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Resumo

A fisica de neutrinos é um campo da fisica de particulas dedicado ao estudo das propriedades
dessas particulas e suas intera¢cdes com a matéria. Ainda que muitas caracteristicas sejam con-
hecidas devido aos diversos esfor¢os tedricos e experimentais ao longo de varias décadas, ainda
ha diversas questdes em aberto a respeito dos neutrinos. Por isso, o desenvolvimento de tec-
nologias como detectores baseados em Camaras de Projecao Temporal com Argodnio Liquido
(LArTPCs). Experimentos de nova gera¢do, como o Deep Underground Neutrino Experiment
(DUNE), desenvolvem essas tecnologias para a investigacdo de pardmetros de oscilagdo de neu-
trinos, violagcdo de simetria CP e buscas por fisica além do modelo padrao. A quantificacdo da
producdo de cargas elétricas e luz de cintilacdo induzidas pela passagem de particulas rela-
tivisticas carregadas em argonio liquido € relevante para o funcionamento de LArTPCs. Este
trabalho ird aprimorar o modelo fenomenolégico LArQL, que descreve a anticorrelagdo entre a
producdo de cargas livres (Q) e luz de cintilagdo (L), incluindo efeitos de recombinacio e car-
gas de escape em regides de baixo campo elétrico. O modelo leva em considera¢do o nimero
total de quanta produzidos, recombinacdo baseada no modelo de Birks, dependéncia do campo
elétrico e a energia média por separagcdo idnica. A pesquisa serd organizada em duas etapas
principais. Ajuste global: Integracdo de nove conjuntos de dados de recuos de elétrons (ER) em
argonio liquido, correlacionando carga, cintilagdo, campo elétrico e energia depositada. Vali-
dacdo do modelo: Teste com 9 bancos de dados de ER ndo incluidos no ajuste para avaliar a
precisdo e robustez das estimativas. Os ajustes propostos melhoram a variancia das estimativas
de carga e cintilacdo para ER em ~6,64% para os datasets incluidos no fit, conforme avaliado
pela reducao média nos valores de Soma de Residuos Quadrados (SRQ) em relagdo ao modelo
LArQL com os pardmetros originais. Além disso, para os dados ndo incluidos no fit todos os
datasets apresentaram uma representacdo satisfatéria pelo modelo, tanto para dados de luz e

carga para diferentes experimentos.



Abstract

Neutrino physics is a branch of particle physics dedicated to studying the properties of these
particles and their interactions with matter. Although many characteristics of neutrinos are
known due to extensive theoretical and experimental efforts over several decades, numerous
open questions remain. This motivates the development of technologies such as Liquid Argon
Time Projection Chamber (LArTPC) detectors. Next-generation experiments, such as the Deep
Underground Neutrino Experiment (DUNE), advance these technologies to investigate neutrino
oscillation parameters, CP symmetry violation, and search for physics beyond the Standard
Model. Quantifying the production of ionization charge and scintillation light induced by the
passage of relativistic charged particles in liquid argon is crucial for the performance of LArT-
PCs. This work aims to improve the phenomenological model LArQL, which describes the
anticorrelation between free charge (Q) and scintillation light (L) production, incorporating re-
combination and escape charge effects in low electric field regions. The model accounts for
the total number of produced quanta, recombination based on Birks’ model, electric field de-
pendence, and the average energy per ion pair production. The research will be organized into
two main stages. Global fit: Integration of nine electron recoil (ER) datasets in liquid argon,
correlating charge, scintillation, electric field, and deposited energy. Model validation: Test-
ing against nine ER datasets not included in the fitting process to assess the model’s accuracy
and robustness. The proposed adjustments improve the variance of charge and scintillation
estimates for ER by ~ 6.64% for the datasets included in the fit, as evaluated by the average
reduction in the Sum of Squared Residuals (SSR) compared to the original LArQL model pa-
rameters. Furthermore, for the datasets not included in the fit, the model provided a satisfactory

representation of both light and charge data across different experiments.
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1 Introduction

The technology of Liquid Argon Time-Projection Chambers (LArTPC) is dedicated to ex-
periments for neutrino detection through the quantification of scintillation light production and
ionizing electric charges resulting from the passage of relativistic charged particles through the
cryogenic volume composed of Liquid Argon (LAr). To enable the reconstruction of the particle
trajectories and deposited energies, and the particles produced in the interaction of a neutrino
with argon atoms in the detector’s sensitive region, this cryogenic volume is subject to a strong
electric field to produce a drag on the movement of electric charges toward an arrangement of

. 123
anode wire planes .

Thus, it is possible to reconstruct the trajectories of these relativistic particles. Scintillation
can occur due to both ionization and the excitation of argon atoms, also caused by the passage of
these particles, which may lead to the formation of excimers or excited dimers, upon decaying
a photon with a wavelength of 127 £ 10 nm is produced, an Vacuum Ultraviolet (VUV).

The LArQL is a phenomenological model proposed to express an anti-correlation relation-
ship between the production of charges and scintillation light from the interaction of ionizing
electrically charged particles with LAr, as well as other related quantities dependent on the de-
posited energy and the applied electric field in the cryogenic volume. One advantage of this
model is its ability to predict data considering regions with low or zero-intensity electric fields
for various experiments. The model uses the average number of total quanta produced, the
energy deposition per unit length, the average energy expended per ion pair separation, a cor-
rection factor dependent on the deposited energy per unit length and the electric field, and a

. . 4
recombination factor from Birks’ model .

The work aimed to improve the capability of estimating scintillation in LAr, which comes
from the deposition of energy per unit length caused by the passage of relativistic particles
through weak interactions in the sensitive region of LArTPCs, providing modeling contributions
for scintillation estimations in LArTPCs. To this purpose, two specific objectives were defined
for the development of this research: The first, consisted of a fit of the model parameters,
performed with 9 datasets for the scintillation and charge recombination for electron recoils as
a function of the applied electric field and the deposited energy, present in the literature, using

as a method the minimization of the values of the Sums of Squared Residuals. The second
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objective focused on making estimates for electron recoils datasets not included in the fit to

assess the quality of the adjustments.

The chapter 2 outlines the theoretical and experimental aspects of neutrino particles, includ-
ing their proposal, discovery, characteristics, and parameters relevant to neutrino oscillation

measurements.

The chapter 3 describes the LArTPC technology, addressing the features of single and dual-
phase designs. It examines the mechanisms of productions of scintillation light production for
both S; and $; light, within the cryogenic volume, its propagation, and the correlation between

the energy deposited by ionizing particles and the transport of released electrons.

The chapter 4 provides an overview of the analyzed experimental datasets for electron re-
coils, detailing the apparatus, data treatment, and key results. The chapter is divided into two

sections: About the datasets included in the fit and the datasets used for model comparison.

In chapter 5, the treatment of experimental data based on the LArQL phenomenological
model is detailed, highlighting data optimization via the Least Squares Method. The scintilla-
tion and recombination graphs are presented to derive statistically adjusted global parameters

.. . . 56 7 C e e . .
that optimize nine experimental datasets (from refs.  and ) by minimizing the residuals.

The results from the previous chapter are documented in chapter 6, including estimates for

910

datasets excluded from the fit (from refs. " and ”) using the obtained global parameters and

the alpha particles correction term. Finally, chapter 7 summarizes the conclusions of the study.



2 Neutrino Physics

This chapter gives a brief outline of neutrino physics. Section 2.1 covers a short history of
neutrinos and their main properties in the Standard Model (SM). Section 2.2 presents the neu-
trino oscillation mechanism and its parameters, relating to the experiments designed to measure
them. Lastly, section 2.3 discusses the neutrino mass hierarchy, the experimental approach, and

the main neutrino sources used in experimental designs.

2.1 Neutrinos brief review

Following the discovery of natural radioactivity in 1896 by H. Becquerelu, radioactivity was
uncovered, particularly through the work of M. Curie and E. Rutherford . In 1897 J. Thomson
discovered the electron, the first known subatomic particle”. In 1899, the nuclear beta ()
decay:

n—pt+e +V, 2.1

was discovered by E. Rutherford . In 1934, the positron f decay:
p—nte+v,. 2.2)

was first observed by I. Curie and F. J oliot'*.

In 1930, W. Pauli postulated the existence of an additional final state particle to explain
the electron continuous energy spectrum observed, ensuring the conservation of energy and
momentum for beta decays”. To solve the problem, this particle was hypothesized as a neutral

. . . . 18
fermion with spin 1/2, the neutrino .

The neutrino hypothesis allowed E. Fermi 1934 to develop the first theoretical framework
for describing the beta decay in nuclei, assuming that protons and neutrons form the nucleus.
Also, Fermi suggested a procedure to detect neutrinos, that is an antineutrino colliding with a

. . . . 19
proton, which would produce a neutron and a positron in an inverse beta-decay :

Ve+p—nte’. (2.3)
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2.1.1 Neutrinos Detection

Nowadays, it is known that neutrinos and anti-neutrinos, in analogy to the quark families,
exist in three flavours. The electron (V,), muon (V) and tau neutrino (v;). This section de-

scribes how these particles were first experimentally observed.

Neutrinos were first experimentally detected in 1956 by C. Cowan and F. Reines. At the
Savannah River nuclear site (South Carolina, USA), Cowan and Reines used a reactor as an
electron anti-neutrino (V,) source to detect neutrino interactions with protons. Their detector
was composed of a tank filled with cadmium chloride dissolved in water (CdCl,) with external
scintillator volumes equipped with photomultiplier tubes (PMTs) to detect light produced by
positron annihilation and a subsequent neutron capture as illustrated in fig. 2.1. Notice these
were the final state particles of the reaction in eq. 2.3. This experiment allowed them to confirm

. . . 20
the existence of what is now known as electron neutrinos .

Y
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FIGURE 2.1 — The Reines-Cowan experimental setup. Adapted from” . The measurement was based on the time
coincidence of the two photons produced on the positron annihilation (E, = 511keV), and the posterior Cd neutron
capture (~ 10us delay).

This experiment led Fermi to express his gratitude in a letter, acknowledging the experi-
mental confirmation of his theory, for which Reines was awarded the Nobel prize in Physics in
1995.

In 1962, an experiment at Brookhaven National Laboratory (BNL) led by L. Lederman, M.

Schwartz, and J. Steinberger indicated the existence of the v, produced through 7 decays:

T = W+ (Ve V). (2.4)

The experiment consisted of a proton beam accelerated to an energy of E ~ 15 GeV in
the Brookhaven Alternating Gradient Synchrotron (AGS), and directed to a beryllium targetm.
The collisions produced pions that decayed, according to the reactions in eq. 2.4, resulting in

a collimated beam of muons and neutrinos. A 13 m-thick steel shield stopped the muons and
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allowed only (mostly) the neutrinos to reach the detector. Figure 2.2 illustrates the experiment.

W\
SRR
RS

|

FIGURE 2.2 — The AGS neutrino experiment. The proton interactions at the target produced pions that decayed in
flight and its final state particles flux stroke into a 13m thick iron shield wall with the neutrinos passing through.
The neutrino interactions were then observed in an aluminum spark chamber, located behind the shield. Figure
reproduced from” .

The neutrino interactions observed were as indicated in eq. 2.5:

Vu+n— U +p, 2.5)
Vut+p—u+n

Therefore the charged leptons in the final state were of a different flavour when compared to
the ones produced in beta decays and in the Savannah River Experiment (v, /V,). This indicated
the produced neutrinos interacted differently when compared to the previous experiments sug-
gesting those were neutrinos of a different flavour, v, /v},. This discovery resulted in the Nobel

prize in Physics in 1988”.

After the discovery of the third charged lepton (7), the v; was first postulated by M. Perl in
197523. The existence of the 7 leptons was described as experimental evidence for new, at least,

two particles. According to the reaction:
et +e 5th 41 5 T 4uT+ 4y (2.6)

where it was noted the production of e,y pairs with missing energy and momentum. These
events were found using the Stanford Linear Accelerator Center Lawrence Berkley Laboratory
(SLAC-LBL) magnetic detector at the cooling beams facility Stanford Positron Electron Accel-
erating Ring (SPEAR). Nowadays it is known that in the reaction proposed by M. Perl et al.:
et + e =1t + 17 — et +uT4+ >2unknown particles, the "unknown particles” are 4

. . 23
neutrinos as represented in eq. 2.6 .

In July 2000, a team of 52 physicists from the Direct Observation of the Tau Neutrino

(DONUT) Collaboration at Fermilab successfully provided direct evidence for the existence of
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the v¢, by observing the interactions:

vi+N—=1 +X,
with: 77 — U™ ,e” +Vy .V, 2.7)

or: T —h 4V,

. . . 24
where N represents a nucleon, the X is any possible final state particle, and /4 an hadron .

The experiment was specifically designed to detect the Charged Current (CC, see subsec-
tion 2.1.2) interactions of the v; and its charge conjugate and utilized a proton beam from the
Fermilab Tevatron, which interacted with a tungsten beam dump to produce a flux of neutrinos.
These interactions were identified by observing the production of the 7 lepton, which has a

lifetime of 2.9 x 1013 seconds, as the only lepton produced at the primary vertex 2

The detector as represented in fig. 2.3 (left) consisted of a scintillation counter veto wall
to filter non-neutrinos events, an emulsion target for event capture near the interaction region,
trigger hodoscopes, an analyzing magnet for momentum measurement, drift chamber to recon-
struct particles trajectory, an electromagnetic calorimeter and a muon identifier. At the beam
energy used in the DONUT experiment, 800 GeV, the 7 lepton decays within 2mm from the
interaction vertex, producing a single charged particle. Figure 2.3 (right) shows that the 7 de-
cays into a charged particle and two non-detected neutrinos. Therefore, this decay appears as a

distinct single-charged particle trajectory with an identifiable kink.

Tuon ID
Lead glass

calorimeter

Drift Chambers
Magnet

Emulsion /
sci fi tracker

Jet Chambers

46% \\\ (undetected)
% V.
\ %, , . e\

FIGURE 2.3 — The DONUT detector. At the right, the final state particles’ trajectory, represented in eq. 2.7. The
red line represents the 7, which decays into a lepton e or p with a trajectory kink and two neutrinos. Figure taken
from”.
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2.1.2 Neutrinos in the Standard Model

The SM is a gauge theory describing three fundamental forces—electromagnetic, weak,
and strong- interactions experienced by the fundamental particles%. Neutrinos are elementary
particles in the Standard Model (SM), classified as leptons with spin 1/2, are electrically neutral
and do not interact via the electromagnetic force, but participate in weak interactions mediated
by the W= (for CC interactions) and Z° (for Neutral Current, or NC, interactions) bosons.
Neutrinos are introduced in the SM as massless particles, meaning that the neutrino flavour
would be conserved. However, experimental evidence has demonstrated that neutrinos change

. . . . . . . 27 28
flavour as they propagate (neutrino oscillation), indicating that neutrinos have mass

Symmetries: Parity and Charge

Parity is a symmetry operation that inverts spatial coordinates, transforming Yo%
and can be represented in quantum mechanics by the P operator. Parity is conserved in all

fundamental interactions of elementary particles except for weak interactions.

The violation of the P symmetry was first experimentally observed by C. S. Wu in 1957
This was achieved using an apparatus to observe the asymmetry of the distributions of the angles
between the emitted 3 particles’ momentum and the direction of polarization of the decaying
0Co nucleus.

0co — ONi + B~ + v, + 2y (2.82MeV). (2.8)

The B particles’ angular asymmetry was observed by comparing the angular distributions
measured for both °Co vertical polarizations. Figure 2.4 shows the apparatus used in the exper-
iment. The B emissions were detected using an anthracene sample which acted as a scintillator
detector positioned inside the cryostat, near 2 cm from the cobalt source. Two sodium iodide
(Nal) scintillator counters were positioned on the equatorial and polar planes of the source to
monitor the y emissions. The beta asymmetry observed in Wu’s experiment led to the conclu-

sion of parity violation in weak interactions.

The charge transformation, represented by the operator C, converts a particle into its cor-
responding antiparticle. Charge symmetry is conserved in all fundamental interactions of el-
ementary particles, except in weak interactions. For instance, a W~ boson can couple with a
left-handed electron (e; ) but the charge conjugate of such transition is not observed in nature
WT —ef v,

Although C and P symmetries are not conserved in weak interactions, one could argue
that the composed CP operator is. For example, in the W boson leptonic transitions, CP is
perfectly conserved. However, this symmetry is observed to be violated in certain interference

. 31
phenomena, as an example, in neutral kaon decays (K-meson) .
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FIGURE 2.4 — Wu’s experimental setup. Figure taken from” . The B emissions were detected with the anthracene
crystal positioned near from ®°Co source. The anthracene scintillation was detected with two Nal scintillation
counters placed on equatorial and polar planes.

CP-violation was first observed in 1964, in an experiment led by J. Cronin and V. Fitch that
involved the K-meson decays32. The experimental setup was built on the Brookhaven AGS with
K-mesons produced on the collisions of a 30 GeV proton beam directed to a Be target. The
detector (see fig. 2.5) consisted of a helium volume to observe the K (d5) decays in STP con-
ditions, two spectrometers composed of spark chambers for track determination, separated by a
magnetic field of 178 kG-in for determining particles’ charge and momentum, and a triggering
system that was equipped with water Cerenkov detectors, to detect the signals from particles
faster than light in water and scintillator detectors, to detect charged particles, both positioned

behind the spectrometers.

PLAN VIEW

r—
I toot

57 Ft.to

internal target Helium Bag Scintilator

Water
Cerenkov

FIGURE 2.5 — Experiment conducted by Cronin and Fitch for the measurement of K meson decay rates. Figure

taken from". The setup was composed by two spectrometers for track determination in front of a triggering system
with Cerenkov detectors and scintillation detectors.



CHAPTER 2. NEUTRINO PHYSICS 30

The K-meson beam produces two kinds of particles with different time and decay modes.
The long-lived kaons (KB) have more probability to decay into three pions, with a mean lifetime
of 5.18 x 1078. The short-lived kaons (K?), with a mean lifetime of 8.958 x 10~!!, more likely
to decay into two pions. The Kg particles decay faster, meaning that only KB decays should be
observed at the detectors. However, the measurements pointed out that either Kg and K; were
observed, meaning that K oscillated to Ks with CP values of +1 and -1, respectively, indicating

occurrence of CP violation for such cases.

It is now known that the K and K are quantum mixtures of the mass states K and K°:

1

Y 0 _ 0 e—ilL,st '
eiaee IO RIER L S

|Ks.(1)) =

. 26 33
where € is a complex parameter

The discovery of CP violation in the neutrino sector will offer additional information about

its role in the observed matter-antimatter asymmetry in the universe.

