) i6
U =| —512C23 — €12523513€ C12C23 — 512523513€ S23C13 (1.7)
i6 i6
S$12S823 — €12€23513€ —C12523 — 512023513€ C23C13

wherec;; = cos 8;; ands;; = sin 6;; [1].

The parametef,, and6,; were first observed by the SNO (Sudbury Neutrino
Observatory) in 2002 [11] and Super-Kamioka Neuwtietection Experiment (Super-K)
in 2003 [12], respectively. They are now given yy = 6, = 34 + 2° (for the solar
neutrino oscillation) ané,; = 8,:,, = 45 + 8° (for the atmospheric neutrino oscillation)
[1]. The third anglef,, is known to be much smaller than the other twal has been
measured by T2K asin? 26,5 = 0.14073:938(0.170%3:3955) [13], and more precisely by
the Daya Bay Reactor Neutrino Experiment sas? 20,3 = 0.092 + 0.016(stat.) +
0.005 (syst.) [14]. The measurement of this parameter was orleeofain goals of the
T2K experiment (see section 1.2). A non-zero vdtued,; is a necessary condition for

the existence of a non-zero CP-violation phésfl5]. This phase is of significant
10



importance as it can help understand the asymnbetwween matter and anti-matter in
the beginning of the Universe [T[his asymmetry is the reason why the current Usirer

is completely dominated by matter.

1.2 The T2K Experiment

The T2K (Tokai-to-Kamioka) experiment is a longélne neutrino experiment,
designed to measure tltg; parameter through the measurement of electromineut
appearance from the muon-neutrino. In additiosinothis main goal, a highly accurate
measurement of the paramei®y;, and the use of anti-neutrino beams so that the
existence of a non-zero CP-violation phase canxpwred are also key components of
the T2K research program. The T2K also providesich environment for the
development of studies in fixed-target physics neatinteractions, at energies covering
the transition between resonance production ang dedastic scattering regimes [16],
and for direct comparisons between neutrino/mattet antineutrino/matter interaction
cross-sections.

The experiment is composed of a neutrino bean{ami-neutrino beam mode
can be achieved by inverting the polarity of somecgal magnets, called Horns [17]), a
near detector complex at 280 m from the protonetappint both localized at the Japan
Proton Accelerator Research Complex (J-PARC) inal,oand a far detector (Super-
Kamiokande) at 295 km from the accelerator [16. Ai.8 is a sketch of the location of

each of the T2K experiment components.

11



Super-Kamiokande

Mt.Noguchi-Goro Dake
2,924m J-PARC

Near Detector ‘\

ea lev I
eSS 1,000m Y

M — — —— pr— - ﬂgutrinoiBee;mi -
295km

Figure 1.8: Sketch of the location of each of tR&Experiment components. (Original
in colour.)

Mt.Ikenoyama
1,360m

The J-PARC accelerator is composed by a linearlerater (LINAC), a rapid-
cycling synchrotron (RCS) and the main ring (MR}ieh result in a proton beam with
energy up to 30 GeV separated in eight bunchefienMR. These eight bunches are
extracted to the neutrino beamline by a set of kiekker magnets while still in a single
turn in the MR. The neutrino beamline is composgdabprimary beamline, which is
responsible for setting the right direction for team (pointing towards Kamioka) and a
secondary beamline, which takes the protons t@thphite target to generate secondary
pions. These pions are focused by the Horns andydeto the neutrinos that compose
the neutrino beam. A schematic diagram of the meutseamline can be seen in fig. 1.9

[16].

Near Detectors Beam Dump Decay Volume Target Station

Primary

3 Horns protons BTl
S eaml ine
e

\",

TaFget

| ions 3
Muon Monitor 4_"%0”8 J-PARG MR

~— neutr inos

Figure 1.9: Schematic of the neutrino beamlineidi@al in colour.)
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The T2K neutrino beam is oriented at a 2.5° anglative to the baseline
connecting the proton target and the far detedifirakis method). In this way, a very
narrow-band-energy neutrino beam reaches the facte, with a peak in energy at ~0.6
GeV, as can be seen in fig. 1.10. This method miaesnthe neutrino oscillation at 295

km and minimizes the background [16].

Oscillation Prob.
@ An? = 3.0 x10°

[Piohiabiiny)
& &

Fasoo| v energy spectrum
(Flux » x-section)

Figure 1.10: Effect of the off-axis beam technigelative to the neutrino energy
spectrum and compared to the oscillation probazslirve. (Original in colour.)

The near detector is composed of two complementitectors: an on-axis
detector (INGRID); and an off-axis detector (ND28Uhe INGRID detector is built as
an array of iron/scintillator sandwiches, and ispansible for measuring the profile of
the on-axis beam. It gives information on the bedirection, with a precision of 0.4

mrad, 280 m away from the beam origin, and on genbintensity. The ND280 detector

13



is composed by a set of detectors immersed in anetizgfield. These detectors are

responsible for measuring the muon-neutrino flud re neutrino beam energy spectrum

at 2.5 degrees, as well as contaminations fromtrele-neutrinos produced in the T2K

decay volume that can potentially be misidentif@sdmuon-neutrinos in the far detector

[16].

The detectors composing the ND280 detector arevisho fig. 1.11 (see [16]

provided for a detailed discussion and descriptibthe structures of each detector). The

ND280 is comprised of the following components:

Pi-zero detector (POD): responsible for measuriginal current processes;

Time Projection Chamber (TPC): responsible for idging charged particles,
and for measuring the three-momentum of each sktparticles.

Fine Grained Detector (FGD): responsible for prowgda target mass for the
neutrino interactions and for tracking the chargsticles produced in the
interaction. This detector will be discussed in endetail in the next section.
Electromagnetic Calorimeter (ECal): responsible fwrasuring electromagnetic
processes. It also provides coverage for parteté@ing the ND280 detector.

Side Muon Range Detector (SMRD): responsible fentdying muons at high
angles relative to the neutrino beam direction tbat escape. The SMRD
measures the momentum of each muon. It is alsoafuadtal in the triggering
process to identify events coming from cosmic ragriactions, and for helping in
the observation of beam-related interactions winappen in the surrounding of

the detector and in the magnets.

