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Abstract

Neutrino interaction models determine the multiplicity, composition, and kinemat-

ics of final-state particles in neutrino-nucleus scattering. The final-state particle

content determines the Cherenkov photon yield in the detector and thus sets the

reconstructed observables entering the oscillation analysis. Differences between the

description of neutrino-matter interactions from different models therefore propagate

through the simulation chain up to reconstructed energy-zenith distributions, where

subtle distortions encode the oscillation signal.

In the energy range from O(1 GeV) to O(10 GeV) relevant for the KM3NeT/ORCA,

nuclear effects and multi-nucleon processes strongly influence the visible state.

Different theoretical assumptions can lead to distinct energy partitions between

leptonic and hadronic components and to modified kinematic correlations, even

when inclusive cross sections are similar. A detector-specific evaluation is required

to quantify their impact.

This thesis investigates generator-dependent effects within the ORCA simulation

and reconstruction chain. A key contribution is the integration of the NEUT

event generator into the ORCA Monte Carlo framework, otherwise based on the

GENIE/gSeaGen architecture. The dedicated interface km3neut enables event

generation followed by identical vertex placement, light simulation, trigger processing,

and reconstruction.

Comparisons are performed at generator, light-simulation, and reconstruction level.

At generator level, notable differences are observed in inelasticity and hadronic

energy distributions in the few-GeV region. Detector effects partially reduce these

variations; however, residual shifts persist in reconstructed energy and event-class

composition. These distortions potentially modify the reconstructed parameter

distribution relevant for oscillation measurements and indicates that generator choice

represents a non-negligible systematic input for ORCA analyses.
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1. Introduction

1.1. Neutrinos

Neutrinos are electrically neutral, weakly interacting fermions originally postulated

by Pauli in 1930 to restore energy and momentum conservation in beta decays [1].

Following Chadwick's discovery of the neutron [2], Fermi introduced the name

�neutrino� and incorporated the particle into his theory of beta decay [3, 4]. Despite

Pauli's initial skepticism regarding the experimental detectability of the neutrino [5],

the �rst direct observation of antineutrinos was achieved in 1956 through inverse

beta decay reactions [6] by Clyde L. Cowan and Frederick Reines. This landmark

discovery was made during Pauli's lifetime and was subsequently recognized with

the Nobel Prize in Physics [7].

The subsequent identi�cation of the muon neutrino in 1962 [8, 9] and the tau

neutrino in 2000 [10] established the existence of three active neutrino �avors.

Precision measurements of theZ 0 boson width at LEP con�rmed that only three

light neutrino species couple to the weak interaction [11].

A major milestone in neutrino physics was the resolution of the solar neutrino

problem. Pioneering radiochemical measurements [12], followed by the Sudbury

Neutrino Observatory's observation of �avor conversion [13], established that neu-

trinos oscillate and hence possess non-zero mass. This discovery, central to modern

particle physics, was awarded by the 2015 Nobel Prize [14]. Neutrino oscillations

are sensitive to mass ordering, mixing parameters, and potential physics Beyond

Standard Model (BSM) [15, 16, 17, 18, 19, 20], motivating experiments capable of

precision measurements over a broad energy and baseline range.

Atmospheric neutrinos provide baselines up to the Earth's diameter and energies

from a few hundred MeV to several TeV, making them ideal probes of oscillation
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phenomena because this broadL=E coverage spans the oscillation maxima and

minima for � m2
31 and � m2

21. For the Kilometer 3 Neutrino Telescope (KM3NeT)/Os-

cillation Research with Cosmics in the Abyss (ORCA), upward-going neutrinos

additionally traverse dense Earth matter, where coherent forward scattering on

electrons induces energy- and zenith-dependent resonances in the few-tens of GeV

range, enhancing sensitivity to the neutrino mass ordering and to deviations from

standard three-�avor mixing.

Extracting oscillation parameters from atmospheric data, however, requires accurate

modeling of neutrino-matter interactions, atmospheric �uxes, and detector response.

Consequently, the modeling of neutrino-nucleon interactions play a central role

in oscillation analyses. Their underlying models describing the physics of the

nucleons, the properties of the �nal states or the cross-sections, introduce systematic

uncertainties that are increasingly critical as experiments reach an increasing level

in precision.

1.2. KM3NeT

If not otherwise noted information is taken from [21].

KM3NeT is a neutrino observatory under construction in the Mediterranean Sea.

Building on the technological heritage of ANTARES [22] and complementing the sky

coverage of IceCube [23], KM3NeT is designed to address two core objectives: (i)

the detection of high-energy astrophysical neutrinos and (ii) precision measurements

of atmospheric neutrino oscillations, including the determination of the neutrino

mass ordering.

1.2.1. Detection of Cherenkov Radiation in Seawater

KM3NeT uses Cherenkov radiation to detect charged particles produced in neutrino

interactions. When relativistic charged particles traverse a dielectric medium like

seawater, Cherenkov radiation is emitted if� � n > 1, where n is the refractive index
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and � the velocity. The emission angle satis�es

cos� C =
1

�n
: (1.1)

For seawater (n ' 1:33), relativistic particles produce a characteristic cone with

� C � 41� . The e�ect is interpreted as the coherent superposition of wavefronts

generated as the medium becomes polarized by the passing particle, forming a

propagating shock front [24]. Cherenkov light, primarily in the blue and UV region,

is detected by arrays of Photomultiplier Tubes (PMTs) distributed throughout the

instrumented volume.

1.2.2. Detector architecture

For photon detection, KM3NeT uses Digital Optical Modules (DOM), a 17-inch

glass sphere containing 31 3" PMTs arranged to provide directional sensitivity and

improved background rejection compared to designs such as the ANTARES or

IceCube modules, which included a single 10" PMT. Each PMT exhibits a quantum

e�ciency of roughly 20-28%, a typical dark noise rate around 1.5 kHz, and a

transit-time spread of � 4:5 ns. A set of internal instruments including a compass,

tilt-meter, acoustic sensors, and LEDs enable precise calibration of orientation,

timing, and position.