Lepton number

The total lepton number L is a quantum number that is also known as lepton charge, which
represents the difference between the number of leptons and antileptons in reactions between
elementary particles. Each generation of leptons has its own lepton number: L,,L; and L¢, as

represented in tab. 2.1. Quarks and hadrons have a null lepton number.

TABLE 2.1 — Lepton number and charge (Q) for each lepton doublet.
-1 e u- T
0 Ve VIJV VT

Also, the individual flavour lepton numbers (L., Ly, L) are conserved during transitions,
however, these are not conserved along neutrino oscillations (see sec. 2.2). Hence, one can

introduce a more general quantity as:

which restores overall lepton conservation in both situations.
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2.2 Neutrino oscillations

In this section, the observations that led to the conclusion that neutrinos change their flavour
as they propagate are discussed (subsection 2.2.1) and the neutrino oscillation formalism is

introduced (subsection 2.2.2).

2.2.1 Neutrino Solar Experiments

The Sun produces its energy by hydrogen nuclear fusion. Two main nuclear fusion processes
happen inside the star: the proton-proton (p-p) and Carbon, Nitrogen, and Oxygen (CNO) cy-
cles. Within these cycles, nuclear reactions produce v,s. These are listed in tab. 2.2 along with

the corresponding neutrino energy production threshold and capture cross section with 3’Cl.

TABLE 2.2 — Neutrino-producing reactions in the Sun, energy thresholds and capture cross-section for v, by 3’CI.
Taken from'" .

Reaction E,MeV o(cm?)
p-p Chain:
p+p—d+et+v, > 0.42 0
pre +p—d+tv, 144  16x 10740
SHe+p —*He+et +v, >188 3.9x107%
8B 8Be* +e+v, >15 1.14x10°%
CNO cycle:

BN 5B Ctet+v, >12  17x107%
BO B N+et+v, >173 6.8x107%

The Solar Standard Model (SSM) predicts the expected neutrino flux produced by nuclear

fusion to be equal to 2 x 1038ves_135. The SSM is based on the following assumptions:

The Sun evolves in Static Equilibrium between pressure and gravity;

The nuclear reactions in the Sun are the only source of energy;

The condition of the Sun, in its main sequence, is considered homogeneous and highly

convective;

The energy of the Sun can be transferred by conduction, convection, radiation, and neu-

trino losses.

The Homestake experiment

Built between 1965 and 1967, aimed to perform measurements of v, fluxes from the Sun,

with energies Ey, > 0.814 MeV. The experiment mainly consisted of a tank with 6.1 m diameter
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and 14.6 m length, 95% filled with tetrachloroethylene (C,Cly) and 5% filled with gaseous He,
under 1.5 atm of pressure. Figure 2.6 shows the experimental apparatus which was positioned
1.478 km underground in the Homestake Mine, South Dakota, USA36.

FIGURE 2.6 — The Homestake Solar Neutrino experiment. The main components are indicated and, in particular,
the 615 t tank filled mostly with C, Cl and the processing room containing the nitrogen-cooled charcoal trap, for
extracting the Ar atoms produced during inverse 3 decays. Figure taken from™.

The solar neutrino flux was measured by counting the argon atoms (*” Ar) produced in the

inverse B decay of chlorine (*’Cl):
ve+3Cl = Ar+e, (2.11)

provided by the neutrino interactions with the 3’Cl, with an expected average rate of 1.7 inter-
actions per day. The 37 Ar was extracted from the gaseous phase by a purification system with
a nitrogen-cooled charcoal trap (see fig. 2.7). The Ar is easily extracted from the C,Cls by
purging it with He as Ar is a noble element and does not make chemical bonds. The He+Ar
mixture is transferred outside of the tank into a purification system, where Ar is then extracted

from the mixture with the charcoal trap. After purification, He is fed back into the tank.

These Ar atoms were extracted from the tank and counted through their decays. The ob-
served interaction rate per day was only 0.48 + 0.04 ™ in contrast to the higher rate expected
according to the SSM. This neutrino deficit detected was then known as the Neutrino Solar

Problem.
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FIGURE 2.7 — Functioning of the Homestake Solar Neutrino experiment. Figure taken from” . The Ar is extracted
from the liquid by purging it He. The He+Ar is transferred outside of the tank into a purification system, where Ar
is then extracted from the mixture with a charcoal trap.

Gallium-based experiments

Two experiments employed gallium ("!Ga) as a target to detect low-energy neutrinos from
the initial reaction of the p-p cycle. Both experiments employed neutrino interaction detection

techniques for the following reaction:
"NGa+v, =" Ge+e, (2.12)

where the 7' Ge is extracted from the target and its late decay is used for counting the incoming

neutrino interactions.

The Soviet-American Gallium Experiment (SAGE) in Baksan Neutrino Observatory
(BNO), Russia, started to take data in 1990 and worked with 57 t of liquid metallic Ga 7
The experiment was installed in an underground main chamber with 60 m length, 10 m width,
and 12 m height, delimited by 60 cm of concrete and 6 m of steel on all sides, containing 7
chemical reactors. Figure 2.8 shows the configuration of one of the reactors. A Teflon tank with
Ga is attached to band heaters which maintain Ga in a liquid state, and is mixed with Teflon
vanes that release an oxidative solution: 200 L of deionized water, 5 L 7 M of HCl and 16 L
of a 30% solution of HyO,. All of these are contained inside a steel tank. The Ge reacts by
selective oxidation to the aqueous mixture, and its volume is then reduced by a factor of 8 and

concentrated. The Ge is removed as a solution of GeCls by a gas flow and trapped in 1 L of
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deionized water. Then, the GeHy is synthesized, purified, and directed to a proportional gas
counter (80 ~ 90% filled with Xe), which accounts for the proportion between the Ge mass and
the carrier solution mass. The efficiency of extraction was about 77% before 1997 and 87%
after. The neutrino capture rate measured was 67. 2+; 3*% 8 SNU (1 SNU - Solar Neutrino Unit

= 10736 captures per atom per second’ ).

Mixer motor

Mixing
vanes

Stirrer

FIGURE 2.8 — The SAGE chemical reactor. Figure taken from” . The figure shows one of the 7 reactors. The
main components indicated are the Teflon tank, mostly filled with Ga, and the vanes, responsible for dispersing the
oxidant reagent (H,O,) for extracting Ge from liquid Ga.

The Gallium Neutrino Observatory experiment (GNO)39, and the Gallium Experiment
(GALLEX)40, located at the Gran Sasso Underground Laboratory (LGNS), used 101 t of GaCls,
with 30.3 t of Ga, and took data between 1991 and 2003 (From 1991 to 1999 — GALLEX. From
1999 to 2003 — GNO). As represented in fig. 2.9 it was composed of 2 tanks with 70 m> each,
containing the target solution, GaCls. Before each run, 1 mg of other Ge isotopes (72Ge, T4Ge,
and 7°Ge) were used for calibration. According to the reaction 2.12, in GALLEX, each Ge
atom was incorporated into the GeCly molecules at tank A, that are volatile in the presence of
HCI and soluble in water. The 7!Ge and its carrier were extracted by 2000 m? of nitrogen for
20 h towards tank B by a gas pump. In this Tank Ge was absorbed in pure water (~ 30 L) in
absorption columns. The solution was then, concentrated into a 1 L volume and extracted back
to be synthesized as GeH, and purified. The proportional counter was filled with 30% of Ge
and 70% of Xe. The neutrino capture rate measured was 69.3 4.1 +-3.6 SNU.

Both experiments had the "1Ga isotope in its natural abundance (39.9%). The SSM pre-
diction was 127. 9+8 ! SNU”. The rate measurements performed with these experiments also
revealed a deficit of solar neutrinos, which was later explained by observations from subsequent

experiments using water Cerenkov detectors.
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FIGURE 2.9 — The Gallium experiment“. The tank contains the target solution GaClz+HCI, which produces
GeCly (volatile) and was extracted with nitrogen, which was transferred by the gas pump to water columns to
synthesize GeHys. Then the Ge was purified and measured by proportional counters.

Water Cerenkov experiments

The Cerenkov radiation occurs when a relativistic charged particle pass through a dielectric
medium, with its speed greater than the speed of light in that material (v, > ¢/n), producing a
ring of light, as illustrated in fig 2.10. The molecules, around the particles’ trajectory, polarize

as a response and, when returning to their ground state, release a blue wavelength photon.

Neutrino
e) 0
.
(&)
(#)
Electron

FIGURE 2.10 — The Cerenkov light emitted as a result of the passage of an electron produced on a neutrino
interaction on water. Figure taken from".

In these experiments the Cerenkov light can be detected as signals detected by photomulti-

plier tubes installed on a large tank walls, enabling the real-time measurement of solar neutrinos.

The Kamioka Neutrino Detector (Kamiokande), shown in fig. 2.11, was a Water-Cerenkov

detector, of 2140 t fiducial volume located in Kamioka mine in Gifu, Japan. It had 1071 20"
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PMTs being 948 placed inside the detector, covering 20% of the inner surface, to collect
Cerenkov light signals and 123 instrumented in the outer detector for cosmic ray (CR) muon
tagging and detecting other outside activities. Initially designed for nucleon decay, it was modi-
fied in 1986 for solar 3B-neutrino detection. Kamiokande started its measurements in 1987 and
confirmed the solar neutrino problem indicated in the previous experiments. It also detected
12 electron events from the first observed neutrino supernova burst (SN 1987A), located in the
Large Magellanic Cloud. This measurement resulted in the 2002 Nobel prize in physics for

Dr. Masatoshi Koshiba' . Along came its successor, Super-Kamiokande (Super-K), with

Water tank
Diameter 16 m
Height 16 m

1000 20 inch
Photomultiplier Tubes

FIGURE 2.11 — The Kamioka Neutrino Detector. Figure taken from". The PMTs on the inner walls detect the
Cerenkov light emitted due to the charged particles produced in neutrino interactions.

a much larger volume and improved inner surface detector coverage of 40%. This detector
started taking data in 1996, The energy thresholds for Kamiokande and Super-K were of
6.5keV and 3.5 keV, respectively.

Another important experiment based on the Water tank technique was the Sudbury Neutrino
Observatory (SNO, see figs. 2.12) constructed in a nickel mine in Sudbury, Canada, 2000 m
underground, using a Water Cerenkov detector with 1000 t of heavy water (D,0) and equipped
with 9456 PMTs, mounted on a stainless steel structure, in a 12 m diameter acrylic vessel to
measure the v flux from the Sun. The detector took data between 1999 and 2006.

It must be noted that in all Water experiments all types of neutrinos can interact through

elastic scattering (ES) with electrons:

Vite —Vvete . (2.13)

In the heavy water doped SNO neutrinos can also experience the following CC and NC
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(a) The SNO detector photography. Taken from" . (b) The SNO detector scheme. Taken from™ .

FIGURE 2.12 — SNO detector. The 9456 PMTs were mounted at the stainless steel geodesic structure. The 12 m-
diameter acrylic vessel stored 10° kg of D,O was shielded with 7 x 10° kg of H,O. (a) The construction of the
Sudbury Neutrino Observatory (SNO). (b) The SNO detector scheme.

interactions:
Ve+d —e +p+p, (2.14)
Vx+d — Vi + p+n, (2.15)
ESrate < V(Ve) +0.154[v(vy,) + v(ve)], (2.16)
CCrate < U(Ve) (2.17)
NCigte o< D(Ve)+v(vu)+v(vf) (218)
:: 6 . VWA - by 68% C.L.
g
c; —— o5F 68%, 95%, 9% C L.
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FIGURE 2.13 — The Vv, and v, + Vv, flux limits from SNO, combined with Super-K. The solid bands represent the
ES, CC, and NC reactions, and the dashed lines the SSM prediction. The intersection of these bands represents the
best combination of all measurements. Taken from" .
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In 2000, a combined analysis with Super-K and SNO data was performed. Figure 2.13
shows the relationship of the v, and v, + v; fluxes from ES, CC, and NC reactions each repre-
sented by a different band color. The intersection between these bands indicates an appearance
of ¢, as part of the original ¢, from the Sun which oscillated along the way. In addition, the

SSM prediction was endorsed”’ .

2.2.2 Neutrino oscillation model

Neutrino oscillation is a quantum mechanics phenomenon in which a neutrino changes its
flavour as it propagates through space. Neutrinos can be categorized according to their weak
interaction eigenstates V,, Vi, and vz, as well as mass eigenstates Vi, v, and v3. Through the
observation of the charged lepton produced during CC interactions, the neutrino flavour can be
identified.

In the scenario of non-zero neutrino masses, the mass eigenstates and weak eigenstates are
not necessarily the same. For weak interactions involving leptons there exists a corresponding

.. . .. 30 26
definition for neutrino mixing

Neutrino flavours oscillate over large distances, which accounts for the discrepancy between
the flux of (v,) observed in solar neutrino experiments (fig. 2.13). This is described by the
interference of the quantum states of these particles as they propagate. A neutrino state can be

represented by eq. 2.19, with @ = e, u, 7:

Ve
Vo) = Vi |- (2.19)
Ve

It can also be represented by linear combinations of the neutrino mass eigenstates V; (i =
30 26

1,2,3)
Vo) =} Uai Vi) (2.20)

where Uy; is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix, expressed as a 3 X 3 ro-
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tation matrix

U Uep Ugs
Ui = U[Jl U/JZ U,Ll3
U Uy Ug
1 O 0 C13 0 s13e’i3CP c12 s;p O
=10 ¢33 893 0 1 0 —s12 c12 O], (2.21)
0 —s23 3 —s13e_i501’ 0 c13 0 0 1

with ¢;; = cos 6;; and s;; = sin 6;;, where Ocp is the CP phase, which is non-zero if CP sym-
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metry is violated during neutrino oscillations. Both phases have intervals equal to 0 < § < 2.

Equation 2.22 also has three rotation angles: 6,3, 612, and 6;3 with 0 < 6;; < %:

. Ue|?
Sln2 612 = %7
e
U 2
sin2 03 = |#—3’2,
1 —[Ues (2.22)
Sin2 913 = |Ue3‘2-
Upi |?
cos? 0y, = 1’_(—(}'3’2
e

These angles are measured in atmospheric, solar, and reactor neutrino, performed at short

distances (L ~ 1 Km), respectively33 52, see tab. 2.3.

The relativistic energy for a neutrino can be written as:

2
Ej=\/m?+p? ~ pi+ L (2.23)
1 1 2E’

and the mass eigenstates’ time dependence is described by the plane wave, with i = ¢ = 1:
vi(1)) = e E) |v,(0)). (2.24)
a neutrino with flavour v, emitted by a source at t = 0, propagates with time into a state
Va (1)) = Y Uaie™™" |vi), (2.25)
i
and the probability for flavour transitioning (Vo — Vp) 1s:

P(va = vg) = | (Vg|va(t)) |* = ¥ UailUpUgpUpge " Fi 5, (2.26)
i,k
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and considering t = L,

iAm? L
% 7k U
Pyoysvg (LE) = ) UgilUg Uy Upre™ 7 (2.27)
ki

with the probabilities of oscillations depending on the differences of the squared masses Amlzj =
2 5430

. . 33
m? —m? and L the distance between the detector and the source of particles

If o # 3, the probability is called appearance, and if oo = 3, survival. Figure 2.14 illustrates
both probabilities (P(V. — V) and P(V, — V.)) for a simplified model with just two flavours.

In this model, there is only one mixing angle 0 and the maximum mixing of an oscillation is
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proportional to the sin? 26 value. For antineutrinos, the eq. 2.26 becomes:

A2
’Amijl‘

P(Vo — V) & ZU;iUﬁankUEke_T
k,i

1.0 = — Survival P{ve - ve)

—— Appearance P{vs—vy)

0.8

o
[=3]
L

Probability

(=]
o+
|

0.24

0.0 T T T
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FIGURE 2.14 — Neutrino oscillation probability of two flavours. The probability that the neutrino has the same
flavour as when the neutrino was emitted is called survival and is represented by the blue curve. The probability
of oscillation to other flavours is called appearance, and the P(v, — vy is represented by the red curve. The
sin? 26 = 0.8 represents the maximum mixing for this case and the amplitude of the oscillation, with E, = 1 GeV

and Am? = 0.002 eV2. Adapted from” .

If CP is violated, applying the CP transformation, will lead to P(ve — Vg) # P(Vq — Vp).
Experimentally, this means that the difference in the measurement of oscillation probabilities

. . . . . . . 33 56
for neutrinos and antineutrinos would indicate CP violation

The oscillation phase Am? (L/4E) depends on the ratio L/E, fundamental for LBL neutrino

oscillation experiments design.

2.3 Neutrino masses

Considering a neutrino emitted by a source at a distance L from a detector, the time of arrival
t of a massive neutrino has a delay At compared to the time a massless particle takes to travel

the same path:
L L
At =———, (2.28)
v ¢
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where v is the massive neutrino speed. For a relativistic neutrino with mass m < E and ¢ = 1:

1 1 m?
— =~ 1+ —, 2.29
2E2
equation 2.28, for a single neutrino, becomes:
2
m
At~ —1L. 2.30
B2 (2.30)

The time duration of an emitted supernova neutrino burst at its source is unknown, and one
can make a simple assumption of the observed burst at a L distance by assuming a Dirac delta
type of burst. The time delay spread AT = T (E +AE) — T(E) at the observation point for this

hypothetical neutrino burst is:

mL m2L
AT =
2(E+AE)?  2E?
, 2.31)
CmL[1 1 2AE
2 |E2TE2 B3
2
AE
AT~ 122 (2.32)
E2E

where AE is the neutrino’s energy distribution spread and 1/(E +AE)* ~ (1/E?) — (2AE /E?),
obtained by Taylor’s expansion. This time delay for the neutrino burst should be such 1/E?
that AT < AT,,s, where AT, is the observed time delay of the neutrino burst at the detector

position. This implies an upper limit for the neutrino mass:

E AT,
m gE,/ETO’”. (2.33)

Kamiokande detected 12 neutrino events from SN1987A and for these the average energy
was E ~ 15 MeV, with AT,;,; < 12s and AE ~ 15 MeV yielding an limit for the electronic
antineutrino mass of:

my, S 30.0eV. (2.34)

~Y

Lower mass upper bounds have been achieved through model-dependent assumptions for
the burst time structure around 1 eV. Neutrino masses are smaller by a factor of 10° than the
e~ and by a factor of 10° of the T

These bounds are important to estimate the neutrino masses and their hierarchy. Considering
that lighter neutrinos travel faster than heavier ones, they arrive at the detector at different times.
These measurements would be different from the ones that had been produced during SN Bursts,

indicating neutrino oscillations during the travel.
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2.3.1 Mass hierarchy

Mass hierarchy refers to the current experimental indetermination of the relative mass order

of the neutrino mass states m,m, and m3. There are two possible ordinations for these masses.