14
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Figure 111: Off-axis near detector in T2KOriginal in colour.

The far detector (Sug-Kamiokande) is located at 1000under the rocks of the
peak of Mount lkenoyama. It is a Cherenkov detector basedvater surrounded k
approximately 13,000hotomultiplier tubes. The SK has been running sib@86, anc

was upgraded in 20036 for use in the T2K experiment [16].

1.3 Fine Grained Detectc

The Fire Grained Detectors (FGDs)8] are composecf 22 modules, each
consisting of 192 horizontal a 192 vertical layers of 186.43n long scintilator bars as
depicted in fig. 1.12The bars are Imx 1 cm in dimension (figl.1%), each containing a
191.5 cmlong wavelengtrtshifting (WLS) fibre through a 1.8 m diameter axial hole.

The WLS fibrebar cwitact is through air. The baase coated with a reflective 0 mm

15



thick layer of TiQ. Each WLS fibre is coupled on one of their sidestphotosensor,
while the other side is coated with a reflectiveinsihum film deposited using a

sputtering technique to enhance light yield.

Figure 1.12: View of FGD with its scintillator barodules stacked. (Original in colour.)

A

Width = 0.264
Units: mm

| Width =0.264

Figure 1.13: Cross-section of a FGD scintillator. §@riginal in colour.)
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There are two FGD detectors, known as FGD1 andZ@®ibh the FGD1 located
more upstream relative to the neutrino beam dwactihan the FGD2. While the FGD1
contains fifteen scintillator bar modules, the FG&shtains 7 scintillator bar modules
interleaved by six water target modules [18]. Thatew modules serve as target for
oxygen-neutrino interactions, which can be directgmpared to carbon-neutrino
interaction happening in the scintillator materi@his is of importance to minimize
systematic uncertainties when extrapolating thetrimeu flux measured at the near
detector to those measured using the far detestdhé purpose of oscillation parameter
measurements. The knowledge of the oxygen-neuinieoaction in the ND280 helps in
this task because the SK detector is purely weadeeth. The water modules do not
contain a readout system, but that is mitigatethieyfact that the events happing in water
are identified as excess in the neighbour scititlbars. This allows a direct comparison
between the interactions observed in the scirgithased FGD1 (carbon-neutrino
interactions) and the scintillator/water-based FGQR&rbon-neutrino and oxygen-
neutrino interactions). All FGD modules are ingdllin a light-tight environment (dark
box).

The photosensors used in the FGDs are the MugtFhoto Counters (MPPC)
(fig. 1.14) produced by the Hamamatsu Company [T8g MPPCs are silicon-based
photosensors operated in the limited Geiger-mo@§ Rhotons arriving on the MPPCs
undergo photoelectron process. The electrons peablurt these processes, known as
photoelectrons (p.e.), are multiplied in each MP&@ output as charge current. The
intensity of this current is proportional to thenmoer of initial photons reaching the

MPPCs and responsible for photoelectron proce€3eshe other hand, the number of
17



photons detected depends on the number of photodsiged by a given particle-detector
interaction. The latter is, in turn, dependent lo@ ¢nergy of this incident particle. Thus,
knowing the output MPPC current, it is possiblegoonstruct the original energy of the
particle if a proper set of calibrations and cotimets (such as for the number of photons
attenuated in the WLS fibres) are applied. For thigpose, the output current of each
MPPC is sent to an electronic system where theabigndigitalized and prepared to be
stored in a computer farm, where further treatnewipplied as the data is prepared for
processing (reconstruction). The FGD’s front-enecbnics are organized in 24 mini-
crates, each attached to the four sides of the #&k box. The signals coming from the
MPPCs are transferred to the electronics throulgbon cables attached to the crates’

backplanes [18].

Figure 1.14 — Scintillator bars with WLS fiber ts center, connected to MPPC.
(Original in colour.)
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The mini-crates are cooled by a sub-atmosphesssure water cooling system
that runs on the sides of the dark box frame. Epe&ge of heat-producing electronics is
located outside of the box, while only elementshvaitmost no power dissipation, as are
the photosensors, stay inside the box [18].

The FGDs and TPCs form the ND280 Tracker and,thegethey are the main
responsible for identifying and measuring chargedent quasi elastic (CCQE) reactions
(see fig. 1.15), the main reaction taken into aotaluring T2K analysis. For these
events, particle identification is typically penfioed by the TPCs, but when particles stop
within the FGD, this is not possible. In this cagas important that FGDs can identify

particles fully contained in their volume, whichtle topic of this thesis.

muon neutring muon

W boson

neutron proton

Figure 1.15: Representation of a charged-curreasigglastic reaction, where a muon
neutrino interacts with a neutron, producing a mand a proton.
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CHAPTER TWO: Interactions between Particlesand M atter

2.1 Introduction

A particle needs to interact with the materialtioé detector to be detected. In
other words, what is observed from a detector tghm particleper sebut the result of its
interaction with the matter that makes the detectordetailed discussion of the
interaction between particles and matter can bexdoun [21]. The intention of this
chapter is to summarize some relevant points fonrttat reference, which were found
to be useful for the development of this thesisithar references will be cited when
appropriate.

There are two kinds of possible interactions betwgarticles and matter:

1. “short-range interactions”, when the particle iat#s with the atomic nucleus in
the detector matter;

2. “long-range electromagnetic interactions”, incluglifionization energy losses”,
when particles lose energy to matter through ididma and “radiation energy
losses”, when particles emit radiation .

At the energy range of interest (energies up toMev), the ionization energy losses are
dominant for all charged particles except electiamd positrons.