The DOMs are mounted on �exible vertical Detection Units (DUs), anchored to

the sea �oor and held taut by buoyancy. Many such units form a three-dimensional

array, creating the large volumes required for neutrino astronomy and oscillation

studies.

1.2.3. ARCA

Astroparticle Research with Cosmics in the Abyss (ARCA) targets astrophysical

neutrinos from the TeV to PeV range. The detector geometry has been optimized for

the detection of neutrinos from Galactic sources. ARCA complements IceCube by

providing excellent visibility of the Southern Hemisphere sky, including the Galactic
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Centre region. Its recent identi�cation of an ultra-high-energy event, KM3-230213A,

demonstrates the detector's capability for high-energy neutrino astronomy [25].

1.2.4. ORCA

ORCA is optimized for the detection of atmospheric neutrinos in the few GeV

range. Its denser geometry allows for the reconstruction of short tracks and cascades

with high e�ciency, enabling precise determination of oscillation parameters and

providing sensitivity to the neutrino mass ordering. Because these oscillation

analyses rely heavily on neutrino nucleus interactions modelling, ORCA provides

a natural environment to study generator-induced systematics. Accurate cross-

section modelling as well as of the kinematics of the �nal particle state is crucial,

as mismodeling can bias reconstructed observables and in turn a�ects the inferred

oscillation parameters.

1.2.5. Systematic Uncertainties in ORCA

In ORCA, systematic uncertainties re�ect incomplete knowledge of atmospheric

neutrino �uxes, neutrino-nucleus interactions, and detector response. They can

modify predicted event rates, spectral shapes, and �avour compositions, and are

therefore implemented as nuisance parameters in analysis. A nuisance parameter is

a parameter that is not of direct inferential interest but must be included in the

statistical model to ensure valid inference on the parameters of interest. These

parameters are varied within physically motivated ranges and marginalized over to

obtain constraints on oscillation parameters [21, 26].

Systematics can be grouped into three main categories:

Uncertainties in primary cosmic rays and hadronic interactions in the atmosphere

a�ect the normalization, energy dependence, zenith-angle distribution, and �avour

ratios of the neutrino �ux. These e�ects primarily distort the overall rate and broad

spectral features [21].

In the few-tens of GeV range, uncertainties in neutrino-nucleon interactions as

4



well as nuclear e�ects, impact both total cross sections and the reconstruction

of neutrino observables. They propagate to �avour classi�cation and kinematic

distributions [26].

The response of the multi-PMT optical modules, including photon detection ef-

�ciency, timing calibration, and angular acceptance, introduces additional uncer-

tainties. The optical properties of seawater (absorption and scattering) a�ect light

propagation and event reconstruction [21, 26].

1.3. Motivation of this Work

This thesis aims to investigate how the choice of interaction models in�uences oscil-

lation analyses for the KM3NeT/ORCA detector. Atmospheric neutrino oscillations

are analyzed by inferring energies and directions of the incoming neutrinos from

Cherenkov light. Interaction models determine the predicted �nal-state topologies,

kinematic distributions, and hadronic energy deposition, all of which directly impact

the event reconstruction, �avour classi�cation, and can therefore be a source of

systematic uncertainties.

Previous studies, notably Coloma et al. (2014) [27] and Coyle et al. (2022) [28],

have demonstrated that uncertainties in neutrino-nucleus interaction modelling can

lead to signi�cant biases in oscillation analyses. Coloma et al. studied a Tokai to

Kamioka (T2K)-like � � disappearance experiment using water Cherenkov detectors

and showed that �tting data generated with one event generator using a di�er-

ent nuclear model can induce biases of up to1 � 3 � in the extracted oscillation

parameters. These e�ects originate from di�erent modelling of �nal-state interac-

tions, multi-nucleon processes, and energy reconstruction, and were found not to

be mitigated by near-detector constraints. More recently, Coyle et al. investigated

the impact of cross-section mismodeling and near-detector tuning procedures in

long-baseline experiments and demonstrated that tuning can partially absorb mod-

elling de�ciencies, potentially biasing both standard oscillation measurements and

searches for new physics. Together, these studies highlight that relying on a single
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interaction model, or on data-driven tuning alone, can mask underlying nuclear

uncertainties and introduce unquanti�ed systematic e�ects. Neglecting this issue in

the KM3NeT/ORCA analysis may therefore bias the inferred oscillation parameters

and limit the achievable physics sensitivity.

This thesis is organized as follows. chapter 2 presents the theoretical foundations

of neutrino event generators and surveys widely used implementations. chapter 3

reviews neutrino interaction channels, relevant kinematic variables, and detector-

level observables. chapter 4 details the integration ofNEUTinto the Monte Carlo

simulation chain.

chapter 5 introduces the statistical methodology employed in the subsequent anal-

yses. A comparison of event-level distributions, their correlations, and particle

multiplicities is given in chapter 6, followed by a study of optical observables in

chapter 7 and an assessment of reconstruction performance in chapter 8. The thesis

concludes with a summary and outlook in chapter 9.
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2. Neutrino Event Generators

If not otherwise noted, information from this chapter is taken from [29, 30]. Neutrino

event generators are essential computational tools employed to simulate neutrino

interactions in detector materials, playing a crucial role in contemporary neutrino

physics research and provide a quantitative link between the microscopic neutrinonu-

cleus interaction and the experimentally observable �nal state.

2.1. Foundations of Neutrino Event Generators

Neutrino event generators facilitate the interpretation and analysis of data collected

by neutrino oscillation experiments such as T2K, NuMI O�-axis � e Appearance

(NO� A), Deep Underground Neutrino Experiment (DUNE), and others by predicting

the outcomes of neutrino interactions with nuclear targets based on theoretical mod-

els. Since modern oscillation analyses rely on reconstructed observables, generators

form an integral part of both physics extraction and detector simulation.