* Normal hierarchy: Where the m; < mj3, it implies that m; < my < m3 and the mass

difference Am%2 is positive.

* Inverted hierarchy: Where the m| > m3, which implies that m3 < m; < m; and the mass

difference Am%2 is negative.

. . - v, Vr
a2 2
s 0 2
0 o LAM3
1
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1 SHEE R
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FIGURE 2.15 — Probability of detecting the neutrino flavour in the i-the mass eigenstate as the CP-violating phase,
Ocp is varied. The "NO" and "IO" mean "Normal Order" and "Inverted Order", respectively57. The colored blocks
represent the mass eigenstates and probability of the neutrino being detected with a certain flavor. The blue block
represents the v,, red for v, and yellow for v;.

As represented in fig. 2.15, each mass eigenstate V; has a flavour combination, which deter-
mines the probability of the flavour that the neutrino could be detected. The v| mass eigenstate
is composed by a mixture of 66.7% of V., 16.7% of v; and 16.7% of v,. The v, mass eigen-
state is a mixture of 33.3% of V., Vv, and v, and the v3 mass eigenstate, 49% of v, 49% of v;
and 2% of v, detection probability. For that reason, the eigenstates are not associated with a
single neutrino flavour, but a quantum mixture of them. The edges signed with "0" and "27" in

fig. 2.15 represent the §cp phase variation™ .

Am3| =m3 —m} ~8x 107eV? (2.35)

|Am3,| = [m} —m3| ~ 2 x 10 3eV? (2.36)

The mass hierarchy also serves as a constraint on theoretical mechanisms proposed for neu-
trino mass generation, particularly models incorporating the seesaw mechanism, and impacts
on interpreting experimental data from neutrinoless double beta decay searches. In addition,

the mass hierarchy affects the understanding of flavor evolution in neutrinos emitted during
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core-collapse supernovae and provides the approach for the strategies employed to determine
the CP-violating phase in the lepton sector, contributing to a broader comprehension of funda-

. . . .59
mental symmetries in particle physics .

2.3.2 Current status

Experiments and studies have been performed to clarify the information about neutrino os-
cillation parameters from solar, reactor, accelerator, and atmospheric neutrinos (see tab. 2.3)30.
The results of the neutrino oscillations provided measurements of the squared differences of
these masses. The determination of neutrino oscillation parameters is one of the main goals of
today’s experiments, e.g. Tokai to Kamioka (TZK)GO, NuMI Off-axis v, Appearance (NOVA)61
and Jiangmén Underground Neutrino Observatory (J UNO)GZ.

TABLE 2.3 — Oscillation parameters and their determination depending on the type of experiment63.

Experiment Dominant Important
Solar 9]2 Am%l y 913
Reactor LBL (KamLAND) Am3, 612,013
Reactor SBL (Daya Bay, RENO, D-Chooz) 013, |Am§|‘32|
Atmospheric (Super-K) ' 623and13, \Amgmz |, 6cp
Accel. LBL v, 7, disapp. (K2K, MINOS, T2K, NOVA)  [Am}, 5, |, 623
Accel. LBL v,, V, app. (MINOS, T2K, NOvA) dcp 013, 63

The next generation of neutrino experiments, such as DUNE has among its main goals:

* Precise measurements of neutrino mixing angles;
* Measurement of the CP phase d¢cp to determine if there is CP violation;

« Determination of the sign of Am3;.

Such challenges demand research and design efforts to develop their detector technologies.
In chapter 3 the Liquid Argon Time Projection Chamber (LArTPC) concept is introduced.



3 Liquid Argon Time Projection
Chambers

The Liquid Argon Time-Projection Chambers (LArTPCs) are a technology used in particle
physics experiments to study rare processes such as neutrino interactions. Their working prin-
ciple is based on the acquisition of the ionized charges produced by charged particles to recon-
struct trajectories and energies and analyze interaction mechanisms. The techniques developed
for current LArTPC experiments are expected to enable the next generation of long-baseline

. . . . . . . 642
neutrino oscillation experiments to broaden our understanding of neutrino physics .

3.1 Functioning principles

A LArTPC comprises three main components. One of the components is a tank containing
Liquid Argon (LAr), maintained at ideal pressure and temperature (around 87 K) by a cryogenic
system, allowing argon to remain liquid. The other two components are the cathode plane,
which establishes an electric field through the LAr by gradually reducing the voltage across the
field cage, and the anode plane, arranged parallel to the cathode planel.

The operating principle of LArTPCs relies on the ionization and excitation of argon when
a charged particle traverses the LAr, which generates ionization electrons and ions drifted by
the electric field applied €. An intense electric field is produced in the sensitive volume of
the detector as a high voltage difference is kept between the anodic planes and the cathode.
The time of arrival (TOF) of the electrons at the anode plane provides the z-coordinates of the
track. A charged particle, originating from a natural or artificial source, interacts with argon
atoms, depositing energy. A major fraction of the energy deposited is converted into amounts
of free ionization electrons and scintillation light and, by convenience, can be estimated via the

deposited energy per unit length (dE /dx).

LArTPCs can be classified into two designs: single-phase (SP), represented by fig. 3.1a,
and dual-phase (DP), fig. 3.1b. In SP-LArTPCs, the ionization electrons drift toward the anode.
The anodic wire planes form a grid with different orientations relative to the y-axis. The first

layers generate bipolar induction signals as electrons pass through them, while the final layer
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(a) Single-Phase LArTPC. Taken from” . (b) Dual-Phase LArTPC. Taken from™ .

FIGURE 3.1 — (a) The incoming neutrino interacts with a nucleus, producing relativistic charged particles that
pass through the LAr medium. Electrons are produced via ionization and drift toward a set of anodic wires under
a strong electric field applied in the volume. The VUV light is detected by PDs present on the electrodes of
the LArTPC. (b) The drifted charges produced during ionization are directed to the extraction grid, located at
the liquid/gas interface. The electroluminescence mechanism allows detection of the S, signal, providing charge
measurement.

collects the drifting electrons, resulting in a monopolar signalz. The combination of the TOF and
the y and x projections of the arriving particle provides 2D projections of the particle trajectory,
which is then used to reconstruct the 3D image of the event. In DP-LArTPCs, the electrons drift
to the gas phase above the LAr. The amplification of the signal occurs in the gas phase (GAr).
For a detailed comparison of SP and DP-LArTPCs, see tab. 3.1. One can also reconstruct the

total deposited energy of the interaction event by measuring the total amount of electric charge

collected or converted.

Photons with wavelengths of approximately 127 4+- 10nm are also released through scintil-
lation. These Vacuum Ultraviolet (VUV) photons produce a prompt light signal in the detector
volume, which is quickly collected by the Photon Detector (PD) devices. The detection infor-
mation from the PDs is combined to determine the instant of the neutrino interaction (fy) of
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events in the volume, also indicating when the ionization electrons begin to drift

LAr is a dense medium and an excellent scintillator, allowing for localization and tracking of
the particle interactions due to the scintillation light, which traverses the detector on a timescale
of nanoseconds and is shifted into the visible spectrum for collection by PDs. Closer wire
spacing enhances event resolution within the detector; however, it increases the cost of readout
electronics due to additional wire channels. Furthermore, closer spacing diminishes the signal-
to-noise (S/N) ratio of ionization measurements since the ionization charge is divided among

. 23
more wire channels .
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The S/N ratio is critical, as the ionization measurement directly reflects dE /dx of the rela-
tivistic particles, allowing for calorimetric and particle information. An additional advantage is
the capability to detect both charged particles and the scintillation light produced during interac-
tions, providing a supplementary method to characterize events by combining particle trajectory

information with light signals.

The LArTPCs, however, face challenges. Maintaining argon in its liquid state requires a
sophisticated cryogenic infrastructure. Moreover, detecting and amplifying electrical signals
requires sensitive and noise-resistant electronics. Another challenge is the substantial volume

of data generated, which necessitates robust processing and storage systems.

DUNE is an example of neutrino experiment based on the LArTPC technology67 308

3% 727 and will be further discussed in section 3.5. For the development of the work

analysis presented in this dissertation data from the following L Ar-based experiments are used
and described in section 4: ARIS7, ICARUSS, MicroBooNEn, ReD'' , Doke et al.ﬁ, the ANKOK
prototypelo, Hitachi et al.” .

3.1.1 LAr characteristics

In the case of LArTPCs, argon is utilized as target because:

* LAr is the 3¢ most abundant gas in the Earth’s atmosphere, making its extraction easy

and cost-effective.

e LAr is a dielectric material with high density (1.4 g/cm®) and moderate radiation length
74
(14cm) .

* It can be produced with good purity at relatively low cost”
« It exhibits a high scintillation rate, on the order of 4 x 10* photons/MeV7.
* LAr is transparent to scintillation light, allowing for its effective detection.

» It has high electron mobility ( 500cm? - (V - 5)~1), does not attach electrons, and permits

long drift distances”
* It is chemically inert and can be liquefied using liquid nitrogen75.

* Working with LAr allows for the identification of showers, derived from the ratio of the

secondary scintillation signal (S7) to the primary scintillation signal (S7).
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3.2 Interactions and detection of charged particles

Neutrinos interact with the detector through weak interaction processes, as outlined in ch. 2.
The signal is detected from the charged final state particles produced during these interactions

with relativistic velocities. The cross-section between neutrinos and other target particles is:

sG¥
(he)t’

3.1

where /s = V2me2E representing the center-of-energy mass in which E is the energy of neu-
trino and m, the mass of the target and G the Fermi constant. Neutrinos have a smaller cross-
section with e than with nucleons . Neutrino cross-sections are small for all targets (from
1077 to 10~ mb (1 mb = 10~ cm2)78, even though matter can be traversed by large fluxes
of neutrinos, a few of them interact indicating the need for enormous volume detectors to be
sufficiently sensitive to these processes. Once a neutrino interaction happens in such a large

volume, the observation of its final state particles must be performed.

When a relativistic charged particle traverses a medium, it interacts electromagnetically with
atomic electrons, primarily losing energy through ionization. For a singly charged particle with
velocity v = B¢ moving through a medium with atomic number Z and number density n, the
dE /dx is described by the Bethe-Bloch equation:

dE 7 232922
~ —4mitctal L > [ln( Fre mg) —ﬁz} : (3.2)

dx mev I,

where [, is the effective ionization potential of the material, approximately given by I, ~
10 Z eV, @ the dimensionless fine-structure constant (& = e/4m) and y = 1 /W
For a specific medium, the ionization energy loss rate for a charged particle depends on its ve-
locity. The term 1/v? in eq. 3.2 indicates that dE /dx is increased for low-velocity particles.
On the other hand, as B — 1, dE /dx varies logarithmically with (87)2. This results in a grad-
ual "relativistic rise" in the ionization energy loss rate, which does not significantly depend on
the material itself, except for its density p. The number density of atoms can be expressed as
p

n = z,.-» where A is the atomic mass number and m, = 1.66 X 10~%7 kg is the unified atomic

mass unit. Thus, we can rewrite eq. 3.2 as

~ 33
p dx mev2m, A L )

2 —
1dE _ 4nn’ca*Z {m <2B2y2mecz) —[32} .
The dE /dx is proportional to Z/A; since atomic nuclei typically contain nearly equal num-
bers of protons and neutrons, Z/A remains approximately constant. Consequently, the rate of
energy loss due to ionization is primarily proportional to density and does not significantly
depend on the specific material " .
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Charged particles lose energy through ionization in the medium they traverse. For instance,
muons with energies below about 100 GeV primarily lose energy through ionization, allowing
them to travel considerable distances even in dense materials like iron. A 10 GeV muon loses
approximately 13 MeV/cm in iron. Consequently, muons are highly penetrating particles, often
traversing the entire detector while leaving a trail of ionization. This characteristic can be lever-
aged for muon identification, as other charged particles typically engage in different interaction
types in addition to ionization energy loss™. Depending on the particle type, other energy-loss

mechanisms may also occur originating short particle tracks or showers.

Detectors based on plastic and liquid scintillators have been employed in neutrino experi-
ments. In an organic scintillator, the passage of a charged particle can leave molecules in an
excited state. The subsequent decay of these excited states results in the emission of light. If this
light emission occurs in the UV range, fluorescent dyes can be incorporated into the scintillator,
such that they can absorb UV and re-emit photons in the blue range. This blue light can then
be detected using PMTs designed for this purpose26. For noble element TPCs, the scintillation
light emission occurs in the VUV range, and similar techniques are employed with Wavelength
Shifters (WS).

3.2.1 Light mechanisms
3.2.1.1 S light

As stated previously in Section 3.1, a portion of the energy deposited by ionizing particles
leads to the creation of electron-ion pairs (Ar™ + e). At the same time, another fraction is
converted into argon excitons (Ar*). Both argon excitons and ions interact with other argon

atoms, leading to the formation of molecular states such as Ar; and Arzr .

These molecular states, the excimers, decay emitting scintillation light, as depicted in
fig. 3.2. The (Ar}) exist in two excited states: singlet (1Z,) and triplet (°%;"), each with distinct
decay times: Trq5 = 7 ns for the singlet form and 7y, = 1.5 us for triplet form. Scintillation
light arises in Ar from the excited states of molecular argon excimers transitioning to their low-
est energy unbound state. Sy is the detected primary scintillation signal produced in LAr along

. . . 79 80
charged particles trajectories

The production of scintillation photons is directly proportional to the energy deposited by
the ionizing particle. The typical light yield in LAr is 4 x 10* photons/MeV in the absence
of a drift field. Under electric field conditions such as € = 0.5 kV/cm, this yield decreases
to approximately 2.4 x 10* photons/MeV due to reduced recombination. Scintillation photons
in pure LAr are challenging to detect since most photosensors are insensitive to these VUV
wavelengths, and the photons can be absorbed during propagation. Consequently, PMTs are

. . . 79
often equipped with WS or fluorescent materials .
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FIGURE 3.2 — Mechanisms of scintillation and ionization in LAr. Taken from".

The drift field acts to suppress part of the total amount of ionization electrons to recombine
with argon ions, which limits light emission. On the other hand, an increase in electron recombi-
nation leads to greater light production but simultaneously diminishes the charge signal, as they
are inversely related due to the principle of energy conservation. This can be mathematically
expressed as:

L+ Q = Nion + Nex, (3.4)

where L gives the amount of scintillation photons produced, Q is related to the amount of free
ionization electrons, and N,,, and N,y refer to the average amount of ionization and excitations

occurring, respectively. All these amounts are given per energy deposited unit.

The S signal provides a fast time reference (¢y), corresponding to the moment at which the
interaction occurs, which is crucial for triggering data acquisition and determining the 3D event
location by combining it with the drift time of the charge signal. The term "Time Projection
Chamber" originates from this use of 7y for event reconstruction. Scintillation light aids in

calorimetric reconstruction in two primary ways:

1. The ty provided by the light signal enhances the charge-based calorimetric measurements.

2. The total number of scintillation photons is proportional to the energy deposited, allowing

for direct energy measurement from the light signal.

As the drift length increases, the charge signal degrades due to electron diffusion and recom-
bination with impurities. Knowing the drift distance enables corrections that improve energy
resolution. Additionally, the light signal supports particle identification (PID) by analyzing the
ratio of fast to slow photons, which varies with particle type. Therefore, an efficient photon

detection system is essential for LArTPCs.
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3.2.12 S, light

In DP-LArTPCs (see fig. 3.1b), the electroluminescence light signal, or, S, is generated
when drifted electrons reach the liquid-gas interface. A high electric field (&;), produced by
an extraction grid, ~ 5 mm above this interface in the GAr, extracts the electrons into the gas
phase. The charge is then amplified inside Large Electron Multipliers (LEMs), with the photon
output being directly proportional to the extracted charge. Unlike the Sy, the S is proportional
to the charge yie1d66.

TABLE 3.1 — Comparison of SP and DP LArTPCs.

Feature SP DP
Drift Medium LAr LAr + GAr
Signal Amplification Not Applicable Occurs in GAr
N° of Signals Collected S + Induction Signals S1+5>
Overall Density Higher due to LAr Lower due to GAr
S/N Ratio Higher Signal Collection Lower Signal Collection
S2/81 Ratio Not Applicable Applicable

3.3 Limitations of LArTPCs

There are challenges in designing a Photon Detection System (PDS) for large LArTPCs:

* LAr scintillation light occurs at 127 nm, outside the sensitivity range of most photosen-

SOrS;
* In large detectors, light must travel significant distances, causing signal attenuation;

* Photon detectors must operate within strong electric fields.

Large surface PMTs are commonly used but struggle to detect 127 nm light and are affected
by electric fields. To address this, they are often placed outside the active volume. In LArTPCs,
PMTs are typically installed outside the LAr active volume with their optical window facing

towards that region.

The WS such as Tetraphenyl Butadiene (TPB) and Polyethylene Naphthalate (PEN) convert
VUV light into the visible range. A bialkali photocathode can detect approximately 20% of
visible photons at 400 nm. TPB is highly efficient but challenging to handle due to its dust-
like nature and the specialized deposition techniques required, especially for large detectors.

TPB can be applied to a plate before or directly onto the PMT. The PEN, a thermoplastic, is
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easier to handle than TPB, making it more practical for large detectors. The DUNE collabo-
ration (see sec. 3.5.) has proposed X-ARAPUCA (XA, see fig. 3.9) as an alternative solution,
using dichroic filters and Silicon Photomultipliers (SiPMs) to trap and detect photons, with
P-Terphenyl (PTP) as WS' = .

For optimal performance, highly pure argon is critical because photons and ionization elec-
trons are absorbed by impurities. In pure LAr, photon absorption is minimal, with an attenuation
length of 30 m at 2 ppm of N,. Rayleigh scattering can further extend the photon propagation
path, increasing the likelihood of absorption by impuritiesg3.

3.4 Contributions to Neutrino Physics

The LArTPCs have advanced the understanding of neutrino oscillations, particularly in ex-
ploring CP symmetry violation, which may provide information to help explain the dominance
of matter over antimatter. LArTPCs have also been instrumental in studying neutrinos from
atmospheric, solar, and accelerator-produced sources, providing key insights into the neutrino

mass hierarchy and other fundamental properties.

Investigating the neutrino sector is of interest as it offers ways of probing for physics beyond
the SM, with experiments like DUNE playing a key role. DUNE combines the world’s most
intense neutrino beam, a deep underground site, and large LAr detectors to address some of
the most fundamental questions in particle physics56 “ In LArTPCs, the particle tracks, as
seen in fig. 3.3, are characterized by their produced electric charges (dQ/dx) and dE /dx. This

procedure is referred to as particle identification (PID).