The ionization energy losses are mostly due tol@wlo scatterings due to the
interactions of the incident particles with atoralectrons found in the material. A theory
to explain such losses was developed in the 193®%abs Bethe, Felix Bloch and others
[22][23]. The energy loss by a particle traverssogne material, assuming the particle to

have charge &, is described by the Bethe-Block formula:
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dE _ Dn, 2mc?pry? 5(y)
xR [1n< ; )—ﬁz—T] (2.1)

wherex is the distance travelled through the mediunis the electron mass and

__ Ama®h?

m

D =51 x1072° MeVcnf”. (2.2

The other constants are, for the electron density,for the mean ionization potential of
the atoms averaged over all electrons (given apmabely byl = 10Z eV for atomic
numberZ greater than 20)}j(y) for a “dielectric screening correctior?,is the speed of
light (c = 299,792,458 m/s), B is v/c (with v being the velocity of the particley, is
the Lorentz factor, given by/m, a is particle charge anfdis h/2m, with h being
the Planck constanth(= 6.62606957 x 1073* m2kg/s). The typical behaviour of
dE /dx for particles in a detector, according to eq. &BXdepicted in fig. 2.1 for protons
and pions in lead. This figure shows that differgmies of particles travelling the same
distance range in the same medium lose differeruais of energy, described by eq.
2.1. The range is the total path length for a stapparticle with a given initial energy.
Therefore, the range-energy relation can be usedthfe identification of charged
particles [24], and that is the method used in thesis to develop the FGD particle

identification (PID) algorithm.
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Figure 2.1: lonization energy loss for charged pjonuons and protons in an organic
scintillator. (Original in colour.)

In addition, fig. 2.1 shows that th#f /dx for a given particle depends on its
kinetic energy, which can be measured with the FGIdsvever, the method used in this
thesis will not be based on distributions as deplidh the figure above, but will rather
consider the total kinetic energy of the partig# In the FGDs as a function of its total
track length (distance travelled). In particuldristwork will only use particles fully
contained in the FGDs. This will ensure that thaltkinetic energy of a given patrticle is
completed deposited in the FGDs, and that the tlasgth associated to this particle
corresponds to that total kinetic energy, allowihgn a direct comparison between the
different properties of different particle speci€r example, based on fig. 2.1, for a
proton and a pion, the kinetic energy depositedupérof track length will yield different
total distance travelled. Therefore, dividing tlegat kinetic energy deposited by the
proton by its total distance travelled will giveddferent result from that calculated for
the pion, thus providing a parameter to identiffjween these two particles. This is the
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reason why the algorithm described in later sestican only be applied for stopping
particles in the FGDs. Particles starting outside detectors can be seen as particular
cases of particles which start in the FGDs, with thifference being that the entry
energies in the FGD of those particles can be densd as their initial energies for the
sake of the FGD PID algorithm. An extension of #igorithm to particles exiting the
FGDs would require the use of information from etdetectors, which is beyond the

scope of this work.

2.2 Scintillator detectors

The T2K Fine Grained Detectors, as discussed atiose 1.3, are based on
scintillating bars to detect particles [18]. In ghkind of detector, charged particles
passing through the scintillating material excigeatoms. When de-excited, these atoms
emit light in the ultraviolet (UV) region of the sgtrum [3]. The scintillation process is
especially evident in organic substances which aontaromatic rings, such as
polystyrene (PS) and polyvinyltoluene (PVT) [25].

In the FGDs, the scintillating bars are made dystgrene doped with PPO (2,5-
Diphenyloxazole) and POPOP (1,4-bis(5-phenylox&zgl} benzene), both organic
scintillating materials. The bars are coated wéfiective polystyrene doped with TiO
[18]. Organic materials, in general, emit lightthre ultraviolet range, which is quickly
attenuated due to self-absorption effect in theaet material. To mitigate this effect,
wavelength shifting (WLS) fibres are used to cdllaecd transport the photons from the

point of interaction of the particles in the FGlasthe MPPCs [3]. The WLS fibres used
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in the FGDs shift upwards the wavelengths of th@setons to the green region of the
spectrum to better match the region of maximum eaisitivity of the MPPCs.
Scintillating materials, however, do not have d¢lyathe samedE /dx behaviour

as that described in the previous section becégserespond differently to the ionization
process than lead, for example. In other wordfhafionization columns resulting from
the particle interactions with the detector arey\a@nse, they will emit less light than that
expected using eq. 2.1. A semi-empirical correcporposed by J. B. Birks [26] is used
to attend to this effect. The Birk’s correctiorgisen by:

dL dE /dx

ax P T T kydE dx (2:3)

where £ is the measured luminescence of the scintillafgris the luminescence at low
specific ionization density an; is the Birks’ constant for a specific scintillatmaterial

which is determined by measurement [25].
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CHAPTER THREE: Methodology

3.1 PDFs development

The Probability Density Functions (PDF) for eaetedted particle type (electron,
muon, pion and proton) in the FGD were developesetiaon the energy deposition
distribution relative to the distance travelled &given particle (hereafter referred to as
track length) in the detector. Since this distridtis characteristic for each different
particle type, it can be used to identify betwegfecknt particle species.

In the FGDs, the energy deposited is obtained basuring the charge output
from each MPPC. Only MPPCs with charge signal abaveefined threshold are
considered. The threshold was chosen becausduts igefar below the single-pixel pulse
height distribution, but is large enough to avoidsmbaseline fluctuations. The output
charge is then converted to energy using an apjtepconversion factor following the
detector calibration. Corrections are then applbedadjust for factors such as light
attenuation in the WLS fibers [16]. The resultingage from each MPPC is summed up
to obtain the total energy deposited by a givertiggarin the detector. This value,
however, does not take into account the energy sieabby the particle in dead (non-
readout) material between scintillator bars.

The track length is obtained using the RecPack ggehkn the ND280 software
[27]. This is an algorithm that reconstructs théhpaf particle using measured hits (one
hit represents a reconstructed point in a scittitldbar with a MPPC signal). RecPack
takes into account curvatures in the path produmgdhe magnets surrounding the

detector.
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For a given particle species, the respective PB§ obtained using simulations of
that particle passing through the detectors. Theicga gun option available in the
simulation toolkit Geant4 (see [28]) was used with the ND280 software paekty
individually generate samples of protons (p), muQn} electrons (@ and pions %)
with the kinematics of interest to T2K. The ND28@svimplemented in the Geant
simulation to ensure consistency with the respookehe detector. The particles
generated had energy uniformly distributed betw@esnd 500 MeV. They were also
produced at positions uniformly distributed in tkhetector fiducial volume (active
volume within the detector, excluding an exterrafer) of the detectors FGD1 and

FGD2 (fig. 3.1).

/ FGD

Fiducial volume

Figure 3.1: Representation of fiducial volume regielative to FGD. (Original in
colour.)