Due to the complexity of neutrinonucleus interactions, these tools employ approxi-

mations and theoretical frameworks that encapsulate the current understanding but

also re�ect existing knowledge gaps in nuclear physics. A neutrino interaction with

a nucleus is not a simple two-body process. Instead, the neutrino interacts with a

bound nucleon embedded in a correlated many-body system. The struck nucleon

can be correlated with others, and the produced hadrons propagate through nuclear

matter before leaving the nucleus.

The underlying theoretical basis typically involves solving transport equations derived

from nuclear many-body theories, incorporating quantum mechanical principles into

semi-classical approximations to manage computational complexity. In practice, this

often means that the initial interaction is described using microscopic cross sections,
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while the propagation of hadrons inside the nucleus is treated within transport

theory [29].

Modern generator frameworks also re�ect developments from high-energy physics,

where �xed-order calculations of the hard interaction are combined with phenomeno-

logical models for hadronization and �nal-state dynamics [30]. Although neutrino

energies are typically lower than collider energies, the same conceptual structure

applies: a primary interaction, followed by radiation, hadron formation, and possible

re-interactions in nuclear matter.

2.2. Relevance for Oscillation Experiments in the Few-GeV

Range

For experiments operating in the few-GeV energy range and using dense nuclear

media as targets, event generators are not auxiliary tools but an integral part of the

analysis chain. In such experiments the incoming neutrino energy is not known for

an individual event. Instead, it must be reconstructed from the observed �nal state.

This reconstruction depends directly on the assumed interaction mechanism and on

the modelling of the hadronic system produced inside the nucleus.

At neutrino energies of a few GeV, several reaction mechanisms contribute simulta-

neously, which are described in chapter 3. These processes overlap strongly in energy

and momentum transfer and cannot be cleanly separated experimentally. Even

a relatively narrow neutrino �ux leads to a broad distribution in true interaction

kinematics. As a result, measured observables always contain a mixture of di�erent

underlying reaction types. A realistic generator must therefore describe all relevant

channels within a consistent theoretical framework [29].

Since oscillation analyses are, among other observables, based on the reconstructed

neutrino energy spectrum, any mismatch between true and reconstructed energy

directly propagates into the determination of oscillation parameters. In the few-

GeV regime relevant for atmospheric neutrinos traversing the Earth, matter e�ects
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introduce characteristic energy-dependent distortions in the oscillation probability. A

shift in the reconstructed energy scale or an incorrect modelling of speci�c interaction

channels can mimic or distort these e�ects. For this reason, the modelling of nuclear

dynamics and reaction mechanisms is tightly connected to the achievable precision

on parameters such as the mass ordering.

Event generators are also essential for detector simulations and e�ciency studies.

The angular and energy distributions of leptons and hadrons determine the pattern

of Cherenkov photons and therefore the reconstruction performance [29].

2.3. Overview of Prominent Generators

Although this work concentrates on NEUTand Generates Events for Neutrino Inter-

action Experiments (GENIE), additional neutrino event generators are included for

completeness.

2.3.1. GENIE

GENIE [31, 32] is widely adopted due to its versatility and its comprehensive

list of available physics models. It provides detailed modelling of neutrinonucleus

interactions.

GENIE employs predominantly phenomenological and empirical models, tuned

against data from neutrino experiments, making it adaptable for diverse experimental

conditions and target nuclei. Tuning neutrino event generators such as within

experimental uncertainties of physical input can reduce cross-section uncertainties,

but adjusting parameters or arbitrarily modifying model components can undermine

theoretical consistency [29]. GENIE is widely used in long-baseline and atmospheric

neutrino experiments, including applications within KM3NeT and IceCube, where

its �exibility and broad validation are advantageous for large-scale simulations.
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2.3.2. GiBUU

Giessen Boltzmann-Uehling-Uhlenbeck (GiBUU) [33] distinguishes itself with a

fully consistent theoretical framework based on nuclear transport theory, rigorously

treating nuclear e�ects and Final State Interactions (FSIs). Transport theory is

a framework used to describe how a many-particle system changes in time and

space under the in�uence of mean �elds and individual collisions between particles.

Instead of tracking exact quantum states, it follows the evolution of a distribution of

particles in phase space, similar to a generalized version of a classical particle density

that also accounts for interactions and scattering. UnlikeNEUT(subsection 2.3.4) and

GENIE, GiBUU employs semi-classical transport equations that describe particle

propagation and interaction dynamics within nuclei. This provides a self-consistent

treatment of both initial and �nal-state nuclear e�ects.

GiBUU's strength lies in its ability to simulate detailed particle spectra and nuclear

responses, thereby o�ering insight into systematic uncertainties originating from

nuclear modeling. Its uni�ed description of di�erent reaction channels makes it

particularly suited for studies where the interplay of processes is relevant.

2.3.3. NuWro

NuWro [34, 35] is a neutrinonucleus event generator developed within the Wrocªaw

Neutrino Group. Like other modern neutrino generators, it provides access to

individual interaction channels within a �exible simulation framework.

In NuWro, this �exibility is realized through a modular architecture in which speci�c

interaction mechanisms can be enabled, modi�ed, or replaced with minimal technical

overhead. NuWro emphasizes theoretical clarity and rapid prototyping of new physics

models. It is widely used in phenomenological studies and sensitivity analyses for

oscillation experiments such as T2K, Main Injector Neutrino ExpeRiment to study

� -A interactions (MINER � A), and future long-baseline programs.
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2.3.4. NEUT

NEUT[36, 37, 38] is the primary neutrino interaction generator used by the T2K and

Super Kamiokande (SK) experiment. It features phenomenological models tuned

using experimental data, especially from low-energy neutrino interactions relevant

to accelerator-based experiments.

It also implements nuclear e�ects such as spectral functions and �nal-state interac-

tions, typically with simpli�ed assumptions to maintain computational e�ciency. In

contrast to the other mentioned generators,NEUTis not open-source software and

is available only upon request. Some modes implemented inNEUT, notably parts

of the Meson Exchange Current (MEC) sector which is discussed in chapter 3, are

adapted from NuWro.