FIGURE 3.3 — Example of multiple PID. The proton track has high energy deposition at the end, while the electron
track shows multiple scatterings. Taken from".

PID relies on several factors:

* Signal collection and track reconstruction. Drift time and wire position provide a 3D
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map of ionization trails. Tracks (from muons and protons) and showers (from electrons

and photons) are identified accordingly.

* dQ/dx, dE/dx data and pattern recognition. Particles lose energy as they ionize LAr,
and dE /dx helps identify the type of particle. Electrons and photons typically produce
electromagnetic showers, while protons exhibit a Bragg peak at the end of their tracks.
Muons leave straight tracks with relatively constant dE /dx, and pions may produce sim-

ilar tracks but can also display an interaction vertex-like pattern at the end of the track.

* Momentum estimation. Momentum estimates help distinguish between heavier parti-
cles like protons and lighter particles like muons or pions. For particles stopping in the
detector, their range is used to estimate momentum, while exiting particles’ momentum

is inferred from Coulomb scattering.

* Vertex analysis. Interaction vertices, such as those from neutrino interactions or pion

decays, help classify outgoing tracks or showers.

3.5 Deep Underground Neutrino Experiment - DUNE

The Deep Underground Neutrino Experiment (DUNE) is currently under construction at
by its international collaboration. Its main goal is to study the neutrino oscillation parameters,
determine mass ordering, and the CP violation phase in the leptonic sector. DUNE will also be

. . 67 66 85
a world-class astrophysics neutrino observatory and nucleon decay detector .

The experiment will consist of two sites (see fig. 3.4): The Far Detector (FD), with a 40 k-ton
fiducial mass, divided into four modules, will be built about 1.5 km underground at the Sanford
Underground Research Facility (SURF) in South Dakota, USA, 1300 km from Fermilab. A
Near Detector (ND) will be located at Fermilab in Illinois, 574 m from its intense neutrino

beam production. Both FD and ND will be aligned to the neutrino beam line" .

Sanford Underground Farmi National
Research Facility, Accelerator Laboratory,
South Dakota llinois

FIGURE 3.4 — The DUNE experimental setup overview. Taken from" . Tt is mainly composed of a Near Detector
(ND), placed at 574 m from the neutrino beam production, and a Far Detector (FD), located in South Dakota, 1300
km from Fermilab.

The DUNE beam will be composed by v, or V;,. The DUNE Physics program is:
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* Primary science goals
— Measurement of Am%3 mass ordering, 6,3 mixing angle, and its octant determina-
tion;
— CP violation discovery (or exclusion) from the dcp phase measurement;

— Measurement of the v, flux from a core-collapse supernova that should occur during
DUNE lifetime. Such a measurement would provide information about the early

stages of core-collapse and the possible signature of the birth of a black hole;

— Proton decay searches in several modes. That would represent a key requirement of
the Grand Unification of the Forces;

* Ancillary physics goals

Beyond Standard Model (BSM) searches with accelerator-based neutrino flavor ex-

periments;

Neutrino oscillation measurements using atmospheric neutrinos;

Neutrino cross-sections and nuclear effects studies utilizing the ND;

Searches for DM, using a variety of signatures in ND, FD, and non-accelerator

searches;

3.5.1 Near detector

The ND detector will be located 574 downstream from the target and will be composed of
three detector components: ArgonCube; a high-pressure argon TPC (HpgTPC) within a magnet
surrounded by an electromagnetic calorimeter (ECAL), together called Multi-Purposed Detec-
tor (MPD). Lastly, the third component is an on-axis beam monitor, the System for on-Axis
Neutrino Detection (SAND), that can move sideways up to 33 m off-axis of the beam, offer-
ing access to different neutrino energy spectra. This improvement in the degrees of freedom for
the ND measurements is called DUNE Precision Reaction-Independent Spectrum Measurement
(DUNE-PRISM). The details of the DUNE ND can be seen in figs. 3.5 and 3.6.

3.5.2 Far detector

The DUNE FD modules will be based on the TPC technology, each one contained on a cryo-
stat of 17.5 kt of LAr, with 10 kt of fiducial mass/each. These modules will have dimensions of
18.9m(W) x 17.8m(H) x 65.8m(L) and internal dimensions of 14.0(W) x 14.1(H) x 62.0(L)56

86 72 5
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FIGURE 3.5 — Scheme of the DUNE ND components and the beam direction. The MPD is an on-axis configura-
tion. Taken from™.

ArgonCube

Beam axis

ArgonCube

FIGURE 3.6 — Scheme of the DUNE ND hall and the on-axis (left) and off-axis (right) configuration. Taken

56
from .

The FD module volumes of LAr are subjected to an electric field of € = 500 V/cm and,
as detailed in sec. 3.1 instrumented with three anode planes. As an example, fig. 3.7 shows
the so called Horizontal Drift (HD) detector module. It will be composed of a total of 150
6 m x 2.3 m Anode Plane Assembly (APAs) arranged in 3 main vertical planes and 2 vertical
cathodes. The cathode anode distance is ~ 3.6 m. The relative voltage between the layers is
chosen to make the first two layers (U and V) transparent to the drifting electrons, and then,
the last layer (X) collects the drifting electrons. The other modules will have different detection

technology arrangements.

In the FD detectors, the measurement can be done by looking for the disappearance or
appearance of a neutrino flavor of a beam through CC interactions. In this case, the interactions

in LAr can happen through four possible reactions:
Vutn—p+u-, Vu+tp—ontut, (3.5)

for survival and
Ve+n—p+e , Ve+p—ntet, 3.6)

for the appearance of neutrinos and antineutrinos.
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FIGURE 3.7 — The arrangement of the elements in the HD TPC. Two rows of cathode plane assemblies are
interleaved with three rows of anode plane assemblies inside the field cage. Taken from'.

Figure 3.8a shows the oscillation probability v, — V, as a function of the neutrino energy in
GeV. The colored curves represent the dcp phase angles and their influence on the oscillations.
Figure 3.8b represents the oscillation probability for v, — V,, as a function of the neutrino en-
ergy, under cp = —7/2,0, and /2 (colored curves). These plots also indicate that energy must
be measured with great precision in DUNE to allow the determination of the physics parameters
of interest accordingly. The use of PDS measurements can help in the further improvement of

energy determination, which can have a positive impact on physics measurements.

014 Neutrinos Ws,, = -2 014  Antineutrinos W5, = w2
1285 km _ 1285 km
0.12f Normal Ordering Do =0 0.12-  Normal Ordering M, =0
[ Joep = m2 A Sep = W2

530 1 2 3 4 5678 530 2 3 4 5678
Neutrino Energy (GeV) Neutrino Energy (GeV)

(a) P(vy — V,) oscillation probability under écp = —m/2,0, and /2. (b) P(Vy — V.) oscillation probability under §cp = —m/2,0, and 7/2.

FIGURE 3.8 — Oscillation probabilities for neutrino (left) and antineutrino (right) transitions under different 8cp
phases. Taken from" .

The beam that will be utilized in the experiment is provided by the Proton Improvement
Plan-1I (PIP-II) which consists of a proton beam that will work at 1.2 MW, correspondent to
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1.1 x 10%! Protons-On-Target (POT) per year, assuming a combined uptime and efficiency of
the Fermilab accelerator complex and the Long-Baseline Neutrino Facility (LBNF) beamline
66 56

of 56%. It is assumed that the beam power will be upgraded to 2.4 MW by 2030 .

3.5.3 Photo Detection System

The scintillation photons are detected in PD modules, which for at least 2 modules of the
far detector that will be XAs. These are light traps that employ a two stage wavelength arrange
with a dicroic filter (fig 3.9). For the HD modules, the PDs and its cold electronics will be
. . 87 74 56
integrated into the APAs .

VUV light VUV light

ptp shifter ptp shifter

dichroic filter

\ dichroic filter

~_ T 8.

% 3M ESR ® 3M ESR

€j286 plastic bar €j286 plastic bar

FIGURE 3.9 — The XA concept scheme. Taken from" . The photon enters in the XA and it is trapped, reflecting it
to the SiPM that collects the signal.

Even in LAr with very high purity, signal degradation can occur along the very long drift
distances in DUNE. Correcting the energy response is therefore necessary and is possible by
knowing the 7y, which results in the resolution improvement. As previously mentioned this
quantity is provided by the PDS. Another important task of the PDS is to trigger on non-beam
events with incoming particles energy ranging from 10 MeV up to tens of GeV. Examples
of such studies are the detection of core collapse supernova, searches for nucleon decays and

oscillation of neutrino from atmospheric showers.



4 Liquid Argon Time Projection

Chambers experiments

The following sections will outline the main characteristics of the experiments analyzed in
this work. Some of these experiments, such as those conducted by Doke et al.88 00T 6,
utilized both LAr and liquid xenon (LXe). However, this work focuses on the study of light
and charge production in LAr. The measurement graphs presented in this chapter provide the
original context for the experimental data employed in this research and illustrate how the data

were initially fitted as reported in their first publications.

4.1 Datasets for LArQL Global Fit

In this section will be described the experiments from where the data analyzed in this work
was taken. The datasets from = and ° were originally used in ref.” work, which served as a
comparison reference for the development of this research, which used light and charge data
from Electron Recoils (ER). For further details, see ch. 5.

4.1.1 ICARUS project

The Imaging Cosmic And Rare Underground Signals (ICARUS) experiment was a scientific
collaboration that used LArTPCs to detect and analyze neutrino interactions (including studies
on neutrino oscillations). It also searches for rare physics events and studies CRs. This section

92 5

discusses two early versions: the ICARUS 3-ton and the 7600 .

4.1.1.1 Experimental apparatus
The ICARUS detector (fig. 4.1) has been installed at different locations for data taken, ini-
tially at the Gran Sasso National Laboratory (LNGS) in Italy5 7

The ICARUS 3-ton small-scale prototype collected data from CR and radioactive sources.

The apparatus had two perpendicular wire planes with 2 mm spacing. The charge collection
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LAr acts as target and detector

\

signal feedthrough

- . ‘l i l H.V.feedthrough

! ©© " M 3-dimensional images

FIGURE 4.1 — Scheme of the detector on the left and a representation of the working principle of the ICARUS
TPC on the right. Taken from .

from muons and proton tracks were analyzed under € = 200, 350, and 500 V/cm. The depen-
dence of the charge collection factor R with dE /dx was determined, covering energies from

mip (Minimum lonizing Particle) to approximately 30 MeV.

The full detector ICARUS T600 was composed of a large cryostat divided into two identical,
adjacent half-modules with an overall volume of about 760 t of LAr (see fig. 4.1). Each module,
with internal dimensions of 3.6 x 3.9 x 19.6m?, had two TPCs separated by a common cathode,
with the modules consisting of three wire planes. A nominal electric field of €p = 500 V/cm was
applied, where the scintillation light detection was crucial for determining the ¢, of the events
and the trigger signal. The PMTs operate with TPB as a ws™’.

The data from these experiments provided precise determination from the parameters of the

Birks’s models. This model is relevant to the discussion in ch. 5.

4.1.1.2 Experimental data

The Birks’ law described the recombination factor &, with parameters fitted to the data.
This model showed good estimations in low-field regions when an additional parameter was

included. The Z, according to the Birks’ Law, is:

0  Ap

== =——, @.1)
O 1 +kp<-

K

where Ap was a normalization parameter in the model, and kg is a constant. Notice for € — oo,
O — Q. The original measurements graphs for % (&,dE /dx) can be seen in figs. 4.2. The
experimental values obtained for Ap and kp parameters are shown in tab. 4.1. Do not mistake
the collected charge factor R and the recombination factor . The collected charge factor R
is the ratio between the charge extracted by the € field and the total charge produced. The
recombination factor & is given by the ratio between the charge that recombines with the ions
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and the total charge produced.

TABLE 4.1 — Summary of fitted Birks parameters. The fit to Scalettar et al.” data was limited to € < 5kV/em to
allow for comparison with ICARUS data. Taken from’.

Dataset Particle ~ Range of € (kV/cm) Ap kg (kV/cm)(g/em*MeV)
3-ton Ww,p 0.25-0.5 0.8 +0.003 0.0486 +0.0006
T600 u 0.5 0.8140.05 0.055+0.005

Scalettar et al. 364 keVe™ 0.075—-1.5 0.83+£0.01 -

The ICARUS experiment obtained parameter values of Ap = 0.8 0.003 and kg = 0.0486 &
0.0006 (kV/cm)(g/cm?) /MeV. The Z datasets from and " were also analyzed in this work.

4.1.2 Dokeetal.

The experimental papers of Doke et al.. were published between 1981 and 2002 and com-
piled scintillation data for various particles in LAr and liquid xenon (LXe). The focus in this
section will be on the results in LAr ~ ° °. These studies discuss how dE /dx affects decay
times and scintillation yield in LAr under different types of excitation, such as e™, a— particles,

and fission fragments.

The scintillation measurements were made with ionizing particles from radioactive sources
and accelerators with an energy range of 20—40 MeV. A liquid WS Dimethyl-POPOP converted

the scintillation and was detected by PMTs that measured the togo we

4.1.2.1 Experimental data

From these works dedicated to the measurement of scintillation light the energies to produce
an €™ -ion pair (W;,,) and a VUV photon (W,,,) were determined and correlated as:

W, = M. 4.2)

ph N
(1+42)

Other fundamental findings were related to the fast and slow components’ behavior. For
instance, as mentioned in sec. 3.2.1.1, the fast component has a decay of approximately 7 ns.
The decay times were found to be independent of dE /dx, which indicated that the quenching

observed at higher densities does not affected the decay rates of Ar excimers.

Another important information from these studies was an indication for the existence of
escaping electrons at € ~ 0 that do not recombine, resulting at a reduced light yield for certain

values of dE /dx. Figure 4.3 shows this trend for the relative light yield as dE /dx values reduce.
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FIGURE 4.2 — Measurements of & in ICARUS experiments: (a) Z vs dE /dx for the 3-ton prototype; (b) Z vs
electric field for different energy electrons and m.i.p. (c) Comparison of Z vs dE /dx for T600 and 3-ton detectors
at 500 V/cm. Taken from’.
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FIGURE 4.3 — Relative light yield at € = 0 as function of dE /dx. Reproduced from' based on data from’.

4.1.3 ARIS experiment

The Argon Response to Ionization and Scintillation (ARIS) experiment was designed to
investigate LAr’s response to nuclear recoils (NR) and ER. The experiment is capable of mea-

suring NR down to approximately 2 keV,, (ee = electron equivalent)7.

4.1.3.1 Experimental apparatus

The DP-TPC was in a stainless steel dewar and was mounted 1 m away from the LICORNE
neutron production target at the ALTO facility in Orsay, France (see fig. 4.4a). It has a ~ 0.5kg
active mass and a PTFE inner surface with an enhanced specular reflector film for increased
light reflection. The € field was generated by two fused silica windows placed at the end of the

cylindrical volume, coated with indium tin oxide (see fig. 4.4b)7 *

The ionization can be compared to S; signals with/without the electric field applied. The
WS utilized was TPB. These scintillation photons were detected by one 3-inch R11065 PMT
below the cathode and seven 1-in R8520 PMT above the anode. These detectors are repre-
sented in fig. 4.4a as A0, Al, A2, A3, A4, A5, A6 and A7. For the S data, the 7y can be
reduced to ~ 10 us from hundreds of ms, because of the drift field that can reduce the drift
time. The TPC response to light was calibrated with *! Am and !3*Ba 7 sources located outside
surface of the dewar (see fig. 4.4a). The energies of the sources were 59.5 keV —2*! Am and
81.0 t0 383.8 keV —!33Ba’.

4.1.3.2 Experimental data

The measurements were performed with multiple sources, such as the 8¥"Kr and 7y sources
at the Compton scattering regime (see fig. 4.5a). The Light Yield (L) response for ER at null

fields were not affected by the quenching effects, depending on the energy, meaning that L was
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(@ HGW Photos

(a) ARIS setup. (b) ARIS TPC. Scheme and photography.

FIGURE 4.4 — In (a) The TPC (green letters) was placed between the eight scintillation detectors: A0, Al, A2,
A3, A4, A5, A6, and A7 (in red) and in the neutron beamline (indicated in blue). In (b) Design and picture of the
TPC. Figures taken from'.

proportional to the dE /dx. The evaluated L values were within a 5% between 41.5 keV and
300 keV as can be seen in 4.5.

The S signal varies depending on the electric field strength, whereas this work goes from 0

to 500 V/ cm’. The ration S; /S1(& = 0) dependence on the energy can be seen in fig. 4.5.

The measurements of the light yield S(E,.,€) (E.. = Electron Equivalent Energy) were
fitted through the expression:

Si (&) U+ X (Eee,€)
Si(e=0) l+a

S(Eee,€) = 4.3)

where o = N, /Njo, = 0.21 and the fraction Z of charge that recombines was estimated using

the Doke-Birks model” ' 95, that is used for ER in low-energy limits:

AdE
K(Eee,€) = 1++d—E +C, (4.4)
(1-C) dx
with:
C=CePe (4.5)

All parameters are real constants and the values returned by the fit were A = (2.5 +0.2) x
10-3 cm/MeV,C’ =0.7740.01, and D = (3.5+0.3) x 103 cm/V .

The S signal changes as a function of € and dE /dx due to the quenching that suppresses
it. The ARIS data describes how LAr detectors respond to different particle interactions under
the influence of several electric fields values, especially evolving the linear response of LAr

scintillation to ERs.
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Relative Light Yield

(a) The L, concerning the mean value of the eight ND measurements, as a function of
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(b) Scintillation S; /S (0) at different drift fields, fit with eq. 4.3.

FIGURE 4.5 — Comparison of scintillation S; /S (0) at different drift fields and the L values as functions of the
Compton e~ energy and energy sources. Figures taken from' .

4.2 Datasets for LArQL model comparison

A dedicated literature research for more experimental datasets was developed and is pre-

sented in this section. These are later used in chapter 6 for direct comparisons with predictions

of the LArQL model.

4.2.1 MicroBooNE

The Micro Booster Neutrino Experiment (tBooNE or MicroBooNE) detector was the first
LArTPC-SP in the Short-Baseline Neutrino (SBN) program to be operational. It was built to

observe interactions of neutrinos from the on-axis Booster Neutrino Beam (BNB) and off-axis
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Neutrinos at the Main Injector (NuMI) beams at FERMILAB in Batavia, IL, located approxi-

. . 96 97 98 99
mately 470 m from the neutrino production target .

