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Streszczenie

Precyzyjne pomiary własności neutrin są jednym z największych wyzwań fizyki cząstek ele-
mentarnych. Wiąże się to z przeprowadzaniem licznych i złożonych badań doświadczalnych
na całym świecie. Eksperymenty, które wykorzystują akceleratory cząstek stanowią unikatowe
środowiskodo badań oscylacji neutrin i poszukiwania śladów łamania symetrii CPw sektorze lep-
tonowym Modelu Standardowego. Jednakże, ponieważ eksperymenty te opierają się na detekcji
oddziaływań neutrin na związanych nukleonach wewnątrz materii jądrowej, więc modelowanie
takiego zjawiska stanowi znaczące źródło niepewności doświadczalnej. Tradycyjnie wykonu-
jemy takie obliczenia traktując nukleony jako niezależne, skupiając się na kwazi-elastycznych
oddziaływaniach neutrino-nukleon lub wzbudzaniu rezonansów. Rozszerzanie naszej wiedzy
dotyczącej przekrojów czynnych na rozpraszanie neutrin jest niezbędne dla dalszego rozwoju
badań eksperymentalnych. Aby temu sprostać, musimy przekroczyć próg pierwszego przybliże-
nia teoretycznego i korzystać z metodologii uwzględniającej efekty korelacji nukleonowych oraz
procesów z wybiciem więcej niż jednego nukleonu.

W tej pracy prezentujemy nowatorskie badania będące efektem połączonych doświadczeń
grupy teoretycznej z Gandawy oraz wrocławskiego generatora zdarzeń Monte Carlo—NuWro,
który stanowi ważne ogniwo analiz eksperymentalnych. Gandawski model oddziaływań neu-
trin na jądrach atomowych traktuje zarówno początkowe jak i wybite nukleony w przybliżeniu
średniopolowym, co prowadzi do spójnego opisuw ramach nierelatywistycznej mechaniki kwan-
towej. Do tej struktury dodajemy dynamicznie generowane korelacje par nukleonów oraz prądy
dwuciałowe z wymianą pośredniczącego pionu, uwzględniając również wzbudzenia rezonansu
�. Efekty te sumujemy koherentnie, co pozwala na działanie efektów interferencyjnych. Tak
skonstruowany model, zweryfikowany poprzez porównania z danymi rozpraszania elektronów,
dostarcza przewidywania inkluzywnych, półinkluzywnych i ekskluzywnych przekrojów czyn-
nych w procesach z wybiciem jednego albo dwóch nukleonów.

NuWro to szeroko stosowany generator zdarzeń neutrinowych metodą Monte Carlo. Jest
on rozwĳany od 2005 przez wrocławską grupę teoretyczną i przez ten czas dostarczył wiele
wiarygodnych przewidywań dla kanałów oddziaływań neutrino-jądro istotnych dla eksperymen-
tów oscylacyjnych. Do symulacji hadronowych stanów końcowych, w NuWro, wykorzystujemy
własnymodel kaskady wewnątrzjądrowej, która symulaje obserwowaną w eksperymentach krot-
ność cząstek wybĳanych lub produkowanych wwyniku zdarzeń. Najważniejszym celem naszych
badań był rozwój metodologii implementacji modeli teoretycznych w generatorach Monte Carlo
tak, aby przewidywaniamodelu gandawskiegomogły byćwprzyszłości wykorzystywanew anal-
izach eksperymentalnych. Dlatego skupiliśmy się na dwóch aspektach badań: nieelastcznych
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oddziaływaniach stanów końcowych, których brakuje w kwantowomechanicznych modelach
rozpraszania neutrin na jądrach atomowych oraz na metodologiach numerycznej optymaliza-
cji implementacji. W pierwszym przypadku wprowadziliśmy efekty korelacji bliskiego zasięgu
domodelu kaskadyNuWro i zbadaliśmy zachowaniemodelu z pomocą danych z ekskluzywnego
rozpraszania elektronów. W drugim opracowaliśmy schemat, który umożliwia implementację
wielowymiarowych przekrojów czynnych w ich pełnej złożoności ekskluzywnej. Uwzględniając
te doświadczenia zaproponowaliśmy wstępną implementację modelu z Gandawy, która, razem z
NuWro, tworzy pomost pomiędzy teorią, a eksperymentem.



Abstract

The precise measurement of neutrino properties is among the greatest challenges in fundamental

particle physics. This involves conducting numerous and complex experimental studies around

the world. Accelerator-based neutrino experiments provide a unique framework for such studies,

providing oscillation measurements and hints of the CP violation in the leptonic sector. How-

ever, since these experiments rely on the interaction of neutrinos with bound nucleons inside

atomic nuclei, understanding the hadronic and nuclear physics of these interactions constitutes a

challenging source of uncertainty. Modeling neutrino-nucleus scattering processes is a complex

many-body problem, traditionally performed in the independent-particle picture, focusing on the

quasielastic neutrino-nucleon interactions or the excitation of nucleon resonances. Expanding

our knowledge of cross sections for neutrino scattering is essential for further development of

experimental research. To reach the required percent level precision, we need to conduct research

beyond the �rst approximation, incorporating the e�ects of nucleon correlations and multinucleon

knock-out processes.