2.3.5. Achilles

Achilles [39, 40] is a modern neutrino event generator framework designed with a

strong emphasis on theoretical consistency, modularity, and transparency. It aims to

provide a �exible platform in which di�erent microscopic models for neutrinonucleon

and neutrinonucleus interactions can be implemented and systematically compared.

In contrast to other generators, notably NEUT, that evolved over decades, Achilles is

built with a modern software architecture that facilitates the separation between

physics components and technical infrastructure. This allows for controlled im-

plementation of new interaction models and for systematic studies of theoretical

uncertainties. Particular emphasis is placed on a clear treatment of nuclear e�ects

and on the consistent description of di�erent interaction regimes within a uni�ed

framework.

2.4. PYTHIA

PYTHIAis a Monte Carlo event generator for high-energy particle collisions that

provides an exclusive description of �nal states at the level of stable particles. It
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models the complete event evolution, from the perturbative hard scattering through

parton shower development to non-perturbative hadronization.

In neutrino interactions, the primary weak vertex on nucleons or nuclei is simulated

by dedicated generators.PYTHIAis predominantly employed in the Deep Inelastic

Scattering (DIS) regime, where the neutrino interacts with an individual quark. The

resulting quark system is transferred toPYTHIAfor initial- and �nal-state radiation,

parton showering, and string fragmentation, producing hadronic �nal states (e.g.

� , K , N ). Event generators such as GENIE andNEUTinterface to PYTHIAfor this

purpose. The predicted hadron multiplicities and kinematic distributions propagate

directly into detector-response simulations and neutrino reconstruction [41, 42, 43].

12



3. Neutrino-Nucleon Interactions

This chapter introduces the fundamentals of neutrino-nucleon interactions. The

relevant interaction channels are �rst described, followed by a de�nition of the key

kinematic observables. The de�nitions are used throughout this thesis.

3.1. Interaction Mechanisms

Interaction mechanism are grouped according to their �nal state particles, underlying

hadronic dynamics and typical energy transfer.

3.1.1. Elastic, Quasielastic and Meson-Exchange Processes

Processes typically not involving the creation of mesons are Charged Current

Quasi Elastic (CCQE), Neutral Current Elastic (NCEL) scattering and MEC

interactions [44].

CCQE scattering corresponds to a charged-current interaction in which a neutrino

or antineutrino scatters elastically from a single nucleon. At the nucleon level, the

process is given by

� ` (�� ` ) + n(p) ! ` � (`+ ) + p(n) : (3.1)

While this interaction is elastic for a free nucleon, its manifestation in nuclei is

modi�ed by initial-state e�ects such as binding energy, Fermi motion, and Pauli

blocking (section 3.2), which smear the outgoing-lepton kinematics relative to free

scattering.

NCEL scattering proceeds similarly but retains the �nal-state neutrino. Because

the outgoing neutrino is unobserved, event characterization relies on nucleon recoil
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and hence on the same nuclear dynamics that shape CCQE-like observables and

therefore is mainly invisible in KM3NeT.

MEC interactions arise when the neutrino interacts with an exchange meson mediat-

ing between nucleons. The dominant two particles-two holes (2p2h) channel involves

pion- and � -exchange currents and medium-modi�ed� excitation followed by pion

reabsorption. Although no pion appears, energy-momentum is redistributed within

a correlated pair, producing non-CCQE kinematics. Subleading three particles-three

holes (3p3h) excitations, often originating from non-pionic � decays or re-scattering,

contribute at the O(20%) level of 2p2h forE � & 1 GeV.

3.1.2. Resonant, Coherent and Diffractive Production

Single-meson production in neutrinonucleus interactions can be classi�ed according

to the microscopic interaction mechanism and the degree to which the nucleus

participates collectively in the process.

In Resonant (RES) production, the neutrino interacts with an individual bound

nucleon and excites it to an intermediate baryonic resonance. The most prominent

contribution at low energies arises from the�(1232) , while higher-massN � and

� � states become increasingly relevant as the available energy increases. The

excited resonance subsequently decays, most commonly into a nucleonpion �nal

state. Because the interaction occurs on a single nucleon embedded in the nuclear

medium, the residual nucleus is generally left in an excited state and may fragment.

The outgoing hadrons can undergo intranuclear re-scattering, absorption, or charge

exchange before exiting the nucleus. Although non-strange channels dominate,

associated strangeness production such as� + K can also occur, albeit with smaller

probability.

In Coherent (COH) production, the neutrino couples to the nucleus as a whole

rather than to an individual nucleon. The interaction proceeds coherently over

all nucleons, and the nucleus remains in its ground state after the interaction. As

a consequence, the process is restricted to kinematic con�gurations in which the

14



nucleus receives only a small recoil. The produced meson therefore carries most of

the transferred energy and is emitted predominantly in the forward direction. For

pion production, the interaction is largely governed by the axial component of the

weak current and is commonly described using Partially Conserved Axial Vector

Current (PCAC)-based models [45]. In charged-current reactions, the �nite mass

of the outgoing charged lepton reduces the accessible phase space at low neutrino

energies, leading to a suppression relative to the corresponding neutral-current

channel.

In Di�ractive (DIF) production, the neutrino interacts with a single nucleon and

produces a meson while leaving the nucleon itself intact. The process shares

similarities with coherent scattering in that the recoil of the target system is small

and the produced mesons are typically forward-directed. However, in contrast to

coherent production, the interaction is localized on a single nucleon and does not

require the nucleus to remain in its ground state. In nuclear targets, di�ractive

processes overlap experimentally with both resonant and coherent channels, and

their separation requires careful treatment of nuclear screening and absorption

e�ects.

3.1.3. Shallow and Deep Inelastic Scattering

Two main mechanism contribute to multi meson and hadron production. At

su�ciently high neutrino energies, the probe resolves the internal quark structure of

the nucleon rather than interacting with it as a whole baryonic degree of freedom.