4.2.1.1 Experimental apparatus

The MicroBooNE is with a LArTPC with 170 t of active volume with dimensions 2.56 X
2.33 x 10.36 m?, that works on an electric field of 0.273 kV /cm leading to a drift velocity of
0.11 cm/us. The drifted charge derived from particle interactions is read in three planes with
a wire pitch of 3 mm. The scintillation photons are detected by 32 HAMAMATSU R5912-

97 72

02MOD PMTs coated with TPB . The scheme of the detector can be seen in figure 4.6a.

Readout Electronics
Charge

PMT Signal

PMT Calibration

=Ty,

Cryogenic Ampliﬁers\“

TPC
Active Volume
89t Liquid Argon

Readout wire plane
High Voltage

Cryostat + Insulation

(a) Frontal scheme of the MicroBooNE detector. Figure (b) Scheme of the MicroBooNE detector in a diagonal
taken from’" . perspective. Figure taken from'”.

FIGURE 4.6 — Combined schemes of the MicroBooNE detector. The 89 t active volume is housed by a cryostat
where wires read out the charge produced by particle interactions. Scintillation light is recorded with PMTs, and
the readout electronics are placed outside the vessel.

For calibration, a set of steps were made in this experiment. First, the time-dependence
and the position of the detector response to the ionization charge were corrected with crossing
CR muons. Figure 4.7a illustrates an example of CR muon. The second step consisted of
converting the dQ/dx to dE /dx using stopping muons from neutrino interactions; in other
words, the stopping muons were produced in CC interactions that decayed inside the detector
with a Bragg peak in the detector. This step is the dE /dx calibration. The final step consisted
of a refinement of the relation between the measured charge and the dE /dx for highly-ionizing
particles, which used the stopping protons from neutrino interactions. For examples of the PID

achieved after these steps, see fig. 4.7.
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(a) Example of an event of anode-cathode crossing CR. Fig- (b) Event display of a three-track neutrino event with a muon, a

ure taken from . charged pion, and a proton candidate in the final state. Figure
taken from'”' .

FIGURE 4.7 — Examples from the MicroBooNE detector: (a) anode-cathode crossing CR, and (b) candidate
neutrino interaction displaying electromagnetic activity.

4.2.1.2 Experimental data

Calibration studies of charge production through the dQ/dx quantity and its dependence
on dE /dx were developed. According to the Birks formula presented in section 4.1.1 their

. . 72
relationship can be expressed as follows

dQ A ilz_f
d_ - W kg dE ) (46)
X ion 1+p_£E

which employed to enable the comparison between dQ/dx and dE /dx. Both quantities dQ/dx
and dE /dx were measured for each event analyzed and displayed in a two dimensional his-
togram as shown in fig 4.8 and the data was compared to equation 4.6 using both the proposed

5 . .
set of parameters from = and a fitted version to the histogram.

In conclusion, MicroBooNE used CR to remove the temporal and spatial variations in the
detector response, stopping muons to determine the absolute dE /dx for m.i.p., stopping protons
to refine dQ/dx correlation with dE / dx'"”, represented by fig. 4.8.

4.2.2 ANKOK prototype

The ANKOK experiment was a direct DM search experiment using argon. This experiment
aims to detect WIMPs with masses of around ~ 10GeV/c? and has as one of its main goals
the design and construction of a high-sensitivity detector for low-mass WIMPs. The LArTPC
(Waseda Liquid Argon test stand) was located at the Nishi-Waseda campus of Waseda Univer-
sity in Tokyo, Japan, and focuses on ER and NR discrimination of S;/S, under higher drift
fields. In the present section, we focus on the ANKOK prototype, which consists of a DP-



CHAPTER 4. LIQUID ARGON TIME PROJECTION CHAMBERS EXPERIMENTS 66

20010’ . MicroBooNE

dQvdx (a/cm)

Birks with ICARLUS paramedrization

Modified box with ArgoNeuT parameatrization

6 8 10 12 14 16 18 20
dE/dx (MeW/cm)

FIGURE 4.8 — The dQ/dx in the function of the (dE/dx)umg distribution with the 4.6 (in black) and 4.6
(in red) models plotted in comparison, for proton tracks and an electric field of 0.273 kV/cm and with the
ICARUS and ArgoNeuT parameters. The color scale next to the graph represents the frequency distribution of
the dQ/dx (dE /dxyange). Figure taken from”.

LArTPC, its Research and Development (R&D), and data published in 2018".

4.2.2.1 Experimental Apparatus

The detector (see 4.9) consists of a DP-TPC with an active volume of ~ 0.5kg and dimen-
sions ¢ = 6.4cm x H = 10cm, composed of PTFE, with electrodes made of indium-tin-oxide
(ITO) and a wire grid plane (stainless steel wire with a diameter of 100 um and pitch of 4mm).
Two HAMAMATSU R11065 PMTs located at the top and bottom of the detector and are coated
with TPB as WS (128 nm to 420 nm). The circuit generates high voltage to vary the € from 0
to 3.0 kV/cm, with a maximum of 30 kV in LAr.

The potential difference between the anode and the wire was 4.5kV, resulting in extraction
and S, emission fields of 3.6kV/cm in LAr and 5.4kV/cm in GAr. The sources used for y-ray
and neutron calibration were >Na and 2>*Cf, respectively. An Nal(TI) scintillator behind the
source detects the y-ray and estimates the TOF". Figure 4.9 provides details of the TPC.

4.2.2.2 Experimental data

The data acquisition system consists of a 250MS/s flash ADC and a three-channel coinci-
dence trigger for the top, bottom, and Nal(TI) scintillator. The S; was of 5.7 £0.3p.e/ keV,,
for 511 keV y-ray at € = 0 V/cm. The S| decreases and S, increases at higher fields due to the
Z. The fig. 4.10 illustrates the behavior of S| and S,.

For ER, recombination &% was calculated using the Doke-Birks model. The data is fitted
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(a) TPC scheme with liquid/gaseous volume divi- (b) The full-apparatus scheme. Figure taken
sion phase. Figure taken from'". from'”.

FIGURE 4.9 — Cross-section schemes of the TPC from different angles.

using the eq 4.7:
_Se) e Sae)
S1 (& = 0) =1-C-(1-%(¢)) and 2o =3) - (1-Z(¢)), 4.7)

where C; and C, are constants.

In conclusion, the ANKOK prototype evaluated ER discrimination power using a small TPC
with 22Na and 22Cf sources. The ANKOK experiment gathered data for both NR and ER. The
S» /S ratio for low-energy events in LArTPCs was used to analyze drift electric field impacts

. . . . 104 10
on ER discrimination

4.2.3 ReD experiment

The Recoil Directionality (ReD) experiment was part of the DarkSide Collaboration that
investigates the directional sensitivity of Ar detectors via columnar & to NRs in the E range of
7 11

20 — 200 keV, for direct DM searches, collecting data for both NR and ER* .

4.2.3.1 Experimental apparatus

The apparatus (see fig 4.11) consists of a DP-LArTPC with an active mass of 185 g (if
filled with LAr) with dimensions 5 cm x 5 cm x 6 cm(L x W x H). It was delimited by two
acrylic windows with 4.5 mm. The top and bottom windows were covered by a transparent
conductive layer of ITO. The extraction grid was made of stainless steel 50um thick. This
apparatus can work both as a SP or DP TPC. For the GAr production, the TPC works with a
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FIGURE 4.10 — Dependence of S; yield (in blue) and S, yield (in red) for ER events at 340 keVee, normalized at
3 kV/cm. Figure taken from"".

boiler consisting of a platinum resistance temperature sensor. For detecting the light response,

24 Silicon Photomultipliers (SiPMs) were placed on top of the TPC, composing the readout
11
system .

*~ Bottom SiPMs & FEB

(a) Schematic drawing. (b) A photograph with the components of the TPC.

FIGURE 4.11 — The ReD TPC. Taken from' .

4.2.3.2 Experimental data

The measurements of scintillation and ionization were estimated using the models that will
be described as follows. The total S; and S5 signals:

N, ex
N ion

S1 = glehotons = gl( +<@)]Vion (4.8)
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and
SZ = g2(1 _%)Niona (49)

with g; and g,, the number of photoelectrons detected per scintillation photon emitted and the

S> gain of the TPC, respectively.

The S; and S, were expected to be anticorrelated, because of their origin, from scintillation
and ionization processes. Then, this work studied these quantities as a function of the deposited

energy and the electric field.

For %, the work used the Doke-Birks model, modified to this account for the observance of
the dependence on €; expressed as

AeDi&adE

R=———d | Ce D2t 4.10
1+BiE (4.10)

where the B constant can be defined as

A —D€g
B=—— "¢ — (4.11)
e@ (E — °°) — Ce=128

considering # — 1 for highly-ionizing particles (‘é—f — oo) at any value of €.

The S1/S1(0) measurements were taken in the DP mode of the ReD TPC. The data taken
with the 2*! Am were used as control data and were not used in the fit, like the 33" Kr and '3*Ba
data, because the energy was out of the range of the eq. 4.10 (9 — 32 keV). However, these data
were used to cross-check model predictions of the light yield, represented by fig. 4.12. The
modeling of the experiment offered reliable estimates of scintillation and ionization, correlated
to different dE /dx values and € fields.

o 1= — Model *'am } ReD SP data
& - i
- — Model "Ba § ReD P data
ogp
- — Model s {: ARIS SF data
] % Rel DP control data
0T
(Y| = T
- H-\- . |
N T
05— T
- | ] | ] ] %%_HTH'“
0 200 400 600 800 1000
Dirift Field (V/cm)

FIGURE 4.12 — The S;/S1(0) ratio as a function of the electric field &, from ReD SP and DP TPC measurements
with 24! Am, 133Ba, and 137Cs sources. Data points from ARIS collaboration were available up to 500 V/cm. The

ReD ?*! Am DP data (blue empty squares) were not used in the fit. Figure taken from'".



S Analysis Description

In this chapter the implementation details of the statistical analysis adopted in the work
presented in this dissertation are presented. In section 5.1 the LArQL model is described with its
main features. In section 5.2 all the data sets organization and implementation of the proposed

global fit are discussed.

5.1 The LArQL model

The PDS systems for the next massive LArTPCs experiments, as discussed in sec. 3.5, will
have their capacity enhanced to exploit scintillation light detection. That requires an improved
description of the scintillation light production mechanism, considering finer details regarding
the energy deposits per particle in LAr volume. Recent scintillation data analysis performed
in ProtoDUNE-SP, indicates the importance of detailed estimations for light and charge yields,
considering the energy deposits per particle in LAr and the simulation for future LArTPCs
experiments such as DUNE FD-VD and future DUNE Phase-II Detector modules’ .

The charges produced from ionization are drifted to anode planes allowing the reconstruc-
tion of trajectories (see ch. 3). In order to study the constrained production os scintillation light
and ionization charges in LAr a simple phenomenological model is used (LArQL)4. It adjusts
the Birks’ model for charge yield in order to account for the role of escape electrons at lower
electric fields but at the same time aligning the model with estimates at higher fields without
losing its description quality. As one of its benefits, this model offers estimates at electric field

€ values from 0 up to 0.75 kV /cm which was a feature previously limited on other models.

The LArQL model is implemented according to a set of assumptions based on experimental

results. To estimate Q and L eq. 3.4 becomes:

dE dE
QLArQL (87 E) +LLArQL (87 E) = Nion + Nex, (5.1)

implying they are anticorrelated and depend on dE /dx and €, as represented by fig. 5.1. This
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model depends on the average number of produced quanta (N,):
Nq = Nion + Nex, (5.2)

and the number of ionization electrons generated per unit of deposited energy is Nipp, = 1/Wion

(dimensionless), where W, is the energy expended for each ionic separation:

N,

Wion = Eion + Epin + (ﬁEex) =23.6 £03eV/e, (5.3)
Nion

where Ej,, is the average ionization energy, Ey;, the average kinetic energy per electron, and

E.. is the energy released for each exciton formed and N,, the excitations of Ar atoms, with

. . . . . . . 6 4
Nex/Nion = 0.29 representing the number of excitons per electron-ion pair ionization in LAr
7 105

4
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FIGURE 5.1 — The S and R ratios as € applied in LAr, in kV/cm for mip. The yellow band represents the range
of interest for LArQL. The red dots represent the scintillation light and the black dots, the free charges. The anti-
correlation between the two quantities is mathematically described by 5.1. Figure taken from’ .

The LAr ionization charge chain mechanisms and scintillation light production are repre-
sented by fig. 3.2. The fig. 5.1 shows the collection factor R, that is the ratio between the charge

collected Q.. at a fixed € and the maximum charge produced (Qw):

dE . Qcoll (87 %)
R <£, E) == (5.4)

S represents the scintillation ratio defined as:

dE\ L(e, %)
S (S,E) = @, (5.5

where L at a null electric field is the maximum amount of light emitted for a fixed dE /dx.
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It is also taken into account the light reduction at € = 0 for low dE/dx values, attributed to
the escaping electrons that do not recombine into Ar; excimers and, as a consequence, reduce
the amount of photons produced during the de-excitation of the Argon molecules. The Relative

Scintillation Yield at € = 0 (1o, see fig. 4.3) is can be written as funcion of dE/dx as:

1= 20+ g
_ XO Nlon (56)

Mo = —————en,
<1+,Q’—>

where ) represents the fraction of electrons escaping in € ~ 0 (dimensionless) and contains the

dE /dx dependence. It is parameterized in LArQL as:

Nex
_ Xol
x02+exp (%03 + %€ prarxod)’

(5.7)

. 6 - . .
where )i are fitted constants to the data from . This quantity is used to provide the correction
term for additional escaping electrons in lower fields, modifying the Birk’s model for the range

of interest of LArQL. The charge yield term assumes the form:

QLArQL = OBirks + Qee; (5-8)

where Q4,01 1s the total productions of free charges, Op;«s 1 the charge production due to the
€ applied according to the Birks model and Q,, refers to the charges that would escape even at
e=0"" Combining the eq. 5.8 and eq. 5.7 and introducing an electric field dependent cutoff

factor:

‘4/1'0”
QLArQL = T kg 1dE + %Ofcoeroo- (5.9
Prar € dx
At € =0 and a given dE/dx, the fraction of escaping electrons is Qy = Y0 Qe
The f,,,r factor generalizes the escaping electrons term the dependence for € = 0 and is
given by:

Jeorr :e(aln%ﬂg) ) (5.10)

4 . .
where o and 3 are free parameters . Then, the L term is obtained as:

Liaror = Nion — Qraror + Nex- (5.11)

represents the production of light scintillation. The model is parameterized with eight constants,

which were fitted in the global fit proposed in this work.

The table 5.1 shows the original parameters of the LArQL model that consists of two pa-
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rameters from the Birks’ model kp and Ap, in eq. 5.9102, four parameters for ), represented by

xol, %02, x03 and )04, present in eq. 5.7, and two free parameters from eq. 5.10.

TABLE 5.1 — Original parameter sets'  obtained with LArQL.

param. kg (gV/cm®>MeV) Ap 201 202 %03 x4 MeV/em)™!  a (Viem) B (Viem)
48.6 0.8 3.65x107%% —546 1.70 1.94 x 10704 37x1072 1.2x1072

Comparisons of the LArQL model with experimental data from the works developed by95
* and 6, point out to a satisfactory description at4, as shown in figs. 5.2a, 5.2b and 5.2c. Such
quantities as S and the # or recombination factor and dQ/dx, represented by fig. 5.3, the charge
density are described simultaneously by LArQL.

However, it was observed that further improvements on the model could be achieved to
optimize the estimations for the data. This approach can be improved in two ways, described in

detail in subsequent sections:

* The performing a global statistical fit, weighted by the initially available datasets;

* The inclusion of new data available for more accurate estimates of model parameters;

5.2 Statistical analysis

As already mentioned data available in the literature was used to investigate correlations
between detected ionization free charge and scintillation light as function of the applied electric
field € and deposited energy dE /dx.

The analysis for ER utilized data from eight papers containing 15 datasets’ 0077

8. The data represented in fig. 4.5b, 4.2a, 4.2b, and 5.1 were used on the development of the
LArQL global fit. The remaining datasets were employed to compare the fitted LArQL model
with independent measured data shown in fig. 4.5a, 6.19b, 6.19a, 4.10, and 4.12. The global
fit developed in this work takes as starting point the original LArQL parameters configuration
(tab. 5.1) which renders the curve estimates compared to the data as shown in fig. 5.2¢, 5.2b,

and 5.2a with original plots from !

This section discusses the statistical procedures used for the LArQL model parameters de-

termination and uncertainties assessment methods.

5.2.1 Software framework

The ROOT package106 " was used as main platform for the development of this work’s

computational analysis as it offers its C++ code interpreter environment which integrates a
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FIGURE 5.2 — Comparative analysis of scintillation, recombination, light, and charge yield under various condi-
tions. Data used in the fit. Figures taken from'.
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broad range of libraries and functionalities without requiring code compilation. It is a frame-
work developed at CERN, mainly for particle physics research, to facilitate storage, processing,

visualization, and analysis of scientific data.

In these studies the key advantages of using ROOT include:

* Data handling facilities: As it was created for large datasets analysis it provides a ded-
icated library (TTree) to represent columnar data optimized for fast data handling and

basic pre-processing;

* Visualization tools: Offers a large set of good quality graphic classes for data represen-
tation. In particular histograms, scatter graphs and curve plots were used for the data and
LArQL studies presented in this dissertation. These classes also provide estimators for

typical statistical metrics.

* Random sampling generators: Provides random number interface for different gener-
ators allowing for sampling of the most common statistical distributions (uniform, gaus-

sian, exponential, binomial, etc). Other distributions can be easily implemented too.

5.2.2 LArQL fit to data

For the LArQL global fit implementation, a set of algorithms was developed in C++ using
the ROOT framework  to explore variations of the model parameters and perform a better data
regression. This implementation was developed in four stages, each aiming at gradually refining
the search for a better set of parameters improving the data representation by the LArQL model.

In each stage, a suitable search strategy was adopted accordingly.

One of the developed algorithms for global fit generated data files in which each line con-
tained a set of parameters along with the corresponding SSR values for each dataset, organized
in columns. The parameter selection algorithm was designed to identify the minimum SSR
value for each column using the ROOT framework. This algorithm reads the input data, iterates
through all stored entries, and, upon finding the smallest SSR value for each column, records it

in an output file along with the associated parameter values.