The presented research involves a novel, multidirectional approach to tackling modern neu-

trino physics problems by combining the theoretical experiences of the Ghent group and the

Monte Carlo neutrino event generator NuWro, explicitly used in experimental analyses. The nu-

clear physics of Ghent involves a non-relativistic, mean-�eld-based model for both the initial and

�nal hadronic states. On top of that, we add dynamically generated short-range nucleon corre-

lations and explicit two-body dynamics with meson-exchange currents involving isobar degrees

of freedom. This framework, exhaustively compared against electron scattering, provides predic-

tions of inclusive, semi-inclusive, and exclusive cross sections for neutrino-nucleus interactions

leading to 1-particle-1-hole and 2-particle-2-hole �nal states.

NuWro is a Monte Carlo neutrino event generator widely used in the accelerator-based neutrino

experiments community. This software, initiated in 2005 by the theoretical group from Wrocªaw,

provides reliable predictions for the vital neutrino-nucleus scattering channels and involves a

homegrown cascade model that simulates the �nal-state interactions of outgoing hadrons. Such a

factorized approach allows for combining accurate inclusive cross section calculations while pre-

dicting the necessary multiplicity of particles, which we observe as experimental topologies in the

detectors. Investigating the possibility of a consistent framework combining the interaction models

of Ghent and NuWro is the ultimate goal of this research. Therefore, we focused on the following

aspects of Monte Carlo simulations: the �nal-state interactions missing in quantum-mechanical

lepton-nucleus scattering models and the methodology of optimizing generator implementations.

In the former, we introduced the e�ects of short-range correlations into the cascade model of
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NuWro and constrained its behavior with exclusive electron scattering data. In the latter, we

developed a scheme that makes the implementation of multi-dimensional cross section models

feasible in their full exclusive complexity. Facilitated by these advancements, we proposed a

preliminary implementation of the Ghent model, which, together with NuWro, forms a bridge

between theory and experiment.



Samenvatting

Het nauwkeurig meten van neutrino-eigenschappen is een van de grootste uitdagingen in de

fundamentele deeltjesfysica vandaag. Hiervoor worden wereldw¼d talr¼ke en complexe exper-

imenten uitgevoerd. Op versnellers gebaseerde neutrino-experimenten bieden een uniek kader

voor dergel¼ke studies, omdat ze oscillatiemetingen en aanw¼zingen voor CP-schending in de

leptonische sector leveren. Omdat deze experimenten echter afhankel¼k z¼n van de interactie

van neutrino's met gebonden nucleonen in atoomkernen, vormt het begr¼pen van de hadron-

en kernfysica van deze interacties een uitdagende bron van onzekerheid. Het modelleren van

neutrino-atoomkern verstrooiingsprocessen is een complex veeldeeltjesprobleem, dat traditioneel

wordt uitgevoerd in een onafhankel¼ke-deeltjesbeeld, waarb¼ de nadruk ligt op de quasielastische

neutrino-nucleoninteracties of de excitatie van nucleonresonanties. Het uitbreiden van onze ken-

nis van werkzame doorsneden voor neutrino-verstrooiing is essentieel voor de verdere ontwikke-

ling van experimenteel onderzoek. Om de vereiste procentuele nauwkeurigheid te bereiken,

moeten we onderzoek doen dat verder gaat dan de eerste benadering en waarin de e�ecten van

nucleoncorrelaties en multinucleon-uitstotingsprocessen z¼n opgenomen.

Het voorgestelde onderzoek behelst een nieuwe, multidirectionele aanpak van moderne

neutrino-fysicaproblemen door de theoretische expertise van de Gentse groep te combineren

met de Monte Carlo neutrino event-generator NuWro, die expliciet gebruikt wordt in experi-

mentele analyses. Het Gentse model omvat een niet-relativistisch, gemiddeld-veld-gebaseerde

beschr¼ving voor zowel de initiële als de �nale hadron toestanden in de verstrooiingsreactie.

Daarbovenop voegen we dynamisch gegenereerde nucleoncorrelaties op korte afstand en expli-

ciete tweelichamendynamica met mesonuitwisselingsstromen waarb¼ isobarenvr¼heidsgraden

betrokken z¼n, toe. Dit raamwerk, uitvoerig vergeleken met elektronenverstrooiing, geeft voor-

spellingen van inclusieve, semi-inclusieve en exclusieve doorsneden voor neutrino-nucleusinteracties

die leiden tot 1-deeltje-1-gat en 2-deeltje-2-gat eindtoestanden.

NuWro is een Monte Carlo neutrino event generator die veel gebruikt wordt in door col-

laboraties de werken aan neutrino-experimenten met versnellers. Deze software, in 2005 on-

twikkeld door de theoretische groep uit Wrocªaw, levert betrouwbare voorspellingen voor de

essentiële neutrino-nucleus verstrooiingskanalen en omvat een zelfontwikkeld cascademodel dat

de eindtoestand-interacties van uitgaande hadronen simuleert. Een dergel¼ke gefactoriseerde

aanpak maakt het mogel¼k om nauwkeurige inclusieve doorsnedeberekeningen te combineren

met het voorspellen van de benodigde multipliciteit van deeltjes, die we waarnemen als experi-

mentele topologieën in de detectoren. Het onderzoeken van de mogel¼kheid van een consistent

raamwerk dat de interactiemodellen van Gent en NuWro combineert, is het uiteindel¼ke doel
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van dit onderzoek. Daarom hebben we ons gericht op de volgende aspecten van Monte Carlo

simulaties: de eindtoestand interacties die ontbreken in kwantummechanische lepton-nucleus

verstrooiingsmodellen en de methodologie voor het optimaliseren van generator implementaties.