The Shallow Inelastic Scattering (SIS) describes the transition region between

resonance-dominated dynamics and fully developed quark scattering. In this regime,

multi-hadron �nal states become common, and individual resonance contributions

overlap strongly. The hadronic system may contain several pions and heavier mesons,

and no single intermediate resonance dominates the interaction. Modeling this region

requires a consistent interpolation between hadronic resonance descriptions and

quark-level approaches.
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The DIS corresponds to scattering from individual quarks inside the nucleon. The

neutrino interacts with a quark via exchange of a weak gauge boson, and the struck

quark subsequently hadronizes, producing a multi-particle �nal state that can exhibit

jet-like structure at high energies. The inclusive cross section is expressed in terms

of nucleon structure functions, which encode the distribution functions of quarks

and gluons. In practical applications, quarkhadron duality is often invoked to relate

averaged resonance contributions to the scaling behavior observed in DIS [46].

3.2. Nuclear Effects

In neutrinonucleus scattering, the elementary neutrinonucleon interaction occurs

in a bound many-body system. Nuclear structure therefore modi�es both the

kinematically accessible phase space at the primary vertex and the composition of

the observable �nal state.

3.2.1. Initial-State Nuclear Effects

In a nuclear environment, nucleons occupy bound quantum states in a mean-�eld

potential and are neither free nor at rest. The binding energy [47] denotes the

separation energy required to remove a nucleon from the nucleus. In neutrinonucleus

scattering, it reduces the energy available at the primary vertex, modi�es kinematic

thresholds, and induces systematic shifts in reconstructed energies relative to free-

nucleon interactions.

Fermi motion [47] arises from the intrinsic momentum distribution of bound nucleons,

bounded by a characteristic Fermi momentum determined by the local nuclear

density. The unknown initial-state momentum on an event-by-event basis leads to a

convolution of the elementary interaction with the nuclear momentum distribution,

broadening outgoing-lepton and hadronic kinematics. Consequently, reconstructed

observables exhibit an irreducible smearing, independent of detector resolution.

Pauli blocking [48] further restricts the available phase space. Final states in which

the outgoing nucleon would occupy an already �lled state below the Fermi surface
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are forbidden by the Pauli exclusion principle. This suppresses interactions at low

momentum transfer and reduces the cross section when the nucleon momentum lies

below the local Fermi momentum.

Short-range correlations and multi-nucleon dynamics extend beyond the independent-

particle approximation. Correlated nucleon pairs or triplets can participate coher-

ently in the interaction, redistributing energy and momentum among multiple

nucleons and modifying both the �nal-state topology and the e�ective kinematics

at the vertex.

3.2.2. Final-State Interactions

FSI [29] comprise all strong-interaction processes experienced by hadrons after the

primary weak vertex and before they exit the nuclear medium. While the initial

interaction is governed by the weak interaction, the subsequent propagation of

produced hadrons is described by hadronnucleon interactions embedded in a nuclear

potential.

The interaction vertex can occur at any location within the nuclear volume. The

produced hadrons propagate through the residual nucleus and may undergo elastic

scattering, which alters their momentum without changing particle identity, or

inelastic scattering, including baryon excitation and secondary particle production.

Pions are particularly sensitive to intranuclear transport: they can be absorbed

on correlated nucleon pairs (�NN ! NN ), e�ectively removing them from the

observable �nal state, or undergo charge exchange, such as� + + n ! � 0 + p, thereby

modifying the hadronic composition.

Throughout this transport, the nuclear mean �eld continuously alters hadron energies

and trajectories. Final-state interactions therefore redistribute energy and modify

particle multiplicities without changing the total four-momentum transferred at

the primary vertex. They play a central role in shaping experimentally observed

topologies and in connecting microscopic interaction mechanisms to detector-level

observables.
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Figure 3.1.: Kinematic description of neutrino-nucleus scattering: diagrammatic
representation (left) and de�nition of scattering angles ' and hadronic
angle � (right).

Because these e�ects alter the relationship between the primary four-momentum

transfer and the observable �nal state, it is useful to introduce the Lorentz-invariant

kinematic variables that characterize the interaction at the vertex.

3.3. Kinematics in Neutrino Scattering

Figure 3.1 illustrates the geometric and diagrammatic structure of neutrino-nucleon

scattering. Vectors like x � (x � ) denote four-vectors and~x denote three-vectors.

An incoming neutrino of four-momentum k� = ( E � ;~k) scatters o� a (bound)

nucleon with four-momentum p� = ( E; ~p), where binding and Fermi motion imply

E � M and j~pj � M but nonzero. The outgoing charged lepton carries momentum

k0� = ( E` ;~k0), and the four-momentum transfer given by

q� = k� � k0� (3.2)

Q2 = � q� q� > 0: (3.3)

The Lorentz-invariant kinematic variables x and y are central across all interaction
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regimes:

x =
Q2

2p� q�
; (3.4)

y =
p� q�

p� k�
� 1 �

E`

E �
: (3.5)

The Bjorken x parameter from Equation 3.4 parametrizes the longitudinal momen-

tum fraction of the struck parton where x = 1 for elastic scattering, 0 < x < 1 in

DIS, and for multi-nucleon and resonant processes in nuclei may exceedx > 1.

Small values of x probe sea quarks and gluons, while largerx is dominated by

valence quarks. The regionx > 1 arises in nuclei due to short-range correlations and

multi-nucleon dynamics that e�ectively provide more longitudinal momentum than

a single free nucleon. For experiments such as ORCA, which operate at neutrino

energies starting at few GeV, the event rates and kinematic distributions depend

sensitively on the x-dependence of the nucleon structure functions, making an

accurate description of Bjorkenx essential for predicting cross sections, modeling

nuclear e�ects, and reconstructing the incoming neutrino energy from the observed

lepton and hadronic �nal state.

The Bjorken inelasticity y, de�ned in Equation 3.5, measures the fraction of the

incoming neutrino energy transferred to the hadronic system, whereE` is the energy

of the outgoing charged lepton andEhad the hadronic energy deposition. The

approximation is exact when Fermi-momentum is neglected, or in other words if

the struck nucleon is at rest. Low values ofy correspond to events in which most

of the neutrino energy is carried by the charged lepton, while highy indicates

dominant energy transfer to the hadronic shower. The inelasticity is therefore

directly correlated with both the charged-lepton scattering angle and the relative

light yield of the lepton track and hadronic cascade. This quantity is commonly

referred to as Bjorkeny.