The first stage consisted of a multidimensional scan on the model parameters, adopting
broad ranges of values assumed for those. This early stage aimed to establish regions of interest
for searching for good model fits localized in regions beyond the vicinity of the original set of
parameters. Each of the parameter values was independently and linearly varied with a fixed
step width and within constrained nested loops, such that all combinations of parameters in the
multidimensional grid of points could be tried. A total of N = 10 different values were assumed
per parameter. Therefore, a total of N® points were evaluated. For each of these parameter

points, figures of merit were evaluated for every dataset used. The ranges adopted for the first
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stage are listed in tab. 5.2. Notice the ranges adopted for the Birks’ parameters were chosen to
be +30 limited around the central values provided in’ in order to keep these within statistically

comparable numerical values.

TABLE 5.2 — Intervals utilized for searching the fit parameters for 1* stage.

parameters kg(gV /cm*MeV) Ap Xol X02
minimum 46.98 0.79 267x107%  —10.96
maximum 50.22 0.81 4.64x10793  —1.96
parameters 203 204 MeV/em)™!  a (V/em) B (V/cm)
minimum 1.24 8.92x 107" 0.0104 0.0035
maximum 2.16 2.99 x 107% 0.064 0.021

The second stage also consisted on the same type of scan, however, with a much finer grid.
The same number N of points per parameter range was used, but all intervals were made much
narrower. Only the two ranges regarding the Birks model were kept unchanged with respect to

the first stage.

The first and second type of scans were actually performed more than once with minor ad-
justments in order to guarantee adequate multidimensional parameter spaces were established,
containing good candidate values. To determine that, for every fixed parameter set tried, the
SSR,-108 was evaluated between LArQL estimates and the measured points of the i-th datasets.
These included all the ionization charge and scintillation light datasets intended for the global

fit. This way it was possible to establish suitable search regions.

In the third and fourth stages, an additional step was introduced due to the method used
to obtain the parameters. In the developed algorithm, a srand() command was implemented
to generate random datasets within the adopted parameter range for these stages. To prevent
unnecessarily large files, a filtering function was applied to save only those parameter sets whose
SSR values were less than or equal to the original values listed in Table 6.1. As a result, all
stored parameter sets improved the LArQL estimates, and the best-performing results were

selected as the output of the fitting stage.

In the third stage it was utilized a random search approach was utilized, where the parameter
values were sampled independently around central values listed in tab. 5.1 within defined ranges
determined in the previous scan stages. In this stage, the global fit was implemented and a
reasonable LArQL parameter set could be achieved through the minimization of a weighted

sum of squared residues given by:

SSR;

_ (5.12)
ni(RMSZest)z

WSSR=Y_

where n; is the number of points for the i-th dataset and RM S;; . Was calculated with an interme-
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diate fit of the model to each i-th dataset individually assuming a very good data representation
of the data sets by LArQL. A condition was imposed that the SSR; should not exceed their

equivalent estimates obtained with the original parameters of LArQL according to tab 5.1 .

The fourth and last stage of the LArQL global fit followed the same steps, with the difference
being an increased number of draws, enhancing the probability of finding better parameter
sets tenfold compared to the third optimization. This step was repeated many times, such that
the method uncertainties on the parameters evaluation could be established. Based on these
results, a set of histograms was generated to examine the distributions and identify the regions
where values tend to cluster. The correlation between the determined parameters was also
studied. The results for the parameter sets from each dataset and the global fit obtained from

each optimization can be found in ch. 6.

It was also observed that LArQL provides a reasonable description of some of the most

. 10 11 9 72 8 .
recent experimental data, taken from refs. and , using the same set of parameters
identified in the fourth optimization. To visualize the changes in fit quality, a series of graphs
comparing the experimental data with the model curve and the residuals between data and

estimates were developed.



6 Analysis Results

The present chapter presents the results from the procedures described in ch. 5. Sec. 6.1
discuss the results obtained for the four stages of integrating the global fit. Sec. 6.2 exhibits the
comparison of LArQL estimates with the experimental datasets that were not used in the global
fit.

6.1 Results for the fit to the available data

The parameters stage occurs when the SSR; values evaluated for the nine datasets dedicated
to the fit refinement (see ch. 4) reach a satisfactory level, which is when those are all smaller
than the calculated with the original LArQL parameter sets and reasonably close to the single
dataset model fits. In chapter 5, it was described how the fitting procedures were performed
in four stages. The main goal was to have robust proof of concept for the implementation of a

multi-dataset fit and statistically determine the best parameter values for the LArQL model.

TABLE 6.1 — Original SSR obtained from original parameters from'. Data taken from’ ~ and °. These values are
used as a reference for the subsequent stage processes to evaluate the quality of the fit.

Dataset SSR
ICARUS % (dE /dx), € =200kV/cm 4.36 x 10~*
ICARUS Z (dE /dx), € =350kV/cm 3.58 x 10~*
ICARUS Z (dE /dx), € =500 kV/cm 5.79 x 10~*
ICARUS % (¢) 5.83 x 1073
Doke, et al., S (&) 1.70 x 1073
ARIS S(dE /dx), e =50kV/ecm  1.10x 1073
ARIS S(dE/dx), e =100kV/cm  2.50x 1073
ARIS S(dE/dx), e =200kV/cm  6.67 x 10~*
ARIS S (dE /dx), e =500kV/ecm  1.51 x 1073

Subsec. 6.1.1 describes the outcomes obtained from the exploratory broad parameter scans
performed. The values of parameters were evaluated for each dataset and the minimum SSR;
achieved were evaluated. Comparison plots between data and model estimates are shown. Sub-
section 6.1.2 presents the second stage results. Studies similar to those performed in the first

stage were made and narrow search ranges were proposed. Subsec. 6.1.3 presents the details
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of the global fit implementation indicating comparison plots, SSR; minimal values obtained
with individual dataset fits, succeeded W SSR from the global regression and parameters central
values. Lastly, in subsec. 6.1.4 the fourth stage is explained as it provides the means for the com-
plete determination model parameter values indicating the sampling choices and uncertainties

determination.

The SSR; values obtained adopting the original set of parameters of LArQL are shown in

tab. 6.1. These are used for the global fit improvement evaluation at the last stages.

6.1.1 First stage

In this early stage, the parameters were scanned and used to find the set of parameters that
reduces the SSR; of each dataset compared to the model estimations. The ranges adopted were
presented in tab. 5.2, and the coarse segmentation widths were determined by each parameter

range divided by the N number of values per parameter.

The obtained SSR; estimates and their respective parameters set for each dataset fit-
ted are listed in tab. 6.2. The SSR values found for each dataset were, for the ICARUS5
datasets % (dE /dx): 3.8 x 107* (£ = 200 V/cm), 3.0 x 10~* (¢ = 350 V/cm), 5.4 x 1074
(€ = 500 V/cm) and for Z (€), 6.5 x 107% (dE /dx = m.i.p.). For Doke et al’ S (&) dataset,
1.6 x 1072, For ARIS'' S(dE/dx): 1.08 x 103 (¢ = 50 V/cm), 4.1 x 1073 (¢ = 100 V /cm),
5.7x 1073 (¢ =200 V/cm) and 3.2 x 1073 (€ = 500 V /cm). For comparison with the original
LArQL configuration, see tab. 6.1.

TABLE 6.2 — Datasets with the parameters obtained in the 1% stage. The graphical results and residuals are
presented in figs. 6.1. The reference SSR values are listed in Tab. 6.1.

Dataset SSR kg (g Viem®>MeV) Ap 201 202 %03 xo4 MeV/em)™!  a (V/iem) B (V/em)

ICARUS 200V 3.80x 10~* 46.98 0.79 2.70x 1073 -6.96 1.95 8.90x 1073 6401072 2.10x 102
ICARUS 350V 3.03x 10~* 50.22 0.81 440x1073 -3.96 1.24 8.90 x 107 6.40x 1072 2.10x 1072
ICARUS 500V 5.40 x 10~* 48.78 0.81 4.60x1073 -396 1.34 2.50x 104 6401072 2.10x 1072
ICARUS Z(g) 6.50x 1076 46.98 0.80 4.60x1073 -6.96 195 8.90 x 1073 6.40x 1072 2.10x 1072
Doke, et al. 1.60 x 1072 50.22 0.79 4.60x1073 -6.96 1.95 8.90 x 1073 1.04x 1072 3.50x 1073
ARIS 50V 1.10x 1073 50.22 0.79 4.60x 1073 -6.96 1.95 8.90x 1073 1.04x 1072 3.50%x 1073
ARIS 100V 4.11%x1073 50.22 0.79 4.60x1073 -6.96 1.95 8.90x 1073 1.04x 1072 3.50%x 1073
ARIS 200V 5.70 x 1073 50.22 0.79 4.60x1073 -6.96 1.95 8.90 x 107 1.04x 1072 3.50%x 1073
ARIS 500V 3.20x 1073 50.22 0.79 4.60x 1073 -6.96 1.95 8.90x 1073 1.04x 1072 9.40x 1073

Four out of nine datasets did not have SSRs smaller than their correspondents in tab 6.1
in this particular stage: Doke, et al.6, ARIS datasets for 100,200 and 500 V/ cm7. All of the
ICARUS’ datasets succeeded in this stage. The parameters values found for Doke et al.ﬁ, ARIS
€ = 50,100 and 200 V/cm datasets were the same, but only the ARIS € = 50 V/cm dataset
succeeded.

Each of the datasets were compared with predictions performed with LArQL through plots
of the S and # measured quantities as function of dE /dx or €. The corresponding residuals

were also produced and are presented. The dark maroon lines represent the theoretical values
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FIGURE 6.1 — Results of the first stage for ICARUSS, ARIS”, and Doke, et al’ datasets at € = 200V /cm for
ICARUS and ARIS data, and 4£ = mip.

provided by LArQL. The red dots are the experimental data and the lower graphs are for the
visual representation of the residuals, represented by blue triangles. The graphs obtained from
the parameter sets from tab. 6.2 are displayed in figs 6.1, representing the adjustment for S(¢),
X (€), S(dE /dx) (both for dE /dx = m.i.p) and % (dE /dx),€ (both for € =200 V/cm). Figs
6.1a and 6.1b show curves for ICARUS % data which are near the data points as expected.
Note in figs. 6.1d and 6.1c the curves are shifted down from the data clusters indicating further

degradation as it was also expected based on the obtained values of SSR; obtained in this stage.
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Similar plots were produced for all datasets (used for the fit) and are listed in the appendix A.1.

TABLE 6.3 — Parameter limits adopted on the stages.

parameters kg (gV/cm>MeV) Ap 20l %02
minimum 46.98 0.79 2.67x1073 -10.96
maximum 50.22 0.81 4.64x1073 -1.96

X03  Xo4 (MeV/cm)_1 o (V/cm) B (V/cm)
minimum 1.24 8.92x 1072 1.04x 1072 347x1073
maximum 2.16 2.99 x 104 6.40x 1072 2.13x 102

The results showed that it was necessary to decrease the scan range to find the best parame-
ters for the dataset description with the global parameters. For that, the second search stage was
implemented.

6.1.2 Second stage

The second stage followed the same steps as the first stage, with different parameter ranges.
It scanned a parameter for 10 values and kept others constant, repeating the procedure for all

possible parameter configurations within the grid of points established, as shown in tab. 6.4.

TABLE 6.4 — Interval utilized for searching the fit parameters for 2" stage.

parameters kg(gV /cm*MeV) Ap Xol X02
minimum 46.98 0.79 3.54x 1073 —5.96
maximum 50.22 0.81 376 x 1073 —4.96
parameters x03 204 MeV/em)™' o (V/em) B (V/cm)
minimum 1.65 1.82x 1074 34x1072 1.1x1072
maximum 1.75 2.06 x 1074 4.02x107%2 1.3x1072

Some parameter ranges were kept the same compared to the 1% stage. The parameters Ag
and kg kept the same intervals, from 4.698 x 10! t0 5.022 x 10! and 7.9 x 10~ and 8.0 x 101,
respectively. The range adopted for o1 was 3.5 x 1073 to 3.8 x 1073, from 5 to 6/ steps.
The range of xp2 was —5.96 to —4.96, from 6" to 7" steps. The parameters ¥o3, xo4, & and
B were varied in the same range steps, from 5 to 6. The values adopted were from 1.65 to
1.75, from 1.8 x 10~* t0 2.05 x 104, from 3.4 x 1072 to 4.01 x 1072 and from 1.1 x 1072 to
1.3 x 1072, respectively, also divided by 10 steps.

It was observed that most of the parameter sets that produced the most significant SSR; re-
ductions were located in certain ranges, smaller than the ones adopted in the first stage. The
results are listed in tab. 6.5. The SSR results of the second stage were, for the ICARUS’
datasets % (dE /dx): 3.9 x 107* (¢ = 200 V/cm), 3.0 x 10~ (¢ = 350 V/cm), 5.4 x 1074
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(€ =500 V/cm) and for % (€), 1.3 x 107° (dE /dx = m.i.p.). For Doke et al’ S () dataset,
3.4 x 1073, For ARIS'' S(dE/dx): 7.8 x 10~ (¢ = 50 V/cm), 2.2 x 1073 (g = 100 V/cm),
6.8 x 107* (¢ =200 V/cm) and 8.2 x 10~% (¢ = 500 V /cm).

TABLE 6.5 — Datasets with the parameters, obtained from the 2"? stage, that perform the fit. The graph results and
their residuals are depicted in fig. B.1.

Dataset SSR kg (g Viem’MeV)  Ap 20l 202 203 x4 MeV/em)™T o (Viem) B (V/em)

ICARUS 200V 3.87 x 10~# 46.98 0.7973 3.66x 1073 -531 1.68 1.84x 1074 3.99x 1072 1.33x10°2
ICARUS 350V 3.04 x 10~* 50.22 0.8063 3.55x1073 -591 1.75 2.04%x1074 3.99% 1072 1.33x 1072
ICARUS 500V 5.41 x 10~* 49.14 0.8081 3.75x 1073 -551 1.69 1.84x 1074 3.99% 1072 1.33x 1072
ICARUS Z(g) 1.33x1076 47.34 0.8027 3.75x1073 -561 1.73 1.84x 1074 3.99% 1072 1.33x1072
Doke, et al.’ 3.42x1073 50.22 0.7919 3.75x 1073 -521 1.65 1.84x 1074 345%1072 1.15x 1072
ARIS 50V 7.80x 1074 50.22 0.7919 3.66x 1073 -571 1.75 2.04x 1074 3.99%x 1072 1.15x 1072
ARIS 100V 221x1073 48.42 0.7919 3.75x 1073 -521 1.65 2.04x 1074 3.99x 1072 1.15x 1072
ARIS 200V 6.85x 1074 50.22 0.7919 3.75x 1073 -521 1.65 1.84x 1074 3.63x 1072 1.15x 1072
ARIS 500V 8.22x 107 50.22 0.8081 3.58x 1073 -521 1.65 1.84x 1074 345% 1072 1.15x 1072

Some of the graphs representing the LArQL curve adjustments for S(g), Z(¢), S(dE/dx)
(both for dE /dx = m.i.p) and Z(dE /dx), € (both for € =200 V/cm) are depicted in figs. 6.2.
In this stage, figs 6.2c and 6.2d show curves that are still shifted down from their data points, but
less than in the first stage. Compared with the values in tab. 6.1, it was noted that only these two
datasets did not succeed at this stage: Doke, et al.” and ARIS 200 V / cm’. The plots produced

for all the data sets used in the individual fit procedures are available in appendix B.1.

A multidimensional scan of the model parameters was performed, similar to the first stage,
but with different parameter ranges. The results from this stage point the necessity to change
the search approach to obtain the individual and global fit parameter sets in the next stage.
This change was such to avoid unwanted numerical features such as loss of resolution on the
parameters’ final determination, which could not be achieved with the simpler fixed-step scan
employed in the first two stages. The method performed in the third stage consists on the
random sampling sampling of the parameters values within the ranges determined in the second

stage.

6.1.3 Third stage

Differently from the first two stages, where were performed scans on the parameters, in the

third stage their values were randomly sampled in a total of 10® set draws.

An algorithm was developed to filter the outcomes with only parameter sets that offer SSR;
smaller than the original values (tab. 6.1) creating a database and, then, select the best results.
The search ranges adopted are the ones obtained in the second stage analysis. The obtained

individual and global fit parameter sets are listed in the tabs. 6.6 and 6.7, respectively.

A second set of algorithms was then implemented to scan the database file to search for the
model parameter sets that best fitted each dataset individually minimizing their respective SSR;

and finally look for the configuration of parameter set minimizing the WSSR quantity.
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FIGURE 6.2 — Results of the second stage for ICARUSS, ARIS“, and Doke, et al’ datasets at € = 200V /cm for
ICARUS and ARIS data, and 4£ = mip.

Tab. 6.6 lists the obtained individual SS ;-"i” and the respective parameters. Those values
were, for ICARUS’ Z (dE /dx): 4.1 x 107 (€ = 200 V/cm), 3.3 x 107# (¢ = 350 V/cm),
5.5 x107* (¢ = 500 V/cm) and for Z (¢), 3.3 x 107> (dE /dx = m.i.p.). For Doke et al’
S(€) dataset, 1.52 x 103, For ARIS" S(dE/dx): 9.9 x 10~* (¢ = 50 V/cm), 2.33 x 103
(€ =100 V/cm), 6.3 x 107* (¢ = 200 V/cm) and 1.42 x 1073 (¢ = 500 V /cm).

Note that, in tab. 6.6, the same parameter sets were found for ICARUS & =
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TABLE 6.6 — Datasets with the parameters, obtained from 3’¢ stage, that perform the fit. The graph results and
their residuals are depicted in fig. C.1.

Dataset SSR kg (g Viem®MeV) Ap 201 202 203 xo4 (MeV/em)™T  a (Viem) B (Viem)

ICARUS 200V 4.07 x 10~% 50.18 0.81 3.69x10~3 -573 1.75 2.03x 1077 3.75x1072 1.34x 1072
ICARUS 350V 3.26x 10~* 50.18 0.81 3.69x1073 -573 1.75 2.03x 1074 3.75x 1072 1.34x1072
ICARUS 500V 5.50 x 10~* 49.99 0.81 3.61x1073 -563 1.73 2.04x 107 3.73x1072 1.34x1072
ICARUS Z(g) 3.27x107° 49.99 0.81 3.61x107% -563 1.73 2.04x 1074 3.73x 1072 1.34x 1072
Doke, et al. 1.52x 1073 49.89 0.81 3.62x1073 -568 1.74 2.05x 1074 3.90x 1072 1.16x 1072
ARIS 50V 9.86x 10~ 49.35 0.80 3.59%x1073 -563 1.73 2.04x 1074 401x1072 1.22x1072
ARIS 100V 2.33%x1073 49.35 0.80 3.59%x1073 -563 1.73 2.04x 107 401%x1072 1.22x1072
ARIS 200V 6.31x 107 49.35 0.80 3.59x1073 -563 1.73 2.04x 1074 401x1072 1.22x1072
ARIS 500V 1.42x 1073 49.99 0.81 3.61x1073 -563 1.73 2.04x 107 3.73x 1072 1.34x1072

200 and 350 V/cm, for ICARUS € = 500 V/cm, Z# (¢) and ARIS € = 500 V/cm, and for
ARIS & = 50,100 and 200 V/cm. These results indicated that the method adopted seemed ef-
fective in clustering the parameter values around smaller bounds to find the global parameter

set without constraints.