In het eerste geval introduceerden we de e�ecten van correlaties op korte afstand in het cas-

cademodel van NuWro en beperkten we het gedrag ervan met exclusieve elektronenverstrooi-

ingsgegevens. In het tweede hebben we een schema ontwikkeld dat de implementatie van

multi-dimensionale doorsnedemodellen haalbaar maakt in hun volledige exclusieve complex-

iteit. Dankz¼ deze vooruitgang hebben we een voorlopige implementatie van het Gentse model

voorgesteld, dat samen met NuWro een brug vormt tussen theorie en experiment.
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1
Introduction

The advent of powerful particle accelerators has remarkably increased our capability to probe hadronic

matter and the interactions of elementary particles. Among other advances, it also facilitated using

high-luminosity neutrino �uxes, increasing the statistics obtained in neutrino detectors. It allows us

to enter the precision era of neutrino experiments, probing e�ects that strain the Standard Model of

particle physics. Thus, to facilitate this process, theoretical modeling of neutrino-nucleus reactions

should provide state-of-art predictions for several essential interaction channels, accurately implemented

in Monte Carlo event generators, to decrease the systematic uncertainties in experimental analyses.

1.1 Standardization of particle physics

Matter composed of various elementary particles held together by fundamental forces is a widely

accepted picture of our observable surroundings. The modern understanding of this idea is rooted

in the early-nineteenth-century atomic theory of an English chemist John Dalton, but some early

beliefs originate from the very cradle of scienti�c thought�the Milesian school of philosophy.

Although we commonly trace it back to the reductive arguments of Greek philosophers Leucippus

and Democritus [1], it can be surprising how long humanity had to wait to obtain direct evidence

for the existence of such indivisible constituents of matter. The path to this discovery commenced

with the work of Robert Brown, a Scottish botanist, who, in 1828, described the random nature

of traceable pollen particles moving in a �uid. This phenomenon only grabbed compelling

public attention at the beginning of the twentieth century when Albert Einstein and Marian

Smoluchowski independently formulated mathematical theories [2], explaining it as caused by the

fact that any �uid is composed of tiny molecules in thermal equilibrium. In 1905, this explanation

of the Brownian motion was validated experimentally by Jean Perrin [3], giving a solid argument

3



4 1. INTRODUCTION

that elementary atoms and molecules form the world around us. However, another viable path

led to studying physics on even smaller scales. A few years earlier, in 1897, Joseph John Thomson

found evidence that electricity in gases transmits by individual particles of a universal mass-to-

charge ratio [4], about one-thousandth of the one of hydrogen [5]. These entities, later called

electrons, were the �rst discovered subatomic particles that remain elementary until now. These

discoveries and the rapid development of special relativity and quantum mechanics opened a

fruitful century of experimental particle physics that found a whole zoo of particleswith di�erent

properties and substructures [6].

While one could understand elementary particles as actors on the physics stage, the funda-

mental forces are the ones that would write the script and govern their dynamics. Here, it has

always been the role of theoretical physics to develop the mathematical description that would

allow predicting the behavior of a particular system over time. An instinctive consequence of

formulating such laws of physics is an urge to unify our understanding into a comprehensive

�rst-principles picture. A primary example of this process is the mid-nineteenth-century James

Clerk Maxwell's synthesis [7] that uni�ed known electric and magnetic e�ects into a single electro-

magnetic interaction. With the other advancements in twentieth-century physics, more physicists

proposed elegant forms of relating di�erent phenomena through compact underlying theories.

Notably, in 1928, Paul Dirac showed how to describe the dynamics of electrons (fermions) and

photons (bosons) following the principles of both quantum mechanics and the special theory of

Figure 1.1: The Standard Model of elementary particles [6], with particles divided into matter-building
fermions: quarks and leptons, and bosons, which are the force carriers of particular interactions. The
frames represent types of fermions that participate in given interactions, together with an accompanying
boson(s). The �gure format was inspired by Ref. [8].
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relativity [9]. Based on such a framework, an example of a quantum �eld theory, the theory by

Sheldon Glashow [10], Abdus Salam [11], and Steven Weinberg [12] uni�ed electromagnetic and

weak interactions (governing nuclear decays) as both mediated by the exchange of gauge bosons.

Together with a parallel construction for quarks (strongly interacting subcomponents of nucleons),

having an additionally attributed color, the described theories form the Standard Model (SM) of

elementary particles [13]. Although it is tempting to unify the interactions further, this is where

the frontier of physics lies, with our present knowledge encapsulated in the most successful theory

to date, schematically presented in Fig. 1.1.

Hunting for new particles

In modern times, performing high-energy experiments is crucial in searching for new particles or

studying the underlying phenomena, as we must explore new, harder-to-access regions of phase

space. There are two main philosophies to achieve such goals: the energy and the intensity

frontiers. Experiments within the former aim to focus energy on single interactions that cause

showers of various particles that are later analyzed, searching for the occurrence of speci�c

particle decays. It proved notably successful in 2012 when the CMS and ATLAS experiments at

CERN discovered the Higgs boson [14,15], a key ingredient in the mass-generating mechanism

for elementary particles, especially for the W and Z bosons. Although a remarkable achievement,

this concluded the shortlist of widely anticipated particles in the well-established formulation of

the Standard Model, and it is still not entirely clear how this �eld will develop in the future. Still,

the ongoing e�orts on the new colliders: HL-LHC in CERN [16] and ILC in Japan [17], or more

dedicated experiments, such as SHiP [18], might bring unexpected answers to the questions yet

to be asked.