Measured inelasticity distributions for � � and �� � are shown in Figure 3.2. Although

KM3NeT cannot identify the separate neutrino vs anti neutrino interactions on
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an event-by-event basis, they distributions di�er statistically between neutrinos

and antineutrinos due to their distinct di�erential cross sections. Consequently, the

reconstructed inelasticity provides statistical sensitivity to the �= �� composition of

the event sample [21].

While the Bjorken variables x and y are rigorously de�ned for deep-inelastic scat-

tering on a single free nucleon, their kinematic construction can be generalized to

interaction mechanisms such as MEC and COH, where the probe couples to multiple

nucleons. In this case, an e�ective target four-momentum is introduced,

p�
e� =

X

i

p�
i ; (3.6)

where the sum extends over all participating nucleons.

Replacing the nucleon four-momentum byp�
e� in the standard de�nitions yields

x =
Q2

2p�
e� q�

; (3.7)

y =
p�

e� q�

p�
e� k�

� 1 �
E`

E �
; (3.8)

thereby de�ning e�ective Bjorken variables that remain con�ned to the interval

(0; 1) by construction.

The formulation in Equation 3.7 and Equation 3.8 is inspired by [49, 50]. However,

it does not constitute a direct de�nition or formal prescription from those references.

3.4. Experiment-Oriented Observables

The oscillation analysis relies on reconstructed observables, which are derived from

a limited set of detector-level observables. The following quantities are therefore

selected because they control the mapping between true and reconstructed kinematics

and are sensitive to generator-dependent modeling of hadronic dynamics.
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Figure 3.2.: Measured Bjorkeny distributions for � � and �� � , data taken from [51].

3.4.1. Leptonic Scattering and Hadronic Angle

The lepton scattering angle ' is de�ned as the angle between the incoming neutrino

momentum ~k and the outgoing charged-lepton momentum~k0,

cos' =
~k � ~k0

j~kj j~k0j
: (3.9)

The lepton scattering angle ' is primarily sensitive to the primary interaction

kinematics and is directly linked to the neutrino energy through quasi-elastic

and deep-inelastic scattering relations. It therefore provides a constraint on the

reconstructed neutrino direction and energy with minimal dependence on hadronic

modeling.

The hadronic angle � characterizes the orientation of the hadronic system relative

to the outgoing lepton. An e�ective hadronic momentum vector is constructed as

~pX =
X

i

p̂i E i ; (3.10)

where p̂i denotes the directional unit vector of particle i , and E i represents either its

kinetic energy or its visible energy, as de�ned in subsection 3.4.2 in the next section.

When E i is taken as the kinetic energy,~pX re�ects the true event kinematics. When
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E i is taken as the visible energy,~pX encodes the detector-level response. The

hadronic angle is then given by

cos� =
~pX � ~k0

j~pX j j~k0j
: (3.11)

A schematic illustration of the lepton and hadronic angles is shown in Figure 3.1.

Both angles probe complementary aspects of neutrinonucleon interactions and enter

energy and topology reconstruction in distinct ways.

The hadronic angle � encodes information on the energymomentum transfer to the

nuclear system and is sensitive to �nal-state interactions, particle multiplicities, and

intranuclear transport. At detector level, it governs the spatial distribution of visible

energy and thus a�ects event classi�cation, containment, and resolution. Jointly

analyzing ' and � allows generator di�erences in primary interaction modeling and

hadronic �nal-state dynamics to be disentangled, which is essential for controlling

systematic uncertainties in oscillation measurements.

3.4.2. Visible Energy

When neutrinos interact with nucleons, secondary particles are produced that

lose energy mainly through Cherenkov emission, bremsstrahlung, ande+ e� pair

production. To quantify the energy detectable by the instrument-and thus relevant

for energy reconstruction-the visible energy is estimated analytically. In the one-

particle approximation used in this work, the visible energy of a particle is de�ned

as the energy of an electron producing the same amount of photons. Mainly

electromagnetically interacting and decaying particles (electrons, photons,� 0, � ) are

assigned a visible energy of their kinetic energy, while neutrinos contribute no visible

energy. Muons are treated separately: their visible energy is obtained from the energy

loss along the muon track in seawater, computed from the muon range and normalized

to the average electromagnetic light yield per unit track length. For hadrons

(� � ; K; p; n ), the visible energy fraction of the particles energy depends on particle

type and energy and is parametrized using GEANT simulations. At high energies,
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Figure 3.3.: Visible energy response used in this work for single-particle �nal states
with the energy of the corresponding particle on the x axis and the
visible energy on the y axis. The four panels group particles by category:
electrons/photons and muons (upper left), kaons (upper right), light
mesons (lower left), and baryons (lower right).

all hadronic species asymptotically approach a common electromagnetic scaling due

to the dominance of � 0-induced subshowers, consistent with the formulation of the

one-particle approximation developed for Astronomy with a Neutrino Telescope

and Abyss environmental RESearch project (ANTARES) [52] and further re�ned

for KM3NeT. The resulting visible energy for di�erent particle species are shown

in Figure 3.3. The event-level visible energy is de�ned as the sum of the visible

contributions of all secondary particles,

Evis =
X

i

E i; vis ; (3.12)

where E i; vis denotes the visible energy associated with particlei .

The visible energy ratio quanti�es the observable fraction of the incoming neutrino

energy,

Rvis =
Evis

E �
=

P
i E i; vis

E �
; (3.13)
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with E � the energy of the incident neutrino.

Di�erences in visible energy between neutrino generators therefore re�ect di�er-

ences in �nal-state composition and energy partitioning, in particular the relative

electromagnetic and hadronic components.

In KM3NeT, such di�erences translate into shifts in the reconstructed cascade

energy scale and resolution, in�uence event classi�cation, and constitute a generator-

dependent source of systematic uncertainty.