100,000 particles of each species were generateti wniform angular
distribution in each of the 10-degree (polar) hbire between 0 and 90° relative to the

beam direction (hereafter referred to as z-directas depicted in fig. 3.2), for an overall

! More information about the toolkit is availablehdip://geant4.web.cern.ch/geant4/
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total of 900,00(particles of each species. +dimensional representation of the angi
bins can be seen ifig. 3.3 The idea behind using this method is to ensuc@n

statistics for each angular inten

UA1 Magnet Yoke

Pon Downstream
S l ECAL

detector) R e
——.—_—_________

— Solenoid Coil

Barrel ECAL

Figure 3.2 Representation of the coordinate axes relativh@éameutrino beam directic
in the ND280 detector. (Original in colour)

Figure 3.3: 2-dimesional representation of the angular bins useddrsimulation:

Not all simulated particles were reconstructed,utiio This was due to tt

efficiency of the reconstruction software packad22®80 fgdRecon, that can be affect
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for example, for the number of hits the particles mia the detector (the more hits, the
better the reconstruction) [24]. Out of 900,000 eyated particles of each species, only

the amounts shown in table 3.1 (for FGD1) and tabl2 (for FGD2) could be

reconstructed and, therefore, used in the nextdtdpe analysis.

Particle Number of reconstructed events | Number of fully contained events
Proton 333,598 79,290

Muon 292,644 45,411
Electron 504,784 20,359

Pion 393,425 2,220

Table 3.1: Number of particles used in generatiath® PDFs for FGD1.

Particle Number of reconstructed events | Number of fully contained events
Proton 196,427 37,107

Muon 220,707 20,506
Electron 348,250 11,649

Pion 246,658 1,217

Table 3.2: Number of particles used in generatiaih® PDFs for FGD2.

Since the amount of energy deposited per uniadcs depends on the momentum
of the particle (high momentum particles deposislenergy than low momentum ones),
and the FGDs do not provide momentum measuremémgsmportant to set a standard
for comparison when generating the PDFs. For thay particles starting and stopping
within one of the FGDs are used to develop the PDFshis way, it is guaranteed that all
the energy of a particle was deposited in the detedong its track length. The size of

the sample is given by the fraction of reconstrddtacks for which the start and end
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points are within the respective FGD fiducial vorir(fully contained events). This
number can also be seen in table 3.1 and 3.2 (¢bidnn to the right). Once these tracks

are selected, one can plot the correspondence &etiine deposited energy and track

length.

3.2 Energy and track length

The obtained plots using the simulations describesction 3.1 are shown in fig.
3.4 to 3.7, for protons, muons, electrons and pionsGD1, respectively (results for
FGD2 were omitted for being similar to those ob¢dlirior FGD1). All plots on the left-
hand side represent the true values of the sintuladeticle energy and track length. The
plots on the right-hand side show the same vaalilet with values obtained from the
reconstruction software (therefore subjected tossmg effects such as those introduced
due to detector resolution).

Energy vs Track (Truth) - Proton Energy vs Track (Recon) - Proton
Energy ve Track
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Figure 3.4: Correlation between energy and traogttefor protons in FGD1 using truth
(left-hand side) and reconstructed (right-hand)sideiables. (Original in colour.)
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Energy vs Track (Truth) - Muon
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Figure 3.5: Correlation between energy and tracitle for muons in FGD1 using truth
(left-hand side) and reconstructed (right-hand)sideiables. (Original in colour.)
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Figure 3.6: Correlation between energy and traogtlefor electrons in FGD1 using
truth (left-hand side) and reconstructed (rightéhaiule) variables. (Original in colour.)
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Energy vs Track (Truth) - Pion
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Figure 3.7: Correlation between energy and tractle for pions in FGD1 using truth
(left-hand side) and reconstructed (right-hand)sideiables. (Original in colour.)

The plots made with true information show a veryada distribution of particles

around the line where most of the other particeasergy and track length relationship

fall. They correspond to events with angle highwmt 70° relative to z-direction. This

happens because the method used in the reconstradgjorithm gets worse as the angles

approach 90°. Removing the tracks with angles alffemakes thérack length vs

energydistributions agree better between true and reaated as can be seen in figs.

3.8-3.11 for FGD1 and in figs. 3.12-3.15 for FGD@&; protons, muons, electrons and

pions, respectively. Rare cases of tracks with lprab in the reconstruction such as

negative track lengths or negative energies wese ra¢glected without any consequence

in the building of the PDFs.

31



Energy vs Track (Rec Pack) - Proton Energy vs Track - Proton

300 — e 200 - | [EeryeTea
=k At , p{Enies 7aza0 | =k . . mg @ a|Envies 7200 [
=z [ = i - Meanx 1848 = [ "= - . s Ll bean s 1878
- | - Mean y M7 - " Meany M7
250~ : ausx 1004 [0 50— . Aws e srs |
LE F RMSy 3008 LE o RMSy  apog|.
E L ro
C anc C 30¢
r o5 £ 25¢
E | =peec r 20¢
P X a‘- 15¢ O 15¢
L - é‘ 100 N 100
3 ’ 50 [ 50
TR N P T T e T Lo b b b s e L I
00 100 200 300 400 500 600 FOO  BOO OD 100 200 300 400 500 600 FOO  BOO
Track Length {(mmy} Track Length (mm}

Figure 3.8: Correlation between energy and tranfttefor protons in FGD1 with angles
smaller than 70°. (Original in colour.)
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Figure 3.9: Correlation between energy and tracitle for muons in FGD1 with angles
smaller than 70°. (Original in colour.)
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Figure 3.10: Correlation between energy and trangth for electrons in FGD1 with
angles smaller than 70°. (Original in colour.)
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Figure 3.11: Correlation between energy and trangth for pions in FGD1 with angles
smaller than 70°. (Original in colour.)
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Figure 3.12: Correlation between energy and trangth for protons in FGD2 with
angles smaller than 70°. (Original in colour.)
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Figure 3.13: Correlation between energy and trangth for muons in FGD2 with angles
smaller than 70°. (Original in colour.)
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Figure 3.14: Correlation between energy and trangth for electrons in FGD2 with

Energy vs Track (Rec Pack) - Pion

Track Length {mm}

Track Length (mm)

angles smaller than 70°. (Original in colour.)