The other approach, the intensity frontier, aims at generating �uxes of an immense number of

particles needed to study rare subatomic interactions. Here, observing signi�cant discrepancies

from the SM predictions, such as the Muon g-2 measurement anomaly [19], would point to the

potential existence of yet undiscovered particles or other unexpected deviations. Such experiments

also allow studying the properties of the tiniest fermions, called neutrinos, which are challenging

to incorporate into the Standard Model consistently and span a promising investigation path.

The existence of these particles was �rst postulated in 1930 by Wolfgang Pauli to explain the

continuous spectrum of electrons emitted in beta decay experiments [20]. He reasoned that

having an additional neutral particle in the process,

AZ;N ! AZ + 1;N - 1 + e- + 	� e (1.1.1)

would allow continuous sharing of the reaction energy between the two particles ( 	� are the

antiparticles corresponding to neutrinos, called antineutrinos). As detected about 26 years later by

Fredrick Reines and Clyde Cowan [21] via the inverse beta decay,

	� e + AZ;N ! AZ - 1;N + 1 + e+ : (1.1.2)

neutrinos played a crucial role in formulating Enrico Fermi's theory of weak interactions [22].

Although highly elusive and therefore requiring large intensities to be studied, we now know that
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neutrinos possess unexpected beyond-Standard-Model (BSM) properties that might be our most

promising window to the new physics [6].

Extreme acceleration of particles can also happen without human intervention. High-energy

particles of astronomical origin constantly bombard our planet, and we have many dedicated

research programs to study them. It is the source of the most energetic particles known to

humanity, such as the Oh-My-God particle [23], tens of times more energetic than the highest

collision energy in the Large Hadron Collider at CERN. Many early neutrino detectors relied on

this kind of particle source, and the �rst insights about their unusual properties appeared while

studying neutrinos originating in the Sun. Namely, in the late 1960s, the Homestake experiment

headed by Raymond Davis, Jr. reported an unexpectedly small �ux of detected solar neutrinos [24].

A person who eagerly anticipated this observation was Bruno Pontecorvo, who, in 1969, published

his explanation of this phenomenon through the theory of neutrino oscillations [25]. The idea,

dated back to 1957 [26], was an analogy to the mixing of other neutral particles, where the particle

state responsible for the weak interaction (characterized by the �avor ) is not truly the one that

propagates (characterized by the mass). This discrepancy causes obtaining speci�c probabilities

for neutrinos to change their type while propagating through space. The conclusive evidence

of this unique e�ect came through the Super-Kamiokande (SK) and SNO experiments, reported

from 1998 to 2002 [27�29]. A fundamental consequence of neutrino oscillations is that they must

have nonzero masses. Here, schematically compared to other elementary particles in Fig. 1.2.

Figure 1.2: Masses of all known fundamental fermions [6] on a logarithmic scale. Each neutrino value
represents one-third of the estimated total mass with an individual experimental bound. The �gure format
was inspired by Ref. [30].

(Un)usual neutrino properties

According to their well-established formulation within the Standard Model [6,31], neutrinos

are the only electrically neutral elementary fermions, i.e., they have half-integer intrinsic angular

momentum (spin). As presented in Fig. 1.1, they occur in three generations: � e , � � , and � � , which,
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in the �rst order of perturbation expansion, do not participate in electromagnetic processes but

interact only weakly. The neutrino label corresponds to the mass of the particular charged lepton

produced in association: e, � , or � . As mentioned earlier, the primary source of electron neutrinos

is the beta nuclear decay:

AZ;N ! AZ + 1;N - 1 + e- + 	� e (1.1.3)

or

AZ;N ! AZ - 1;N + 1 + e+ + � e : (1.1.4)

For the muon neutrinos, the mass of the accompanying charged lepton (muon) is larger and so is

the general energy scale of processes involving these particles. Muon neutrinos are produced in

pion, or muon decays:

� + ! � + + � � ; (1.1.5)

� + ! e+ + � e + 	� � ; (1.1.6)

which are unstable particles that are formed naturally in interactions of cosmic radiation entering

the upper layers of our atmosphere. As for the third generation of fermions, the processes involving

tau neutrinos require signi�cantly more energy than those for the other species and therefore are

the most challenging to observe in naturally occurring phenomena. They are produced by high-

energy astronomical sources, such as core-collapse supernova explosions. Ultimately, we do not

expect to discover any other than those three species of such light neutrinos because of the detailed

analyses of the time of life of Z0 bosons, which can decay according to

Z0 ! � � + 	� � : (1.1.7)

As stated in Ref. [32], the number of neutrinos participating in the current formulation of the

electroweak interactions is:

N � = 2:9840� 0:0082: (1.1.8)

Deviations from this number would support potential BSM scenarios, which provide more exotic,

so far non-observed particles.

In the theory of weak interactions, neutrinos couple with a Z0-boson in an elastic process

where only their 4-momentum is changed (neutral current, NC) or with a W � boson, additionally

exchanging an electric charge (charged current, CC). We conventionally write the latter as

W+ ! l + + � l ; W - ! l - + 	� l ; (1.1.9)

where l = e; �; � labels the �avor (mass) of the charged lepton. This leads to a clear, experimental

distinction of � and 	� as the Dirac particles corresponding to the charge of the produced charged

lepton: positive and negative, respectively. Fig. 1.3 presents the �rst ever neutrino recorded

in a bubble chamber experiment through an inelastic neutrino-nucleon scattering process, an

example of a CC interaction. In 1957, two remarkable experiments led by Chien-Shiung Wu [34]

and Leon Lederman [35] provided evidence that weak interactions can break parity symmetry

and bring a universal sense of orientation in space. Then, in a subsequent experiment led by