All of these quantities enter oscillation analyses through reconstruction of neutrino

observables and generator-dependent modeling of nuclear e�ects.
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4. The Monte Carlo Simulation Chain

This chapter describes the simulation and processing chain employed to produce

detector-level observables fromNEUT-generated neutrino interactions.

The Monte Carlo simulation [53] chain comprises sequential, interdependent stages,

orchestrated by snakemake[54], a rule-based work�ow manager that encodes task

dependencies to guarantee reproducible and scalable execution. It is con�gured by

metadata describing the simulated run, detector geometry, and calibration constants,

which de�ne the inputs to all subsequent components.

First, primary neutrino interactions are generated at the event-generator level. The

resulting �nal-state particles are then propagated through the detector medium,

accounting for energy loss and secondary interactions, followed by photon production

and transport.

Detector e�ects are subsequently applied, including optical photon collection by

the PMTs, electronic response, background overlay, and trigger simulation. The

simulated signals are then processed by the reconstruction algorithms, and the

reconstructed observables are written to a summary �le (DST) �le. A schematic

overview of the full chain is shown in Figure 4.1.

4.1. Event Generation and External-Generator Integration

The Monte Carlo simulation chain follows the native GENIE architecture, with the

primary neutrino-nucleus event generator replaced byNEUT. All subsequent stages

of the simulation chain remain consistent with the standard GENIE-based work�ow,

ensuring compatibility with detector response and reconstruction modules.
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Figure 4.1.: A schematic overview of the Monte Carlo simulation pipeline.

4.1.1. Standard GENIE-based Architecture

Within the standard simulation chain, GENIE is not invoked directly. Instead, the

wrapper framework gSeaGen[55] acts as an abstraction layer between user-de�ned

steering parameters and the underlying physics components. It interfaces with the

selected �ux driver to sample the incident neutrino �ux in energy, direction, and

�avor and applies the corresponding interaction probabilities. It also handles the

detector geometry by sampling interaction vertices within the instrumented volume

or the surrounding generation region and by accounting for the target material

composition.
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4.1.2. Integration of NEUTvia km3neut

To enable the processing of events generated withNEUT, several software-level

extensions were implemented to support the simulation of DIS� � interactions,

the treatment of hydrogen as an explicit target, and the handling of stable FSI

(described in Appendix A). These modi�cations do not alter the underlying NEUT

physics models. For this purpose, the dedicated wrapper softwarekm3neut [56] was

developed.

Events are generated byNEUTand processed throughkm3neut, which translates a

gSeaGen-like con�guration into the corresponding NEUTjobcards and random seeds,

including the de�nition of the neutrino energy spectrum. Events failing internal

consistency checks or terminating with error codes are discarded and regenerated.

The wrapper also manages medium composition and target treatment. For com-

posite materials such as sea water, interactions are generated separately for each

relevant nuclear target. These target-speci�c samples are subsequently merged

according to their relative contribution to the expected interaction rate, accounting

for both elemental abundances and the �ux averaged cross section. During merging,

additional consistency checks are applied and incomplete or invalid events are �l-

tered and the �nal interaction records are converted to the km3net-dataformat [57],

including the generation weights de�ned below. The resulting �les are passed to the

gSeaGenexternal generator interface for vertex placement and further detector-level

processing. Generation parameters are summarized in Table B.3.

A central di�erence between km3neut and gSeaGenlies in the energy-sampling

prescription. In km3neut, the generated number of events follows

dN / E � 
 � (E ) dE; (4.1)

whereE denotes the neutrino energy,
 the spectral index, and� (E ) the neutrinonu-

cleus interaction cross section. The explicit inclusion of� (E ) enhances the relative

contribution of higher-energy interactions and suppresses lower-energy ones.
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In contrast, gSeaGensamples according to

dN / E � 
 dE; (4.2)

independent of the cross section, apart from the kinematic suppression of� � inter-

actions below threshold.

When reweighting events to a uniform reference spectrum in energy, this di�erence

requires an additional factor � (E ) � 1 for km3neut samples. The corresponding

energy-generation weights are therefore

EG(E) =

8
>><

>>:

E 
 ; for gSeaGen;

E 
 � (E ) � 1; for km3neut:
(4.3)

To obtain comparable statistics per energy bin after detector-level processing,

km3neut samples are generated internally with a shifted spectral index
 ! 
 + 1 ,

re�ecting the approximately linear rise of � (E ) at higher energies. The resulting

expected interaction rates are shown in Figure 4.2. For� e, �� e, � � , �� � , � NC , and

�� NC , both generators yield comparable rates. For� � and �� � , however, di�erences

in cross-section modeling produce a reduced rate near threshold inkm3neut and

an enhanced rate aboveE � & 10GeV, reaching deviations of up to one order of

magnitude at 100GeV.

All samples are reweighted to a neutrino-energy�uniform spectrum, eliminating

generator-induced spectral biases such that residual di�erences in reconstructed

observables re�ect interaction modeling and detector response. The procedure is

illustrated in Figure 4.3 for spectral indices 
 2 f 0; 1:4; 2; 3g with 5 � 106 events

per con�guration.

In the km3neut samples, residual deviations at low energies originate from elevated

rejection rates and generation failures during internal consistency checks. The

di�ering sampling strategies are also evident in the statistical uncertainties: for

km3neut, uncertainties increase toward low energies relative togSeaGen, whereas
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Figure 4.2.: Expected interaction rates for km3neut and gSeaGen, grouped by neu-
trino species, using the spectral indices applied ingSeaGen. For km3neut,
the generator uses a spectral index of
 + 1 . In both samples, the � �

contribution is largely obscured by �� � .

for gSeaGenthey rise more steeply at high energies.

In km3neut, neutrino energies are sampled from a discretized �ux histogram with100

bins. A bin is selected according to its integrated weight, and the energy is drawn

uniformly within that interval. The weight in (4.3) is evaluated at the sampled con-

tinuous energy. This combination of piecewise-constant sampling and continuously

evaluated weights introduces a mild aliasing e�ect, which can generate residual

structures if very �ne analysis binning is applied. In the present analysis, coarser

binning than the generation histogram is used, rendering such e�ects negligible.