Energy ve Track

Energy vs Track - Pion

120 _ 420 Energy vs Track
=0 Enties 1217 = b Entries 1217
= Meanx 2117 = - Mean x  248.3
- Meany 31.79 = Meany 31.74
Soo C AMSx  92.27 Hoo C AMSx 9455
g8 [ AMSy 1138 g [ RMSy  11.35
A 10 L 7
BO— BO—
[ - [ - G
L &
60— _ 5
L . 6
3 4
40}
C " 3
20r ; 2
[ - 2
L 1
Lot b b b by 1y B Lot b b b by 1y B
0{) 100 200 300 400 500 GO0 700 0{) 100 200 300 400 500 GO0 700

Track Length (mm} Track Length (mm}

Figure 3.15: Correlation between energy and trangth for pions in FGD2 with angles
smaller than 70°. (Original in colour)

The plots for FGD2 show a clear structure in @k length, where one can
clearly see a pattern of what looks like vertizaé$ with higher concentration of events.
This is explained by the larger distances betwestivealayers in FGD2 compared to
FGD1. The reason is that the water layers in FGig@2hat active (do not have a readout
system). Therefore, if a particle starts or stopa water layer, the hit used to reconstruct

the track is located either in the bar immediasdtgr or before that layer, respectively.
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A more detailed study of these particle sampledoige by individually analysing
the distributions for many parameters, such asggneéeposited, track length and angle,
in each detector, and by comparing the respectiie dnd reconstructed information to
assess how well those variables are reconstructed.

The distributions of energy are depicted in fig.&3for FGD1 and in fig. 3.17 for
FGD2, with red and dashed black lines representing and reconstructed energies,

respectively.
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black lines are reconstructed energies. (Origimahbilour.)

The reconstructed energies are shifted relativeth®s true distributions, as

observed in the above figures. The results of thigtraction between the true and

reconstructed energies shown above are representigd 3.18 for FGD1. The mean of

the distributions are 2.927 MeV for protons, 2.2M&V for muons, 3.491 MeV for pions

and 3.045 MeV for electrons.
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Figure 3.18: Difference in energy between recoestdiand true energy for simulated
protons (top left), muons (top right), electronst{bm left) and pions (bottom right) in
FGDZ1. (Original in colour.).

The distributions for track length are found ig.8.19 for FGD1 and fig. 3.20 for
FGD2, with red and dashed black lines represertirgyand reconstructed track lengths,
respectively. Each track length is obtained usimg teconstruction software package
RecPack which applies the Kalman Filtealgorithm [29] with a smoothing method for
fitting the hits used to reconstruct the track. sTimethod takes into account the

curvatures in the particle trajectory due to thespnce of a magnetic field in the detector.

2 RecPack is an external reconstruction toolkit. &imformation can be found at: http://ific.uv.esfrack ;

% Kalman Filter is a recursive algorithm based irsaries of measurements (each with its level of
uncertainty). For each measurement, the algoritbnegates an estimate of the unknown parametershwhi
is updated using a weighted average as new measntemre input. In the end, it uses the estimatie wi
the lower level of uncertainty found.
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The true track is obtained by fitting a straightelibetween the initial and final hit
positions. The straight line is a good approximatio the case of these particle
trajectories, because, since only stopping pastides being analyzed, the energies

involved are very low and, consequently, the cumeataused by the magnet is also low.
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Dashed black lines are reconstructed track len§@riginal in colour.)
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The track length distributions clearly agree betteetween the true and
reconstructed values than those observed for thgies in FGD1. The larger differences
between true and reconstructed values and thetwtescobserved in the reconstructed
track lengths for FGD2 are due to the presencé@inbn-readout water layers (25 mm

each) as already discussed in section 1.3 (paraghap
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3.3 Probability density functions

The comparisons between true and reconstructedbles, as discussed in the
previous sections, serve to demonstrate that, eadew differences between these two
classes of variables, there are good agreemehtsr @it shape or general trend between
them. This is fundamental for the selected methsdduto develop the particle
identification algorithm. As it will be describedh ithe following section, only
reconstructed quantities (simulated and real daith)play a role in the construction of
each patrticle type probability density function @Dvhich are functions that describe
the probability of a variable to acquire a givetued. Therefore, any difference between
true and reconstructed variable will not play aerol the final particle identification
algorithm.

According with the theoretical description [21][2#}e energy deposition per unit
or track length is characteristic of each partgpecies (see section 2.1). The PDFs were
constructed using the data shown in figs. 3.8 1& vith the track length divided into 10
mm bins. For each of these track length bins, tiexgy distribution is plotted and then
fitted using a Gaussian function (only bins withrenthan ten entries are considered in
order to guarantee a minimum statistic significanée PDF is then constructed for a
given particle species using the mean energy valbtsned from each fit. The standard
deviations resultant from each fit are also usethéanalysis as a way to measure how
much, in average, an experimental event deviates fhe mean value.

The resulting PDFs for each particle are showfigin3.21 for FGD1 and fig. 3.22
for FGD2. Here, the points represent the mean gataening from the fittings and the

error bars represent the standard deviations. Smimts were excluded from the plots
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due to having very large standard deviations (ntba® 50 MeV), suggesting that they
were bad points, since a very large sigma meangrbanergies measured for that track
length bin varied a lot. Whenever the energy distion for each bin had less than ten

entries, and the Gaussian fit was not performesl, pihint was also not included in the

plot.
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Figure 3.21: PDF for protons (top left), muons (tat), electrons (bottom left) and
pions (bottom right) in FGD1.
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Figure 3.22: PDF for protons (top left), muons (tat), electrons (bottom left) and
pions (bottom right) in FGD2.

3.4 Likelihood analysis

The track lengths and energies from the real @onidated) particles crossing the
detector can be compared to the values given b¥yDfes (which were calculated based
on simulations). The comparison used in this parigentification algorithm is given by
the pull, a value derived from how much the eneryg given particle deviates from that
based on a calculated PDF for a determined trauitheand particle hypothesis. The pull
for each particle type hypothegiss given by:

E —E;(x)

Pl =5

(3.1)
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where,i = (proton, electron, muon, pior;is the energy from the real particle crossing
the detectorf;(x) is the standard energy from the PDFs correspondirsggiven track
lengthx anda;(x) is the standard deviation associated;ix).