Maurice Goldhaber [36], neutrinos always showed a spin antiparallel to their momentum (negative

helicity), implying that antineutrinos have their spin parallel to their momentum (positive helicity),
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Figure 1.3: The �rst neutrino event in a hydrogen bubble chamber captured on �lm, taken at Argonne
National Laboratory [33]. A neutrino coming from the left interacted with a proton to produce the three-
pronged event consisting of � - (longest track), a proton (shortest track), and a pion � + .

i.e., neutrinos are always left-handed, and antineutrinos are always right-handed. In a massless

particle limit, one can relate helicity to the more abstract concept of chirality, which provides a

foundation for the weak neutrino interaction's vector-axial (V-A) structure. In simple terms, it

contains a part that transforms under rotations as a vector ( 
 � ) and gains a minus sign, which

is of analogical structure to the electromagnetic interactions of electrons, and a part that does

not change its sign, an axial-vector (
 � 
 5) that depends on helicity and is characteristic to weak

interactions. Mathematically, we include the chiral symmetry through a projection operator

PL = ( 1 - 
 5)=2and obtain the whole interaction dynamics through the following Lagrangians:

L CC =
X

l

-
g

2
p

2
	� l 
 � (1 - 
 5)l - W+

� + h:c: (1.1.10)

L NC =
X

l

-
g

4cos� W
	� l 
 � (1 - 
 5)� l Z0

� + h:c: (1.1.11)

The theory formulated in such a way satis�es a more complex charge-parity (CP) symmetry:

the structure of weak interactions should not change under a simultaneous charge conjugation

(particle/antiparticle) and a spatial re�ection (mirror image), i.e., up to their helicity, left-handed

neutrinos behave the same way as right-handed antineutrinos.

Neutrino masses, which characterize eigenstates of the free Hamiltonian, are too small to be

determined with the current experimental methodology. Thus, we cannot distinguish them in ei-

ther the production or detection of neutrinos, so we assume a mixing between the interacting and

propagating states [37]. Therefore, the observed neutrino �avor eigenstates undergo a peculiar

e�ect of oscillations. The diagonalization of neutrino masses is introduced by including the lep-

tonic mixing matrix U in Eq. (1.1.10) and writing the propagating neutrino state as a superposition

of the �avor states:

j� j i =
X

� = e;�;�

U�j j� � i ; (1.1.12)
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where � = e; �; � and i = 1; 2; 3label neutrinos with a speci�c �avor and mass, respectively. The

mixing matrix is called the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix, and it is a unitary

matrix parametrized through three � mixing angles and a CP-violating � phase as:

U =

2

6
4

1 0 0

0 c23 s23

0 - s23 c23

3

7
5

2

6
4

c13 0 s13 e- i�

0 1 0

- s13 ei� 0 c13

3

7
5

2

6
4

c12 s12 0

- s12 c12 0

0 0 1

3

7
5 ; (1.1.13)

where cij � cos� ij and sij � sin � ij . To understand what happens to neutrinos as they propagate

through space, we describe the propagation of their mass eigenstates, of energyEj and momentum

pj , as plane-wave solutions, a function of the time t and the distance L, in one direction:

j� j (t; L )i = e- i (E j t - p j L ) j� j (0; 0)i ; (1.1.14)

and formulate the oscillation probability as

P(� � ! � � ) =
�
�h� � j� � (t; L )i

�
�2 =

�
�
�
�
�
�

X

j;k

U�
�j U�k e- i (E j t - p j L )h� k j� j i

�
�
�
�
�
�

2

=

�
�
�
�
�
�

X

j

U�
�j U�j e- i (E j t - p j L )

�
�
�
�
�
�

2

=
X

j;k

U�
�j U�j U�k U�

�k e- i (( Ek - E j ) t -( p k - p j ) L ) :

(1.1.15)

Here, the derivation in fully correct description involves introducing wave packets and group

velocity, which leads to the neutrino oscillation probability in a compact form:

P(� � ! � � ) = � �� - 4
X

j>k

Re
�

U�
�j U�j U�k U�

�k

	
sin2

 
�m 2

jk L

4E

!

+ 2
X

j>k

Im
�

U�
�j U�j U�k U�

�k

	
sin2

 
�m 2

jk L

2E

!

;

(1.1.16)

where �m 2
jk = m2

j - m2
k is the di�erence of neutrino masses squared. The behavior of this formula

depends on the neutrino energy spectrum and propagation distance, presented for two typical

conditions in Fig. 1.4.

Due to their unusual properties, research on neutrinos serves as a promising path for discov-

ering new physics, from the properties of neutrino oscillations to other beyond-Standard-Model

phenomena. The list of unanswered questions connects many experimental conditions and ori-

gins of detected neutrinos. How many families of neutrinos do we have, and how do we interpret

the number of Eq. (1.1.8)? How does this correspond to the parameters of the PMNS matrix, and

do we expect deviations from the current oscillation model? Do we expect to see CP violation

in the leptonic sector as we do for quarks? What is the absolute scale of neutrino masses, and

what is their ordering relative to the �avor states in the PMNS matrix? How do neutrinos gain

masses, and should we describe them according to Dirac or Majorana theory? Are there any other

weakly-interacting heavy neutrinos? Answering any of these questions would change our per-

spective on modern physics, and therefore, we invest a lot of time and resources into investigating

the fascinating �eld of neutrino physics.
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Figure 1.4: An abundance of the speci�c neutrino �avor in neutrino oscillations as a function of propagation
distance in two typical experimental conditions: (top) electron antineutrinos in reactor experiments with
the energy E� = 4 MeV; (bottom) muon neutrinos in accelerator experiments with the energy E� = 1 GeV.
The �gure format was inspired by Ref. [38].