Figs. 6.3 represent the adjustment to data for S(¢), Z(¢€), S(dE /dx) (both for dE /dx =
m.i.p) and Z(dE /dx),€e (both for € =200 V/cm). In this case,for all datasets the estima-
tion curves are near the data points, pointing to better results than the first two stages. For
all the datasets included on the fit graphic comparisons were produced and are available at
appendix C.1.

Global fit final procedure for 3’ stage

For the global fit parameter sets determination, the lowest WSSR was found, calculated with
eq. 5.12. The algorithm developed in this step was based on the methods described in ch. 5, and

the global parameter set is shown in tab. 6.7.

TABLE 6.7 — Global parameter set from the 3™ stage.

WSSR (sum) kg (g V/em®MeV) Ap %01 %02 %03 xo4 MeV/em)™! o (Viem) B (V/em)
9.78 49.99 0.81 3.61x1073 -5.63 1.73 2.04x 1074 3.73x 1072 1.34x 1072

TABLE 6.8 — Individual SSR;""’ results, obtained from 37 stage, global fit.

Dataset SSR kg (g Viem®MeV) Ap 201 202 %03 xo4 MeV/em)™!  a (Viem) B (Viem)
ICARUS 200V 4.16 x 10~ %

ICARUS 350V 3.43x10*

ICARUS 500V 5.50 x 10~*

ICARUS Z(¢) 3.27x1073

Doke, et al. 1.69 x 1073 49.99 0.81 3.61x103 —5.63 1.73 2.04x107% 3.73%x 1072 1.34x 1072
ARIS 50V 1.10x 1073

ARIS 100V 248 %1073

ARIS 200V 6.57x107%

ARIS 500V 1.42x 1073

The SSR; in this stage were, for ICARUS’ 2 (dE /dx): 4.16 x 10~* (¢ =200 V /cm), 3.43 x
1074 (¢ = 350 V/cm), 5.5 x 107* (¢ = 500 V/cm) and for Z (€), 3.27 x 107> (dE/dx =
m.i.p.). For Doke et al.’ S(€) dataset, 1.69 x 10~3. For ARIS'' S(dE/dx): 1.1 x 103 (¢ =
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(c) ARIS data, S(dE /dx), € =200V /cm (succeeded). (d) Doke, et al., S (¢), % = mip (succeeded).

FIGURE 6.3 — Results of the third stage for ICARUSS, ARIS“, and Doke, et al’ datasets at € = 200V /cm for

ICARUS and ARIS data, and ‘fi—f = mip, individually.

50 V/cm), 2.48 x 1073 (¢ = 100 V/cm), 6.57 x 10~ (¢ =200 V/cm) and 1.42 x 1073 (¢ =
500 V/cm), as shown in tab. 6.8.

Figs. 6.4 were obtained with the parameter set from tab. 6.7. As mentioned, this searching
approach points to the parameter values in which they are clustered. Notice the similarity
between figs 6.3 and 6.4 suggest a good quality and simultaneous description of all datasets

can be achieved with a single set of parameters. In addition, the global set found in this stage
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FIGURE 6.4 — Results of the third stage for ICARUSS, ARIS“, and Doke, et al’ datasets at € = 200V /cm for
ICARUS and ARIS data, and ‘fi—f = mip, global fit.

is the same that fits the ICARUS € = 500 V/cm, ICARUS Z (€) and ARIS & = 500 V/cm

datasets, individually.

Because of the algorithm developed, the increment of the parameter random samples would
also increase the probability of finding better parameter sets that perform the fit to the data, once

each run offers different results.

The comparison plots for all data sets used for the individual fitting in the third stage are
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available in appendix C.1 and the plots using the global fit parameters are show in appendix
C.2.

6.1.4 Fourth stage

The fourth stage consisted of the same steps as the third stage, but with an increment in the
number of draws up to 10°. The individual parameter sets that fit the data are listed in tab. 6.9,
the global parameters obtained for this stage are shown in tab. 6.11. However, to get a better
estimate for the parameters (central values) and their uncertainties, this stage was repeated 30

times.

TABLE 6.9 — Datasets with the parameters, obtained from 4’ stage, that perform the individual fit. The graph
results and their residuals are depicted in fig. D.1.

Dataset SSR kg (g ViemMeV)  Ap 20l 202 203 xo4 MeV/em)™'  a (Viem) B (Viem)

ICARUS 200V 4.09 x 10~% 49.95 0.81 3.58x107° -565 1.73 2.04x 1077 3.76x 1072 1.31x 1072
ICARUS 350V 3.29x 1074 49.95 0.81 3.58x1073 -565 1.73 2.04x 107 3.76 x1072 1.31x1072
ICARUS 500V 5.50 x 104 49.76 0.81 3.57x1073 -552 1.71 2.05x 1074 3.81x1072 1.20x 1072
ICARUS Z(g) 2.84x 1073 49.67 0.81 3.60x1073 -570 1.74 2.04x 1074 3.83x 1072 131x10°2
Doke, et al. 1.49x 1073 49.98 0.81 3.60x1073 -573 1.75 2.03x 1074 3.98x1072 1.27x1072
ARIS 50V 9.86 x 10~* 49.78 0.80 3.59% 1073 -565 1.73 2.05% 107 3.98x 1072 1.34x 1072
ARIS 100V 2.34x1073 49.78 0.80 3.59x1073 -565 1.73 2.05x 1074 3.98x 1072 1.34x1072
ARIS 200V 6.30x 107+ 49.14 0.80 3.60x1073 -573 1.75 2.05x 1074 3.84x1072 1.33x1072
ARIS 500V 1.41x1073 48.92 0.80 3.60x1073 -572 1.75 2.05x 1074 3.67x1072 1.16x1072

The same procedure is described in subsec. 6.1.3 of filtering and storing the best results
for individual and global parameter sets is applied, and all of the parameter sets found in this
stage perform the fit to the data. Table 6.9 shows the SS ;"”’ per individual dataset obtained
for the first instance of the fourth stage. The values found were, for ICARUS’ Z (dE /dx):
4.1 x 107* (¢ = 200 V/cm), 3.3 x 10~* (¢ = 350 V/cm), 5.5 x 10~ (¢ = 500 V/cm) and
for % (€), 2.8 x 1075 (dE /dx = m.i.p.). For Doke et al.’ S (€) dataset, 1.5 x 10~3. For ARIS "
S(dE /dx): 9.8 x 10~% (¢ =50 V/cm), 2.3 x 1073 (¢ =100 V/cm), 6.3 x 10~* (¢ =200 V /cm)
and 1.4 x 1073 (€ =500 V /cm). Note that the same parameter values were found for ICARUS
€ =200 and 350 V/cm, and ARIS € = 50

In this first instance of this stage, all datasets provided improved SS ?”i" when compared to
their counterparts evaluated with the original LArQL model set of parameters. The comparison
graphs in figs. 6.4 shows the curve estimates offering small residues concerning the data. The

graphs for all datasets included on the fit are depicted in figs. D.1.

Global fit for 4/ stage

The same procedures described in subsection 6.1.3 were performed to the global fit of the
first instance. The W SSR value evaluated for this stage was of 9.68 and the SIS ;ﬁi”, represented
by tab. 6.10 per dataset were, for Z (dE /dx): 4.31 x 10~* (¢ =200 V /cm), 3.56 x 10~* (¢ =
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TABLE 6.10 — Individual SS. ;'“'” results, obtained from 4" stage, global fit (single sample).

Dataset SSR kg (g Viem®MeV) Ap %01 202 %03 xo4 MeV/em)™!  a(Viem) B (Viem)
ICARUS 200V 4.31x10°%

ICARUS 350V 3.56 x 10~*

ICARUS 500V 5.51x10~*

ICARUS Z(g) 2.84x 1073

Doke, et al. 1.69 x 1073 49.67 0.81 3.60x1073 —570 1.74 2.04x107% 3.83x1072 1.31x1072
ARIS 50V 1.05%x 1073

ARIS 100V 2.40x 1073

ARIS 200V 6.39x 104

ARIS 500V 141 %1073

350 V/cm), 5.51 x 10~% (¢ = 500 V/cm) and for Z (¢), 2.84 x 107> (dE /dx = m.i.p.) for
ICARUS’. For Doke et al.’ S(¢) dataset, 1.69 x 1073, For ARIS' S(dE /dx): 1.05x 1073
(€ =50 V/cm), 2.40 x 1073 (¢ = 100 V/cm), 6.39 x 10~# (¢ = 200 V/cm) and 1.41 x 1073
(¢ =500 V/cm).

The parameter result is listed in tab. 6.11. The global and the individual parameter sets found
for the ICARUS Z (€) dataset were the same. Note that the WSSR ratios had a decrement of
~ 1% from 3™ to 4", indicating that the probability of obtaining the better parameter sets
increases with the number of draws performed by the algorithm. The quality of the adjustment
can be seen in figs 6.5, where can be seen the small residues between theoretical values and

data. For all datasets included on the fit graph results, see appendix D.2.

TABLE 6.11 — Global parameter set from the 4" stage (single sample).

WSSR; kg (g Viem®MeV)  Ap 201 202 %03 o4 MeV/em)™'  a(Viem) B (Vicm)
9.68 49.67 0.81 3.60x10°3 -570 1.74 2.04x 107 3.83x 1072 1.31x102

Results from multiple samples from 4'” stage

It was noted that for each instance of the fourth stage performed varying results due to
different parameter sets obtained were observed. Consequently, an algorithm was developed
to repeat this full procedure to establish a good and statistically well defined set of global fit
parameters (i.e. parameters defined with central values and correspondent uncertainties). In
order to have reasonable results a total of 30 instances of the fourth stage were reproduced.
Notice the initial seeds of the random number generators were always adequately set at the

beginning of each instance run to avoid introducing biases.

The minimum WSSR was estimated for each of these 30 iterations. All these values and
their associated sets of parameters were stored. The central values for the parameters are taken
as those from the instance providing the lowest WSSR, which are the most probable parameters

value estimates.

After completing the 30 iterations, the distributions of the obtained values for each P pa-
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FIGURE 6.5 — Results of the fourth stage for ICARUSS, ARIS”, and Doke, et al’ datasets at € = 200V /cm for
ICARUS and ARIS data, and ‘fl—f = mip, global fit (single sample).
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rameter were created. The standard deviations
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were taken as metric for accessing the precision of the estimated parameters.

6.1

It is expected an estimator quality improvement with the larger possible number of entry
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values per histogram. However, the number of instances adopted was limited by the computa-
tional resources available. Although in fig 6.6 it is possible to notice the distributions clustering
for all parameters, but with a not so clear exception for 3. This parameter’s distribution might

be clearer if over 30 runs were conducted during the 4" stage.

TABLE 6.12 — Global parameter set with uncertainties from the 4" stage (selected from 30 samples and chosen
by its smallest WSSR).

WSSR (sum) kg (g V/em*MeV) Ap 20l 202
9.59 49.7341.02 (8.1040.03) x 107" (3.604+0.24) x 1073 —5.6840.03
X03 Xo4 (MeV /cm)~! a (V/em) B (V/em)

1.74+0.57 (2.01£0.19) x 10~* (3.90£0.07) x 1072 (1.30+£0.44) x 102

As a result, the minimum WSSR ratio found was 9.59, offering an average SSR; reduction
for the datasets of ~ 6.64%, which implies an overall reduction in the difference between the
estimation curves and data. Tab 6.14 shows the percentage reduction of the SSR; obtained for
each dataset. All curves are better described than with the original set of parameters. Notice
that most datasets had an SSR; reduction lower than ~ 15%. Fig. 6.7 shows the comparison
graphs for the final global fit set of parameters. The comparison graphs for all datasets included
in the fit are depicted in appendix D.3.

TABLE 6.13 — Individual SSR"" results, obtained from 4'h stage, global fit from 30 samples.

Dataset SSR kg (g Viem®MeV) Ap 201 202 x03 xo4 MeV/em)™!'  a (Viem) B (Viem)
ICARUS 200V 4.09 x 10~%

ICARUS 350V 3.26 x 10~*

ICARUS 500V 5.49 x 10~*

ICARUS Z(g) 2.69x107°

Doke, et al. 144 x 1073 49.73 0.81 3.61x103 —5.68 1.74 2.01 x10~* 3.87x1072 1.28x 1072
ARIS 50V 9.90 x 104

ARIS 100V 2.34 %1073

ARIS 200V 6.33x10°*

ARIS 500V 1.42x1073

The final SSR; were (see tab. 6.13), for ICARUS” % (dE/dx): 436 x 10~* (¢ =200 V /cm),
3.58 x 107* (¢ = 350 V/cm), 5.50 x 10~* (¢ = 500 V/cm) and for Z (&), 2.80 x 1077
(dE/dx = m.i.p.). For Doke et al’ S (¢) dataset, 1.65 x 1073, For ARIS' datasets, S(dE /dx):
1.06 x 1073 (¢ = 50 V/cm), 2.42 x 1073 (¢ = 100 V/cm), 6.47 x 10~* (¢ = 200 V/cm) and
1.44 x 1073 (¢ = 500 V/cm).

TABLE 6.14 — Succeeded results and percentage decrease, compared to original SSR values, of the 30" sample.

ICARUS
Dataset X (dE/dx), e =200kV/cm Z#(dE/dx), e =350kV/cm Z(dE/dx), e =500kV/cm Z(¢€)
SSR; 4.09x 10~% 3.26x107% 5.49x10~% 2.69x 1077
Result succeeded succeeded succeeded succeeded

Decrease (%) 6.31% 8.92% 5.19% 53.88%
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FIGURE 6.6 — Parameters distributions and their respective ranges they that tend to be clustered.

Fig 6.8 shows a compilation of all datasets used in the global fit compared to their respective

LArQL estimates using the final parameters set al.l the curves have a slightly better fit to data.
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FIGURE 6.7 — Results of the fourth stage for ICARUSS, ARIS”, and Doke, et al’ datasets at € = 200V /cm for
ICARUS and ARIS data, and ‘fl—f = mip, global fit from 30 samples.

Doke, et al., S (€)
SSR; 1.44 % 1073
Result succeeded
Decrease (%) 15.37%

Correlation factor results

The correlations between the LArQL model parameters were also investigated. The typical

procedure to do so is by means of arrangements of parameters in pairs and evaluation of their
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Result succeeded succeeded succeeded succeeded
Decrease (%) 10.41% 6.64% 5.10% 6.04%
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FIGURE 6.8 — The LArQL fit results for (a) ICARUS’, (b) ARIS’ data, and (c) the Doke, et al.’ data, with the
parameters from tab. 6.12.

correlation. This can be done via 2D parameter scatter plots and correlation coefficient calcula-
tions. In order, to gather a significantly large amount of reasonably constrained parameter sets
these were selected by the requirement of all SSR; values being lower than those obtained from

the original LArQL parameters.

The correlation coefficient indicates the relationship between two variables, with possible
values —1 < ¢ < 1. The correlation coefficient ¢, also known as the linear correlation coefficient
is: N _ —

=1 (X =X)(¥;—Y)

CcC =
\/):],y:1(Xj _)_()2):]},:1 (Yj _7)2

where X and Y are the parameters. The histograms representing the correlation factor are pre-

(6.2)

sented in appendices F.1, F.4, E5, F.6 and F.7 and the correlation results are listed in tab. 6.15.
The dark blue regions represent low correlations between parameter values. Yellow regions rep-

resent high frequencies between parameter values. Green regions represent medium frequency.
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TABLE 6.15 — Correlation factors for all parameters. The results are depicted in 4 histograms.

kg(gV [cmPMeV) Ap 201 202 203 %04 MeV/em)™!' o (V/em) B (V/iem)

kp(gV [cm*MeV) 1 8.80x 1071 —1.33x1072 —1.20x1072 1.20x 1072 5.88x 1072 6.94x 107" 4.85x1072
Ap 8.80x 10! 1 —6.96x 1072 —3.02%x 1072 2.98x 102 7.61 x 1072 529x 107" —1.16x 1072
2ol —133x1072  —6.96x 1072 1 —920x 1072 9.49x 1072 1.46 x 107! 378%x 1072 2.97x1072
%02 —1.20x 1072 —3.02x 1072 —9.20x 1072 1 -1 2.12x 107! 372%x 1072 547x1073
%03 1.20x 1072 298%x1072  9.49x 1072 —1 1 —2.12x107"  —374x107%2 —479x1073
Xo4 5.88 x 1072 7611072 146x107!  2.12x107"  —2.12x107! 1 —6.10x 1072 2.56x 1072
a (V/em) 6.94x 107! 520x 107" 3.78x 1072 3.72x 1072 —3.74x1072  —6.10x 1072 1 —2.06 x 107!
B (V/em) 4.85x 1072 —1.16x1072  297x1072  547x1073 —4.79x1073 2.56x 1072 —2.06 x 107! 1

The Ap and kg parameters strongly correlate with a value of 0.88, as shown in fig. 6.9. No-
tice that a well-defined and positively inclined band shows these parameter constraints. How-
ever these parameters show weak correlations with all yol1, %02, x03 and xo4. Figures 6.10a
and 6.10b show the correlation plots for the (Ap, xol) and (kp, xol) pairs as examples which
indicate their 2D scattering plots aspect being very similar to a product of two independent uni-
dimensional distributions of the parameters. Similar plots can be seen for all possible parameter
pairs between these two groups in appendix F. The parameter ¢ exhibits a moderate correlation
with the parameters kg and Ap, with correlation factors of 0.69 and 0.53, respectively, as shown
in figs. 6.11a and 6.11b. Bands similar to fig. 6.9 but somewhat not as strongly constrained
are observed. This is probably due to the ¢ influence on the € dependence of the f.,, factor
(eq. 5.10) in the escaping electrons term. No noticeable correlation between o and any other
parameter was observed. All correlation plots regarding & are available in appendix F. The 8
parameter seems to be uncorrelated with all parameters. This behavior was already expected
considering its flat distribution in fig. 6.12, indicating no apparent impact of its value on the
global fit within the adopted search range. For example, the correlation between  and ¥2,
represented by fig. 6.12, has a value of 5.47 x 1073, The (o1, %02, %03, xo4) subset of param-
eters are in general quite independent of the other model parameters and do not present very
strong correlation factors among themselves except the ()02, x03). However, some broad lim-
itations are seen in their 2D scatter plots’ external contour. Fig. 6.13 shows an example, while
all the remaining pair plots are in appendix F. The pair ()02, xo3) presents an absolute anti-
correlation as can be verified through the evaluated factor and fig 6.14. In these 2D histograms,
blue regions indicate low event density, green regions correspond to intermediate frequencies,

and yellow regions highlight areas where the parameter distribution is more concentrated.