In practice, the real particle is tested for ddéfg particle hypotheses. The
hypothesis providing the pull closer to zero isuassd to be the identity of that particle.
For example, if the muon hypothesis is the one ghats a pull closer to zero compared
to other hypothesis, then the particle is assumdxtta muon.

Two complementary ways of calculating the pullighle were developed and
implemented in the particle identification algonththe first one (from now on referred
to as the “table method”) assumes the values fer @hergies and their respective
standard deviations as those presented in Figs.a@ 3.22 (the data is shown in a graph
in order to facilitate the comprehension); the selcone (from now on referred to as
“fitting method”) assume the energies and standbdations are plotted against the
track lengths. In this method, tle@ergy vs track lengttistributions are fitted using eq.
3.2, while the functional form represented in e@®.i8 used to fit thstandard deviation
vs track lengthdistributions.

f=ax?+cx (3.2)
g=ax+b (3.3)

The fittings using eq. 3.2 are shown in Figs. 3aRd 3.24 for FGD1 and FGD2,
respectively, while the fitting using eq. 3.3 aepitted in Figs. 3.25 and 3.26 for FGD1
and FGD2, respectively with the resulting paranselisted in tables 3.3 and 3.5 for eq.
3.2 and FGD1 and tables 3.4 and 3.6 for eq. 3.3FR8I02. Each set of parameters are

used as input in each of the respective equatichar®d 3.3 for the pull calculations. If
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one wants to calculate the proton pull, for examgle proton in FGD1, fitting
parameters are applied to equation 3.2, resulting i

f =5.1x%%% + 0.04x (3.4)
then the same is done for the standard deviatiahtla@ track length substitutesto

obtain the corresponding pull.
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Fig. 3.23: PDF fittings for protons (top left), ms(top right), electrons (bottom left)
and pions (bottom right) in FGD1. (Original in coftg
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Fitting Parameters

Particle
a b c x°/ ndf
Proton 5.10.1 0.590+0.009 0.04+0.01 142/49
M uon 2.33+0.09 0.51+0.01 0.105+0.005 126/53
Electron (7+4)10° -2.0£0.1 0.1550+0.0004 84/33
Pion 7+4 0.240.1 0.18+0.03 19/22

Table 3.3: Fitting parameters using eq. 3.2 for Bi@Fs in FGD1 (fig. 3.23).
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Fitting Parameters
Particle 5
a b c ¥~/ ndf
Proton 2944 0.00+0.03 0.146+0.005 279/45
Muon 19+4 0.10+0.04 0.081+0.002 161/51
Electron (8+3)10° -1.15+0.09 0.0697+0.0007 127/30
Pion 1.18+0.09 0.63+0.02 -0.02+0.01 19/19

Table 3.4: Fitting parameters using eq. 3.2 for eDA-GD2 (fig. 3.24).

Fitting Parameters
Particle 5
a b ¥~/ ndf
Proton 11.07+0.08 0.0082+0.0005 177/50
Muon 3.60+0.04 0.0091+0.0002 172/54
Electron 1.68+0.05 0.0150+0.0004 113/39
Pion 4.310.4 0.014+0.003 27/23

Table 3.5: Fitting parameters using eq. 3.3 indsaath deviation for FGD1 (Fig. 3.25).

Fitting Parameters
Particle 5
a b ¥~/ ndf
Proton 9.4+0.2 0.0151+0.0008 121/46
Muon 3.55+0.08 0.0070+0.0004 151/52
Electron 1.710.1 0.0094+0.0005 72/31
Pion 1.2+0.8 0.024+0.005 39/20

Table 3.6: Fitting parameters using eq. 3.3 indaath deviation for FGD2 (Fig. 3.26).

To build the final particle identification algdmit, the pull is obtained using the

table method for all data points present in the $DFhe fitting method is employed



whenever the table method does not provide a gomthe specific track length being
analysed.

The pull distribution for each hypothesis, as giy®neq. 3.1, is fitted with a
Gaussian function. The likelihood of a given paetibypothesis is given as the ratio
between the weight obtained from the Gaussiarifiing using a Gaussian function) to
this particular hypothesis and the sum of the wisigi all other Gaussian fits for all

particle hypotheses as mathematically describe.if3.&:

__ Gaus;(pully)
W= Y j Gausj(pull;) (3.5)

wherei, j = 1,..,4 are the possible particle hyphotesis.
The most suitable hypothesis for a sample shoane lweight close to one when
the pull is close to zero. The results obtainedtiier pull distribution and weight can be

found in section 4.1 for simulations and 4.2 falmata from the experiment.
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CHAPTER FOUR: Results

4.1 Pull results

In order to obtain the pull results and test tHeF® obtained, a new set of
simulations was developed using the particle gutionpin the GEANT simulation
package. The same parameters, but different gemesatds were used in order to obtain
a different set of data from those used for thestroction of the PDFs (see section 3.1
for the discussion on the simulation procedure).

The truth identity of each generated particle wawed throughout the entire
simulation so that the efficiency of the partictkemtification (PID) algorithm could be
tested, i.e., how many times a given particle =@ identified as the true identity of
generated particles after all the simulation anda deeconstruction processes are
considered. Therefore, for each type of sampletgpranuon, electron or pion), all four-
particle hypotheses were used to obtain the respaatill values. The pull distributions
for FGD1 are shown in figs. 4.1 to 4.4 and, for EGI figs. 4.5 to 4.8. All figures on
the left-hand side were obtained using obtain &éietmethod, while the ones located on

the right-hand side were obtained using the fittimgthod.
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Figure 4.1: Pull distributions for each particlgobyhesis assuming a pure proton sample
in FGD1. (Original in colour.)
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Figure 4.2: Pull distributions for each particlgobyhesis assuming a pure muon sample
in FGD1. (Original in colour.)
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Figure 4.3: Pull distributions for each particlgobyhesis assuming a pure electron
sample in FGD1. (Original in colour.)
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Figure 4.4: Pull distributions for each particlgobyhesis assuming a pure pion sample in
FGDZ1. (Original in colour.)
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Figure 4.5: Pull distributions for each particlgobyhesis assuming a pure proton sample
in FGD2. (Original in colour.)
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Figure 4.6: Pull distributions for each particlgobyhesis assuming a pure muon sample
in FGD2. (Original in colour.)
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Figure 4.7: Pull distributions for each particlgobyhesis assuming a pure electron
sample in FGD2. (Original in colour.)
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Figure 4.8: Pull distributions for each particlgobyhesis assuming a pure pion sample in
FGD2. (Original in colour.)