1.2 Experimental study of neutrino properties

Research programs devoted to neutrino physics are diverse in their objectives, methodology, and

sources of neutrinos. Having accepted that neutrinos can oscillate, the experimental studies of

this phenomenon have become increasingly relevant. As multiple parameters enter the PMNS

matrix and the general oscillation formula, it is important to �nd proper conditions to isolate

and probe speci�c elements of the theory. Historically the experiments devoted the experiments

devoted to solar neutrinos came �rst: Homestake [24] and other radiochemical experiments

such as SAGE [39] and GALLEX [40]. Their detection method relied on counting radioactive

isotopes of nuclei that interacted with neutrinos. However clever, this method did not allow for

measuring the direction of interacting neutrinos, failing to prove unambiguously they originate

from the Sun. This issue changed with the introduction of Cherenkov light detectors, such

as Kamiokande [41], and the ones that �nally con�rmed neutrino oscillations: SNO [28,29] and

Super-Kamiokande [27]. Detecting this electromagnetic analogue of the sound shockwave enabled

identifying highly energetic products of neutrino interactions and measuring their direction.

The latest research on solar neutrinos, in the Borexino [42] or KamLAND [43] experiments,

involves the third method of neutrino detection: liquid scintillators, which allow tracking of all
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charged particles participating in the process. Although KamLAND mostly detected neutrinos

from nuclear reactor sources, its long baseline allowed it to be sensitive to the solar oscillation

parameters: � 12 , � 13 angles, and �m 2
21 , which are accessible by studying low-energy electron

neutrinos over large propagation distances [6].

Research on neutrinos from arti�cial sources divides into two main branches: electron antineu-

trinos from nuclear reactors and muon (anti)neutrinos obtained in proton accelerator facilities,

with their oscillation characteristics depicted in Fig. 1.4. Reactor neutrinos have energies up to

dozens of MeV and require medium-length baselines for detection, usually close to industrial

power plants that create immense �uxes of these particles. Apart from the Japanese KamLAND

experiment mentioned before, which has a signi�cantly longer baseline than others, many coun-

tries with advanced nuclear energy infrastructures have developed such scintillator detectors:

Double Chooz (France) [44], Daya Bay (China) [45], RENO (South Korea) [46], or the future JUNO

(China) [47]. Their primary goal is to measure the � 13 angle, and the larger neutrino squared

mass di�erence j�m 2
31;32 j, unfortunately not being sensitive to its absolute sign. Another setting

to study the latter, together with the � 23 angle, is provided by accelerator-based experiments.

They rely on high-energy proton interactions to produce charged pions that decay into muon

neutrinos, with continuous energy distributions, typically of the order of a few GeV. Over their

long baselines, they can usually measure both the muon neutrino disappearance and the electron

neutrino appearance signals. The Japanese neutrino program has always relied on water-target

Cherenkov light detectors, starting with the K2K project [48], through the current T2K [49] (both

using SK as the far detector) and the future Hyper-Kamiokande [50]. Alternatively, one can use

Experiment Dominant Important

Solar experiments
� 12 �m 2

21 , � 13
(Homestake, SAGE, GALLEX)

Reactor long-baseline experiments
�m 2

21 � 12 , � 13
(KamLAND)

Reactor medium-baseline experiments
� 13 , j�m 2

31;32 j
(Double Chooz, Daya Bay, RENO)

Atmospheric experiments
� 23 , � 13 , j�m 2

31;32 j, � CP
(Super Kamiokande, ANTARES, IceCube)

Accelerator long-baseline, � � , 	� � disapp.
� 23 , j�m 2

31;32 j
(K2K, T2K, MINOS, NOvA, ICARUS)

Accelerator long-baseline, � e , 	� e appearance
� CP � 23 , � 13

(T2K, MINOS, NOvA)

Table 1.1: Experiments contributing to the determination of the oscillation parameters [6].

scintillator methods as in the former MINOS [51] and the current NOvA [52] experiments. The

other modern approaches use liquid Argon time-projection chambers (LArTPC), pioneered by

ICARUS [53] and set to be used in the future DUNE [54] experiment. Finally, all of the param-

eters: � 23 , � 13 , and j�m 2
31;32 j, are measured by studying atmospheric neutrinos, e.g., in Super-
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Kamiokande [55]. The high-energy neutrino telescopes, such as ANTARES [56] and IceCube [57]

(or the future KM3NeT [58]), are also sensitive to these neutrino oscillations. Experiments capable

of independently measuring neutrino and antineutrino signals may allow for observing hints of

CP violation in the leptonic sector ( � CP). We summarize the selected experimental studies in

Table 1.1. At the time of this research, the latest global �ts report, assuming the normal ordering

of neutrino masses, the following parameter values [59]: � 12 = 33:41� + 0:75
- 0:72 , � 23 = 42:2� + 1:1

- 0:9 ,

� 13 = 8:58� + 0:11
- 0:11 , �m 2

21 = 7:410:21
0:20 � 10- 5 eV2 , and �m 2

31;31 = + 2:5070:026
0:027 � 10- 3 eV2 .

Over the last two decades, we have found several hints pointing to possible deviations from the

well-established neutrino oscillation model. The hypothesis of sterile neutrinos provides a well-

motivated minimal new physics extension that could impact this phenomenon. These particles

may exist with some mixing with the active neutrinos and explain, e.g., why neutrinos have

mass [60]. However, exploring the parameter space of the mixings and masses for these neutrinos

presents a challenge since it spans several orders of magnitude [61]. Consequently, there are

no de�nitive predictions, and a comprehensive scienti�c program is needed to investigate their

potential existence.