An overview of the stage results shown in tab. 6.16 indicates that in the first stage, which
consisted of a coarse multidimensional scan of the parameters, no particular new search region
of parameter values was found besides the one around the original LArQL parameters, where
the SSR; values for five out of nine datasets improved. In the second stage, where a scan was also
performed with a smaller range compared to the first stage, seven individual SSR;s improved
out of nine datasets. In the third stage, which consisted of 10® random samplings of parameter
sets within the same range of values from the second stage, LArQL model regressions were
performed in all datasets individually and globally. All SSR;s and the WSSR improved when
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FIGURE 6.10 — 2D histograms for the o1 parameter.

compared to the original LArQL parameters configuration. Then, the fourth stage of the anal-
ysis, which adopted the same procedures of the third stage with 10° samples per instance, was
replicated 30 times to provide satisfactory estimates of the parameter uncertainties. This last
stage also provided improved parameter sets that fit the data individually and globally. The cor-
relation studies indicated which and how the model parameters are related. It is clearly shown
that the parameters related to the € field are interdependent while the Yo(dE/dx) parameters
are only constrained among themselves. Also, the not-so-large number of strong correlations
observed supports the notion that the number of random draws adopted in the fourth stage of

the fit is suitable, as many parameters are not strongly correlated to others.

6.2 Additional datasets for model comparison

This section compares the measurements provided by the experiments described in sec-
tion 4.2 and the estimates obtained with the LArQL model evaluated with the parameters ob-
tained with the global fit procedure introduced. This exercise aims to evaluate if good descrip-
tions of new data can be achieved with this LArQL parameters configuration. Figs. 6.15, 6.16,
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6.17, 6.18, 6.19a and 6.19b show the estimates for such datasets.

The MicroBooNE dQ/dx (dE /dx) measurements ~ are exhibited in fig. 6.15 and compared
to some model configurations, in which the red line represents LArQL with the parameters
from tab. 5.1. The black line represents the estimation for the Birks’ model alone, and the
teal line, the estimations of LArQL with the parameters from tab. 6.12. The background color

map in the histogram represents the density of the data points: blue regions correspond to



CHAPTER 6. ANALYSIS RESULTS 97

FIGURE 6.14 — x02 X x03 correlation 2D histogram.

TABLE 6.16 — Overview of the data ranges, and procedures performed in each stage of parameter sets.

stage Interval kg (g V/ecm3MeV) A Xol X02 203 o4 (MeV/cm)~! a (V/em) B (-cm/MeV)

1o min 46.98 0.79 267x1073  —10.96 1.24 8.92 x 1072 0.0104 0.0035
max 50.22 0.81 4.64x1072 —1.96 2.16 2.99x 1074 0.064 0.0213

Description Multidimensional scan of model parameters (10 steps/parameter)
20 min 46.98 0.79 3.54x1073 —5.96 1.65 1.82x 1074 0.0342 0.0114
max 50.22 081 3.76x1073  —496 175 2.06 x 107* 4.02x 1072 0.0134

Description Multidimensional scan of model parameters (10 steps/parameter)
30 min 46.98 079 354x103  —596 1.65 1.82x 1077 0.0342 0.0114
max 50.22 0.81 3.76x1073  —496 175 2.06 x 1074 4.02x1072 0.0134

Description Parameters randomly sampled in a homogeneous way (108 draws)
40 min 46.98 0.79 3.54x1073 —5.96 1.65 1.82x 1074 0.0342 0.0114
max 50.22 0.81 3.76x1073  —496 175 2.06 x 1074 4.02x 1072 0.0134

Description Parameters randomly sampled in a homogeneous way (10° draws)

lower densities, green to intermediate, and yellow to high-density regions, indicating where
the measured distributions are more concentrated. Note that above dE /dx = 6 MeV /cm, both
LArQL configurations present slightly better dQ/dx descriptions of the data than the Birks’

model.

In comparison to the measurements of S (&) from the ReD experiment95 and presented in
fig. 6.16, LArQL provided very adequate data descriptions in a broad range of € field. Data
were extracted and reproduced in fig. 6.16 exactly as presented in the reference listed in section
4.2. The comparison between LArQL model and the data plots are made directly. The ReD
experiment presents scintillation data S; for different dE /dx, with the sources used being 137,
241 Am, and '*"Ba. Both possible LArTPC configurations were used for data acquisition in the
latter, namely DP and SP. As shown in table 6.18, the SSR; values ranged between 2.59 X 1073
and 1.01 x 1075,

A comparison made with S; and $, data from ANKOK prototype (Washimi, et al.)lo can
be seen in fig. 6.17, where the black curve represents the LArQL estimates for S(g) and the
red dots, the S| measurements. The magenta line represents the LArQL estimatives for S, (€)
and the green full triangles represent the S, measurements. Note that between € = 0 kV /cm to

€ = 1000 kV/cm, the LArQL model also provides satisfactory estimates for light and charge
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data. The dark red curve represents the LArQL for DP LArTPC with an 137Cs source, and the red dots, the data.

data with small residuals.

It was also performed a comparison between LArQL and another independent ARIS

dataset“, which was not included in the original LArQL work, and also in the global fit.

Figure 6.18 shows the ratio between the scintillation measurement at € = 0 V/cm for differ-

ent dE /dx values divided by the average of all measured values (Sp). These were measure-
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FIGURE 6.17 — Fit results for Washimi et al. (ANKOK prototype) data”. The blue curve represents the LArQL
estimatives for S(¢&) and the red dots, the S(€) data, obtained from S; measurements. The magenta line represents
the LArQL estimates for S>(€) and the green full triangles represent the recombination data obtained from S,
measurements.

ments with multiple radioactive sources, which allowed covering the dE /dx range from 2 to 9
MeV/cm. The equivalent LArQL calculation for these quantities was obtained for each dE /dx
value, and the Sy was also estimated from the model. The Y-axis represents the relative Sy and
the X-axis, the dE /dx. Note that, with the increment of the dE /dx, the So/Sy ratio increases.
This behavior was also observed by the ARIS authors“, but performing a simple straight line
fit while it is a prediction from LArQL. The parameters obtained in this work provided SSR
results of ~ 0.012.

LArQL comparisons plots with the % measurements from the Aprile e? al.” and Scalettar ef
al.” were made, represented by figs. 6.19a and 6.19b, respectively. These are earlier measure-
ments of this kind, and although their dependence on the € field follows the expected general
trends, a good agreement is not found. According toS, it is attributed a 7% common systematic
error to all Aprile et al data points and this is not enough to account for the differences observed
concerning LArQL calculations. Regarding Scalettar et al data, systematic negative residues
are also obtained. This can probably be partially attributed to an error of £0.02 fC for electron
data, according to’. More details are needed for a fair comparison to be made with these two
samples. Further investigation is also needed to understand why these datasets differ as much
from the newer datasets, and not only from LArQL. If this is done at some point, then it should
be possible to include these datasets in future fit procedures if a more elaborate regression model
including systematics effects is developed. Figure 6.19a presents an SSR of 0.1. In the case of
fig. 6.19D, note that below € = 800 V /cm, the model provides estimations for the data, with an
offset too.
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TABLE 6.17 — SSR results for datasets not included in the fit.
Scalettar, etal. ARIS e =0kV/cm ANKOK prototype S>(¢) ANKOK prototype S;(g) Aprile, et al.
SSR  2.53x10° 1.24 x 1072 1.05 x 100 3.45x 107! 1.04 x 107!
TABLE 6.18 — SSR results for the ReD datasets, not included in the fit.
ReD-DP Cs source ReD-DP Ba source ReD-SP Ba source ReD-SP Am source
SSR 2.59x 1073 3.30 x 107 1.01 x 1076 1.79 x 1073

The SSR results for the datasets utilized in this section are exhibited in tab. 6.17, and 6.18
for the ReD datasets. In this section, comparisons were conducted with the datasets described
in Section 4.2. As demonstrated by the plots presented throughout this section, datasets not
employed on the fitting procedure are adequately described by the LArQL model. This agree-
ment suggests that these datasets could potentially be incorporated into future fitting workflows.
However, such integration was not pursued in this study due to limitations in available compu-

tational resources.
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7 Conclusions

The study aimed at improving the correlated evaluation of L and Q production as a function
of the applied electric field € and the charge particle energy deposited per path unit dE /dx in
LAr was developed. For it, the phenomenological LArQL model was used as it provides an
anticorrelation between light and charge yields for € fields varying between 0 and 750 V /cm
and dE /dx ranging from 2 to 40 MeV /cm. This model relies on the Birks’ term for charge
production, and an additional term takes into account the escaping electrons’ contribution. It
generalizes the model for lower fields (down to a few V/cm) and yields a continuous description
for both charge and scintillation light. The model contains 8 parameters. Two regard the Birks’
term formula, four are related to the parametrization of the light yield curve as a function of
dE /dx at null field, accounting for escaping electrons, and two free parameters from the ex-
ponential correction factor, which generalizes the escaping electrons term according to the €
field.

In this work, a literature review was conducted, which involved understanding and describ-
ing the experiments of interest, their collected data and particular models used in the respective
fit procedure for each experiment. The first part of the work was divided into two main steps.
The first step consisted on the review of the 9 datasets, published between 1988 and 2021, and
which were used in the LArQL global fit developed for this dissertation. The second step of
the review involved curating 9 new datasets of scintillation light and ionization charge measure-
ments from LArTPC experiments, from papers published between 1982 and 2019. Similarly to
the experiments whose data were used in the fit, the TPCs and models employed for data col-
lection and posterior analysis were also described. In all the analyses presented in these papers
no dedicated attempt to correlate data from different experiments within the range of interest
for LArQL has been discussed thoroughly.

The first part of the work focused on developing and refining the global fit procedures for
the LArQL model, starting from the parameter sets presented in the work of Marinho et al. !
The ROOT framework was used for data handling, visualization and comparison as for the
implementation of all functionalities necessary for the fit procedures. This part was carried out
in four stages: The first two involved multidimensional parameters scans for determining their
searching ranges. These were finally updated as the results from the second phase improved

upon the previous one. These studies indicated only one region on the vicinity of the original
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parameters used in LArQL as adequate for the search of a satisfactory single set of parameters
for the model to describe all datasets simultaneously. This means the possibility for reduction
of all SSR; with respect to their corresponding values from the reference configuration and
minimization of the WSSR. The third and fourth stages consisted of the actual minimization
where independent random samplings of the parameters values were performed and the set
of parameters giving the lowest WSSR was taken as the most probable, according with the
range results from second stage. The third stage served as a test to fine tune the number of
iterations needed to achieve finer estimates and the fourth allowed the establishment of the final
values for the parameters and their correspondent uncertainties. The parameters found were
those listed in table 6.12. This was the first time the LArQL parameters were fixed through
a statistical method. The parameters found were 49.73 4 1.02 for Ap, (8.1040.03) x 10~!
for kg, (3.60 +0.24) x 1073 for yol, (—5.68 +0.33) x 1072 for x¢2, 1.74 4 0.57 for o3,
(2.0140.19) x 10~ for o4, (3.9040.07) x 1072 for a, (1.3040.44) x 102 for B.

The second part of this research consisted of comparing LArQL’s predictions with datasets
not included in the fit to assess the robustness of the optimization. It was also plotted the
datasets included in the fit to verify the quality of the fit. It was concluded that the LArQL
model provides reliable estimates for different experiments, as literature indicates that each

experiment was previously fitted with distinct corrections to the Birks’ model.

Correlations between the parameters were also studied and only four pairs of parameters
indicated strong interdependence. The results showed that the parameters Ap and kp from Birks’
term have a correlation factor of 8.8 x 10~!, & from the correction factor correlates with Ag and
kg, with values 6.9 x 107! and 5.3 x 10~!, respectively. The other values pointed to weak
correlation factors, below 5 x 1071,

The results indicate a notable improvement in LArQL’s ability to estimate light and charge
data compared to the original parameters from Marinho et al. 4, with an average SSR decrease
of approximately 6.64%. Datasets not included in the fit also demonstrated a good agreement
with the model’s estimations using the new parameters, suggesting the potential inclusion of

these and other datasets, if available, in future fitting procedures.
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FIGURE A.1 — Results for the 1* optimization for the individual fit, with the parameters listed in Tab. 6.2. The
red dots represent the experimental data, the dark maroon line, the estimation from the LArQL model, and the blue
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FIGURE C.1 — Results for the 3"¢ optimization for the individual fit, with the parameters listed in tab. 6.6. The red
dots represent the experimental data, the dark maroon line is the estimation from the LArQL model, and the blue
triangles represent the residues.
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FIGURE C.2 — Results for the 3"¢ optimization for the global fit, with the parameters listed in tab. 6.7. The red
dots represent the experimental data, the dark maroon line is the estimation from the LArQL model, and the blue
triangles represent the residues.
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FIGURE D.1 — Results for the 4" stage (individual fit), with the parameters listed in tab. 6.9. The red dots
represent the experimental data, the dark maroon line is the estimation from the LArQL model, and the blue
triangles represent the residues.
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FIGURE D.2 — Results for the 4 stage (global, single sample), with the parameters listed in tab. 6.11. The red
dots represent the experimental data, the dark maroon line is the estimation from the LArQL model, and the blue
triangles represent the residues.
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Global fit (result from 30 samples)
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FIGURE D.3 — Results for the global parameters showed in tab. 6.11, obtained from 30 samples listed in tab. 6.12
from 4" optimization. The red dots represent the experimental data, the dark maroon line estimations from the
LArQL model, and the blue triangles. The graphs (a), (b), (c), and (d) show S (‘fl—f) correlations. (e), (f) and (g)

% (9E) correlation. (h) shows Z(¢) and (i), the S(¢) correlations.



Appendix E - Fourth stage 30-samples

parameter results

TABLE E.1 — Parameter sets and SSR results obtained from the sampling of the 4" optimization stage (global
parameters from tab. 6.11).

Sample WSSR kg (g V/iem®MeV)  Ap %ol %02 x03 xo4 MeV/em)~! o« (Viem) B (Viem)
1 10.75 4973 0.808 3.63x1073 -573 1.75 2.03x107* 3.82x 1072 1.33x1072
2 10.12 4976 0.808 3.56x1073 -573 1.75 1.99 x 10~* 3.90x 1072 1.22x1072
3 10.07 49.85 0.808 3.56x 1073 -5.73 1.75 2.05x 1074 3.94% 1072 1.23x1072
4 9.92 4981 0.808 3.62x1073 -572 1.75 2.05x 1074 3.92x1072 1.22x1072
5 9.90 49.78 0.808 3.57x1073 -573 1.75 2.02x 1074 3.90x 1072 1.30x 1072
6 9.73 49.61 0.808 3.57x1073 -572 1.75 2.05x 107 3.75%x 1072 1.31x 1072
7 10.56 49.71 0.808 3.61x1073 -563 1.73 2.05x 107 3.83%x1072 1.33x10°2
8 9.76 49.78 0.807 3.56x 1073 -5.66 1.74 2.04x 1074 3.86x 1072 1.34x 1072
9 10.09 49.72 0.808 3.56x 1073 -5.74 1.75 1.98x 10~ 3.81x1072 1.29x10°2
10 10.02 49.71 0.808 3.56x 1073 -573 1.75 2.05x 107 3.84%x1072 1.20x 1072
11 10.60 49.77 0.808 3.60x1073 -573 1.75 2.05x 107 3.85%x1072 1.28x 1072
12 10.13 49.77 0.808 3.58x 1073 -5.74 1.75 2.03x 107 3.87x1072 1.25x1072
13 10.27 49.76 0.808 3.56x 1073 -5.70 1.74 2.02x 107 3.85%x1072 1.33x10°2
14 10.00 49.52 0.807 3.58x1073 -575 1.75 2.03x 107 3.79%x 1072 1.19x 1072
15 10.34 49.83 0.808 3.56x 1073 -5.68 1.74 2.05x 107 3.87x1072 1.22x1072
16 10.42 49.97 0.808 3.57x1073 -572 1.75 2.04x 1074 3.99x 1072 1.30x 1072
17 10.21 49.62 0.808 3.56x 1073 -5.68 1.74 2.05x 1074 3.72x 1072 1.32x 1072
18 10.64 4981 0.808 3.57x1073 -573 1.75 2.04x 1074 3.88x 1072 1.22x10°2
19 10.05 49.59 0.807 3.56x1073 -5.68 1.74 2.05x 1074 3.74x 1072 1.28x 1072
20 9.64 4973 0.808 3.64x1073 -564 1.73 2.05%x 1074 3.88x 1072 1.24x102
21 9.93 49.53 0.807 3.56x1073 -573 1.75 2.02x 107 3.81x 1072 1.29x 102
22 10.40 4979 0.808 3.60x1073 -572 1.75 2.05x 1074 3.97x1072 1.20x 1072
23 9.82 4978 0.808 3.58x 1073 -573 1.75 2.05x 107* 3.87x1072 1.26x1072
24 10.17 49.84 0.808 3.58x 1073 -570 1.74 2.04 % 107* 3.90x 1072 1.25%x 1072
25 10.41 49.78 0.808 3.61x1073 -5.67 1.74 2.05x 1074 3.90x 1072 1.22x1072
26 10.21 49.97 0.808 3.59x1073 -571 1.75 2.04x 1074 4.00x 1072 1.24x1072
27 9.63 49.79 0.808 3.56x 1073 -5.71 1.74 2.06x 1074 3.90x 1072 1.26x 1072
28 10.44 49.68 0.808 3.56x 1073 -5.65 1.73 2.02x 1074 3.82x 1072 1.28x1072
29 10.28 49.75 0.808 3.57x1073 -5.66 1.74 2.03x 1074 3.90x 1072 1.24x 1072

30 (best results) ~ 9.59 49.73 0.808 3.61x1073 -5.68 1.74 2.0l x107* 3.87x1072 1.28x 1072




Appendix F - Correlation factor

histograms
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FIGURE F.1 — Histograms of the correlation between Ag with other parameters.
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