In both the fitting and table methods, the distiitmos for the correct particle
hypothesis are closely peaked at zero, unlike tHim® the other (incorrect) particle
hypotheses. In other words, both methods can bd tsealiscriminate protons and

electrons in a given sample. Pions and muons, emtier hand, cannot be individually
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identified using either of these methods becauseathount of energy deposited per tr
length unit is similar for both of these particpes, leang to similar pull distribution
Since both table and fitting methods produce g@sdlts, the algorithm used f
the PID is a combination of them, thus taking adage of their qualities. The tak
method can sometimes lack points (no entries ineskins) in the distributions r the
particles track lengths, buhe fitting method allows thalgorithir to extrapolate the
curve to obtain values of energy for all bins aclk length. In conclusion, the tal
method is chosen as the default in the firlD algorithm, with the fitting method use¢
when a bin (or bins) of track length is (are) negent (empty bins) in the table meth
The pull results from the combined method can lea sefig. 4.9 for FGD1 and fig. 4.10

for FGD2.

Pull - Muon

Pull - Proton foui
ullp 1000
20000 Enties 13973 — Proton Enties 8918
= Mean  07714|  go0|  ge Mean  -2.739
o RMS 2135 [RMS  5.059 |

Pulp

1800

16001
1400
12001

10001

Pull - Electron Pull - Pion

S
=3

e,

15

o
=]
o

| = Ta ¥ s = SNSRI . TR 2 O e i
-15 5 10 15 - -
Pull 1 10 " pul

Figure 4.9: Pullistributions for proton (top left), muon (top righelectron (bottom left
and pion (bottom right) samplesFGD21 using the combined meth¢ (Original in
colour.)
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Figure 4.10Pull distributions for proton (top left), muoroft right), electror(bottom
left) and pion (bottom right) samplesFGD2using the combined meth« (Original in
colour.)

The distributions fronfig. 4.9 and 4.1@Qvere fitted with Gaussian functions, &
the eq. 3.6vas applied to calculate the likelihood for eachtiple hypothesis for each
pure particle sample as described in sec3.5. The likelihood function is used to sels
the pull interval representing the region of highssbability of correct identification of
particle type in a given sample. The plots vthe likelihood distributions as a funcn of

the pull variables for FGD1 and F(2 are shown inifis. 4.11 and 4.12, respective
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Figure 4.11: Likelihood for different particle hygheses for sample of protons (top left),
muons (top right), electrons (bottom left) and gidbottom right) in FGD1. (Original in
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Figure 4.12: Likelihood for different particle hyth@ses for sample of protons (top left),
muons (top right), electrons (bottom left) and gigbottom right) in FGD2. (Original in
colour.)

4.2 Results using real data

To further test the PID algorithm, two sets of tohsamples, one of protons and
another of muons, with real (non-simulated) datéected with the T2K experiment were
used. These samples, with specific characteristiese carefully collected and processed
with the ND280 software by the T2K collaborationdaare available for different kinds
of analyses and tests. The protons and muons stiqoeare selected such that they stop

within either one of the FGDs.
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The proton control sample was selected from ictemas between the neutrino
beam particles and the ND280 detectors. The TP&sgsction 1.2 to recall what a TPC
is) were used to identify and select protons, vidlowing conditions to qualify the
protons as stopping-protons:

» for a proton stopping in FGD1, the correspondighkrhas to present hits in TPC

1, hits in FGD1 and not present hits in TPC 2.

» for a proton stopping in FGD2, the correspondighkrhas to present hits in TPC

2, hits in FGD2 and not present hits in TPC 3.

Complications in this selection can arise when @ne contains more than one
reconstructed track (coming, for example, from plét particle events or from a single
track being reconstructed as more than one traektauhe efficiency of reconstruction
software). In these cases, the control sample ighgorwill include those multi-track
events when one of the tracks fulfills the critezgtablished above. In order to prevent
including particles of other species in the protamtrol sample, or to prevent using
events with bad reconstructed tracks, all eventiklwhontained more than one track
have been excluded from this analysis.

The neutrino interactions producing the protons mdns selected in the control
samples can take place outside the FGDs. On ther bdtnd, the simulations used to
construct the PDFs and pulls or the PID algorithnly cassumes trajectories fully
contained in the FGD. However, this fact doespuste any problem as, in cases where
the protons or muons start outside the FGDs, osiehjas to consider the section of the
trajectory starting in the first layer of eithertble FGD detectors, and ignore the section

of the track laying before that.
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The pull distribution constructed using the PIDaaithm for real (non-simulated)
protons stopping in the FGD1 is depicted in fig.34and in fig. 4.14 for FGD2. It can be
seen that the proton hypothesis best describeddtse (peak is closer to zero). The left
and right side-tails in the distributions are daarmpurities on the sample (despite the
strict criteria employed in the selection of pratdor the proton control sample, there is

always some other particles that can be mistaksgicted and included in this sample).
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Figure 4.13: Pull distribution for proton, muote&ron and pion hypotheses when
applied to stopping proton data sample in FGD1ligi®al in colour.)
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Figure 4.14: Pull distribution for proton, muotearon and pion hypotheses when
applied to stopping proton data sample in FGD2igi@al in colour)
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Fig. 4.15(FGD1) andfig. 4.16 (FGD2) show the comparison between the
distributions obtained using real data (proton mmrgample) and simulated protons

the proton hypothesis. The agreement between tbetypes of distributions is ven

good.