Surprisingly, we can also study some neutrino properties in smaller-scale laboratory exper-

iments. This research involves creative, indirect measurements of processes sensitive to the

(a) Comparison of historical best-�t values and uncertain-

ties of direct neutrino mass measurements with the latest

results of the KATRIN experiment. For more details, see

Ref. [62] and the references therein.

(b) Sensitivity of the KamLAND-Zen detector in measur-

ing the e�ective Majorana neutrino mass hm �� i , the pa-

rameter characterizing the 0��� decay rate, as a function of

the lightest neutrino mass. For more details, see Ref. [63].

Figure 1.5: Examples of experimental research on neutrino properties beyond the large-scale experimental
programs on neutrino oscillation measurements.

investigated e�ects but not the strength of neutrino interaction with matter. As we learned that

neutrinos have non-vanishing rest masses, it is tempting to measure these tiny values. Although

we could infer them by studying the behavior of neutrinos from cosmological or arti�cial sources,

the most straightforward method is to analyze beta decay spectra to understand the restrictions
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of the process kinematics, which includes the e�ect involving neutrino mass. In Fig. 1.5a, we

present the historical measurements and the ones coming from the leading tritium-decay project

nowadays-KATRIN [64]. Another research direction of neutrino physics connected to beta decay

experiments is searching for the hypothetical neutrinoless double-beta decay process (0��� ), a

nuclear transition involving increasing proton number by two units and the emission of two elec-

trons only. Detecting such an event would be of fundamental importance for particle physics [65],

providing evidence that neutrinos follow the Majorana theory for neutral particles, i.e., they are

their own antiparticles. For example, Fig. 1.5b presents an experimental sensitivity of the project

KamLAND-Zen [63], a liquid Xenon scintillator. Finally, these advancements in particle detection

technology allowed for the sprouting of many laboratory-sized experiments that try to search for

new, weakly interacting particles, possibly other types of yet undiscovered neutrinos. It spans a

vital branch of BSM physics investigations [6].

Accelerator-based neutrino experiments

The paramount environment to study the medium-energy characteristics of neutrino oscillation

theory and the structure of neutrino-nucleus interactions is provided by accelerator-based neutrino

sources. They rely on proton synchrotron facilities, such as J-PARC, Fermilab, or CERN, for the

energetic input into the neutrino �ux production. As presented in Fig. 1.6, the process initiates

with the accelerated protons scattering o� a heavy, �xed target, producing secondary particles

such as pions or kaons. Then, a set of magnetic horns isolates particles with a selected charge:

Figure 1.6: Neutrino production mechanism in an accelerator-based experiment.

positive to produce a neutrino-dominated �ux or negative for an antineutrino-dominated one.

Finally, neutrinos appear as products of decays happening in a dedicated tunnel, which ends with

a beam dump meant to stop unwanted particles from propagating with the �ux. The dominant

decay channels of pions:

� + ! � + + � � ; � - ! � - + 	� � ; (1.2.1)

and kaons:

K+ ! � + + � � (+ � 0); K- ! � - + 	� � (+ � 0); (1.2.2)

provide the bulk of neutrino �ux of the desired helicity. However, this procedure involves two

common types of contamination: the �ux might include neutrinos of the opposite helicity or other

�avors. The subsequent muon decay is the primary source of undesired neutrinos:

� + ! e+ + 	� � + � e ; � - ! e- + � � + 	� e ; (1.2.3)

but kaons also have decay channels that contribute to the latter issue:

K+ ! e+ + � e + � 0 ; K- ! e- + 	� e + � 0 : (1.2.4)
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Though one can reduce the contamination to a percent level, e.g., by adjusting the length of the

decay pipe to prevent muons decay, the accelerator-based neutrino �uxes combine distributions

of particles of di�erent energies, helicities, and �avors. These �ux uncertainties are the price for

obtaining controlled, large-scale sources of neutrinos.

The oscillation program itself has a straightforward principle of operation: one counts the

number of interacting neutrinos of a given energy over a speci�c propagation distance and con-

fronts it with theoretical expectations. This approach is su�cient to infer the oscillation model

parameters, even the CP-violating phase � CP after performing a joint neutrino and antineutrino

analysis. However, considering how elusive neutrinos are, such a scienti�c program inevitably

meets challenges that slow down the exploitation of this strategy. A de�ning one is that neutrino

energy, one of the key parameters for the oscillation analyses, is known only as a broad distribu-

tion. Ideally, we could reconstruct the neutrino energy using the energy the �nal state particles

deposit in the detectors. Unfortunately, determining the complete �nal state experimentally is

usually impossible due to the limited detector acceptance. We rely on completing the missing

information using Monte Carlo (MC) event generators that employ theoretical models to describe

the neutrino interactions and carry out the neutrino energy reconstruction, which, however, faces

further complications. As the probability of neutrinos interacting with matter is challengingly

tiny, a large quantity of sensitive material must be accumulated to detect them with the desired

statistics. This issue entails practical obstacles in all present and future generations of neutrino

oscillation experiments. Due to its explosive nature, using the "easy-to-model" Hydrogen target is

impossible, while using molecules containing complex nuclei instead, such as mineral oils (CH x ),

water, or liquid Argon, signi�cantly increases the modeling di�culty. In general, this is a model-

dependent procedure, and it is essential to stress how the uncertainties in theoretical predictions

propagate to the �nal neutrino measurements. We will exemplify this following a discussion from