Pull for simulated and real protons - FGD 1

fPull

Entries 13973

— Simulation
Mean 0.7714

01— Real data RMS 2.135
0.08—
0.06—
0.04—
0.02—

07||||\I'I|_| I R =)

-15 -10 -5 0 5 10 15

Pull

Figure 4.16 Comparison between pull distributions for simethaind real data assurg
the proton hypothesis for F(1. (Original in colou.)
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Figure 4.17 Comparison between pull distributions for simethaind real ata assuming
the proton hypothesis for F(2. (Original in colou.)
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The muon control sample was obtained from cosnaigs r(the muons are
produced by the interaction of cosmic rays withlaeuio the Earth’s atmosphere, and are
called cosmic muons due to their origin). The mparticles can cross the FGDs in either
of the following directions: passing first throughGD1 and then through FGD2
(upstream), as the neutrino beam does; or the dppesy around (downstream).
Because of the FGD Cosmic Trigger (the algorithraduky the FGDs to select cosmic
events), that requires that a cosmic muon haswue his in both FGDs, in horizontal and
vertical bars, to be selected, the selection fopghg cosmic muons requires that the
particle enters and exits one FGD and then entetiaver exits the other. Therefore the
selection criteria for these particles have toudel both possibilities of directions and,
therefore, are:

» for muons stopping in FGD1, the corresponding tizak to present:
- downstream-most and upstream-most hits in horitard vertical bars in
FGD2.
- downstream-most hits in horizontal and verticasbarFGD1.
- no hits within a distance smaller than 10 cm from @pstream edge in FGD1.
» for muons stopping in FGD2, the corresponding tizak to present:
- upstream-most and downstream-most hits in horitard vertical bars in
FGD1
- upstream-most hits in horizontal and vertical barsGD2
- no hits within a distance smaller than 10 cm frdra downstream edge in

FGD2.
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No further cuts were applied in the selection & ttontrol sample in order
preserve a significant statistics necessary farghidy

The pull distribution for the al muons can be seen in figs. 4.18 and for
FGD1l1and 2, respectively. Aga it is possible to see that the peaks for muonspaors
are mostly coincident, as was discussed before, that the separation betwe
muon/pion and protons and electrons is clear, dstmamimg once again, now with re

data, that particle identificion can be performed.
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Figure 4.18 Pull distribution for proton, muon, electron guidn hypotheses whe
applied to stopping muon data samplFGD1.(Original in colour
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Figure 4.19 Pull distribution for proton, muon, electron guidn hypothesewhen
applied to stopping muon data samplFGD2.(Original in colour

As done for the proton control sampfig. 4.20 (FGD1) andfig. 4.21 (FGD2)

show the comparison between the pull distributionsimulated and real muo
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Figure 4.20 Comparion between pull distributions for simulated and deda using
muon hypothesis and muon sampleFGD1.(Original in colour

64



Pull for simulated and real muons - FGD 2

fPullmu
0.09|— simulation hEAntnes 153;9
ean R
0.08| — Real data RMS 2.587

0.07

0.06

0.05

0.04

0.03

0.02

0.0

=

en[TTTT]TTITT TTTIT [ TIIT[TITIT T[T T T TTTT]TT
RN R L L R

o ol Do f [
-10 -5 o] 5 10 15
Pull

=]

Figure 4.21: Comparison between pull distributiorssimulated and real data using
muon hypothesis and muon sample for FGD2. (Origmablour)

Apart from impurities in the real data samplecas clearly be noticed in the real
muon pull distribution for FGD2 (fig. 4.21), thestdts for real particles agree very well

with the simulations, thus validating the PID algan.
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CHAPTER FIVE: Conclusions

The main objective of this thesis research was déeelopment of a particle
identification algorithm for FGD isotracks (trackgich start and stop within a FGD).
During the research time, | also performed othévidies for the T2K collaboration, as
briefly described in Appendix A of this thesis.

The PID algorithm was developed based on two comg@ftary methods: the
table method and the fitting method (see sectidnf@. more details in both methods).
The table method is used as the default framewarkhe PID, with the fitting method
employed whenever no information is provided by dle¢ault method for certain given
tracks. The algorithm was demonstrated to be ablieléntify proton and electrons in
both simulated and real data with good efficienmy&dngles and energies between 0 and
70° and 0 and 500 MeV, respectively. Pions and m@wa difficult to separate using the
method implemented in the PID algorithm in the kiragic range analysed in this thesis.
This is mainly due to the similarities between #reergy deposition per track length
between these two particles. Further work exploghgrnate methods would have to be
performed in order to accomplish the goal of sigaifitly separating pions from muons.

Furthermore, the algorithm developed in this theslifies the previous FGD
PID algorithm [30] in two ways: first, it introdusethe identification of electrons.
Second, it uses reconstructed simulated variabttsad of true simulated variables when
building the PDFs for protons, muons, pions andtedas. This allows a direct and more
realistic comparison between the variables usecbtwstruct the pull variables, namely

the predicted energy obtained from a given PDF thggis and the particle energy
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reconstructed from the real data. Besides, theridlgo makes it easier for future
developments such as the identification of padiaeiting the FGD that do not leave
enough hits in the TPCs for a proper identificatiath these detectors. In this sense, the
FGD PID algorithm can be a valuable source of mi@tiion even for events not fully
contained in the FGDs.

The PID algorithm as described in this thesis hi@ady been implemented in the
general ND280 reconstruction algorithm and is fdlipctional, being already used to

reconstruct the new T2K processed data.
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APPENDIX A

Other contributionsfor T2K

During the research time, | also performed othetiviies for the T2K
collaboration, which will be briefly explained ihdé next paragraphs.

Firstly, 1 worked in the calculation of FEB-to-FEBont-end board) offsets in the
FGDs. These offsets refer to the differences intihitng among the FGD FEBs. They
needed to be adjusted to a new version of the aocftwMy work was to calculate the
offsets of all FEBs relative to an arbitrarily ceasone and then apply the corrections in
the software.

| also worked as FGD on call detector expert inadafor two months, where |
was responsible for dealing with any problems irDRring that time to guarantee the
detector was running the most amount of time ptséiy data taking.

The last job | had in the collaboration was as Fdzita quality expert for a little
longer than a year. In this case, | was responsalanalysing the data quality plots for
FGD and verify no problems happened in the detastole data was being collected. |

also had to flag if the quality of data was goodhotin the data quality database.
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