Ref. [66]. As depicted in Fig. 1.7, the total rate of observed neutrino events is a function of the re-

constructed kinematical variables x (e.g., reconstructed neutrino energy Erec
� ). It is proportional to

speci�c components, such as the neutrino �ux � � � and the oscillation probability P� � ! � � which

Figure 1.7: The rate of detected neutrinos of a �avor � (� � ) in neutrino oscillation experiments as a
convolution of the crucial ingredients: the �ux of produced muon neutrinos ( � � � ), oscillation probability
(P� � ! � � ), neutrino-nucleus cross section (� � � ), and the e�ciency of a particular detector ( � det: ). Here: E�

is the "true" neutrino energy, f� gare the parameters of the oscillation model, and x represents kinematical
variables measured in the detector.

are functions of the "true" neutrino energy. To infer the oscillation model parameters f� gfrom

the detected rate R� � , one needs an estimator for neutrino energy from the variables measured

in the detector. The critical ingredient for a good estimator is the neutrino-nucleus cross section

� � � which strongly relies on nuclear theory. In recent years, several works have shown the impact

of di�erent nuclear e�ects on the neutrino energy reconstruction procedure [67�69]. However,

most of these aspects have yet to �nd their way into Monte Carlo neutrino event generators and,
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therefore, into the actual experimental analyses.

Despite many scienti�c and technical challenges, accelerator-based neutrino experiments pro-

vide a unique framework for studying these paricles' properties extensively. Apart from the main

oscillation programs mentioned before, the global community develops many research programs

devoted to essential development on �ux production and control, or detector technology. There

are promising, modern ideas for neutrino production methods, such as the nuSTORM [70], ENU-

BET [71] or EMPHATIC [72] projects. There are also e�orts to re�ne our particle detection methods,

such as the WAGASCI [73] project or using liquid Argon in the ArgoNeuT [74], MicroBooNE [75]

and SBND [76] detectors. The potential impact of these technological advancements on the future

of the �eld cannot be overestimated. Finally, from a more theoretical point of view, the mea-

surements of various kinds of neutrino-nucleus interaction cross sections facilitate the essential

advancement in nuclear modeling computations needed for reducing the systematic uncertainties

in oscillation analyses. The combined e�orts of physicists from di�erent backgrounds bring us

closer to unraveling the mysteries of neutrino physics. Fig. 1.8 presents the �eld of accelerator-

based neutrino experiments with a selection of active experimental collaborations which perform

oscillation and neutrino-nucleus cross section analyses.

Figure 1.8: Experimental e�orts in the worldwide quest for the understanding of neutrino-oscillations
and neutrino-nucleus scattering, current: (gray) T2K [77], (yellow) NOvA [78], MINERvA [79],
MicroBooNE [80], and future: Hyper-Kamiokande [81], (blue) DUNE [82]. (Bottom left) produced neutrino
�ux predictions; (bottom center) �ux-averaged probability of non-oscillation as a function of the propa-
gation distance; (bottom right) total charged current neutrino-nucleon cross section, where 'QEL' denotes
quasielastic scattering, 'RES'�single-pion production, and 'SIS/DIS'�community slang for both shallow-
and deep-inelastic scattering.

T2K experiment

An experimental collaboration initiated in 2006 [83], T2K ("Tokai-to-Kamioka") is a neutrino

oscillation program that operates over a long baseline in Japan between the J-PARC accelerator-

based neutrino source in Tokai and the Super-Kamiokande detector in Kamioka. It combines a
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global e�ort of about 500 scientists from almost 80 international institutes. The original physics

goals of the experiment grew on top of K2K experiences, focusing on discovering electron neutrino

appearance signal (con�rming that � 13 > 0) and precision measurements of oscillation parameters

in the muon neutrino disappearance case. This strategy quickly proved notably successful and

evolved over a long data-taking period since 2010 [49]. However, T2K has not found evidence of

sterile neutrino components in the disappearance signal, which was an auxiliary physics goal of the

project. Fig. 1.9 presents a schematic view of the experiment, including the near-detector facilities

that allow for monitoring the beam direction and other neutrino measurements needed to reduce

systematic uncertainties. The T2K neutrino beam is produced using the accelerator facilities

of J-PARC and �ux modeling input based on the NA61/SHINE experiment data [84], which

provided measurements with a graphite target replica. As for the far detector, T2K uses Super-

Kamiokande, an enormous and well-understood Cherenkov light detector with many advantages

for being used in that role. It has an excellent electron-muon separation ability, plotted in the top

left part of Fig. 1.9, as well as reasonable energy resolution, control of backgrounds, and, although

challenging experimentally, an ability to detect pions. However, the detector is not magnetized,

which makes it unable to di�erentiate the charge of observed particles and, therefore, unable to

separate neutrino from antineutrino signals. During the �rst 10 T2K experimental runs, until 2020,

Figure 1.9: The 295-km-long baseline of the T2K experiment, spanning between the neutrino factory at J-
PARC to the Super-Kamiokande far detector. (top left) the far detector facility and its ability to discriminate
between electron and muon Cherenkov rings [85]; (top right) the o�-axis near detector ND280 with its
subcomponents, and the on-axis beam monitoring detector INGRID.

Super-Kamiokande managed to detect about 318 muon and 108 electron events in the neutrino-

dominated �ux and 137 muon and 16 electron events in the antineutrino-dominated one [86].

The critical component of a successful accelerator-based oscillation program is the near detector

which allows for precise neutrino interaction measurements and control over the initial point of
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