4.1.3. Vertex placement and interaction probability

To integrate pre-generated neutrino interactions into the KM3NeT simulation chain,

a dedicated driver is used that reads interaction records from an input �le and

turns them into fully placed detector events. Rather than producing interactions

internally, it treats the �le as the generated events for the �nal-state particle content

and their kinematics. For each record, it constructs an event object, transfers the
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Figure 4.3.: Energy distributions after reweighting. The upper panel corresponds
to gSeaGen, the lower panel to km3neut. The dashed line indicates the
expected uniform distribution.

relevant interaction metadata and reads the particle list in the km3net-dataformat .

A key task of the driver is to distribute the interaction vertices in a volume centred

around the detector where it assigns each imported interaction a time and space

vertex within the detector and surrounding medium. Externally generated events

are de�ned in a local interaction frame with the neutrino direction aligned to the

positive z-axis and the interaction vertex at the origin. During vertex placement, the

full event is rotated and translated into detector coordinates. The incoming neutrino

direction and time are sampled from the con�gured �ux description and detector

geometry. Direction and time are sampled from the con�gured �ux description,

while the neutrino energy is taken from the imported interaction record to preserve

the external kinematics.

Since the interaction probability depends on the material-dependent column density

traversed by a given neutrino trajectory, not all sampled �ux neutrinos yield a
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physically admissible vertex within the relevant target volume. Vertex generation

therefore employs an accept-reject scheme adapted from GENIE's event placement

algorithm.

For each trial, a neutrino is drawn from the �ux and propagated through the

geometry to determine the density-weighted path length
R

� (s) ds in the target

material. The corresponding interaction probability is computed from this column

density and normalized to a precomputed upper bound set to the maximum column

density within the generation volume. A uniform random number r 2 (0; 1) is then

compared to the normalized probability. If r exceeds this value, the candidate is

rejected and a new �ux neutrino is sampled, otherwise, an interaction vertex is

placed along the trajectory.

After vertex placement, secondary� � are propagated through the detector geometry

and subjected to containment criteria, events failing these requirements are rejected,

as they cannot yield a detectable signature.

4.2. Light Simulation, Detector Response and

Reconstruction

After vertex placement, the detector response is simulated in two stages: optical

photon production and transport, followed by modelling of the PMTs and electronic

response.

Photon propagation in sea water is handled by two complementary tools. For

neutrino energies below 100 GeV,KM3Sim[58] performs a full Monte Carlo simulation

including absorption, scattering, and wavelength-dependent e�ects. At higher

energies, where events are more extended and photon statistics increase,JSirene [59]

is used. It employs parameterized light emission and transport to reproduce the

relevant timing and spatial distributions at reduced computational cost.

At the detector level, photons are converted into photoelectrons according to the

wavelength-dependent quantum e�ciency of the PMTs, including angular acceptance,
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collection e�ciency, and transit-time spread. Dark noise and optical background

from 40K decays and bioluminescence are overlaid using run-dependent calibra-

tion constants. The electronic response digitizes the signals into time and charge

measurements.

Trigger algorithms select events with temporally and spatially correlated hit patterns

compatible with track-like or shower-like topologies. Accepted events are recon-

structed independently of the neutrino �avour hypothesis using dedicated algorithms

for track-like (Charged Current (CC) � � ) and shower-like (� e and Neutral Current

(NC)) interactions.

The reconstructed observables are stored in DST �les containing high-level quantities

for physics analyses. Intermediate generator-, light-, and reconstruction-level outputs

are retained for validation and studies.
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5. Statistical Methods

Comparisons of neutrino event generators are only meaningful if the statistical

interpretation is at least as controlled as the underlying physics modeling. Generator

di�erences may manifest as localized distortions in restricted regions of phase

space, subtle shape variations, or discrepancies that become visible only once

statistical �uctuations are properly quanti�ed. Without rigorous treatment, apparent

deviations risk being misidenti�ed as model de�ciencies, while genuine tensions may

remain obscured by �nite Monte Carlo precision.

The full implementation details and data handling procedures are documented

in [60].

5.1. Event Representation and Binning

All observables are represented as a binned representation of underlying probability

density functions. Events are accumulated in multidimensional histogramsH (~x) de-

�ned over a set of observables~x, where each bin content corresponds to the weighted

sum of events falling within a hyper-rectangular phase-space element. Binning is

�xed a priori and common to all generators to ensure bin-wise comparability.

After binning, selections are implemented as axis-aligned rectangular cuts in observ-

able space. Projections onto lower-dimensional subspaces are then performed by

marginalization over the remaining dimensions, yielding one- or two-dimensional

histograms. Throughout the analysis, bins are treated as statistically independent

estimators.

For combined� +�� histograms, the �� contribution is rescaled such that its total weight

matches that of the corresponding� distribution separately for each generator. The

same rescaling factor is applied to both the�� yields and their statistical uncertainties
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before summing the two contributions.

5.2. Normalization

Projected histograms are normalized to approximate probability density functions.

For a one-dimensional histogram with bin contentsN i and bin widths � x i , the

normalized density is given by

pi =
N iP

j N j � x j
; (5.1)

with an analogous de�nition in two dimensions including the bin area � x i � yj .

This normalization ensures that integrals over the histogram approximate unity.

Empty bins are excluded from the normalization sum to avoid bias from ill-de�ned

uncertainties.

5.3. Statistical Uncertainties

All histograms are treated as weighted event counts. The statistical uncertainty on

a bin content N is given by

� N =
s X

i 2 bin

w2
i ; (5.2)

where wi denotes the event weight. In the special casewi = 1 for all events, this

reduces to the standard Poisson uncertainty� N =
p

N . This estimator assumes

independent events and neglects correlations introduced by reweighting.

When neutrino and antineutrino samples are combined, their contributions are

treated as statistically independent, and uncertainties are added in quadrature,

� N � +�� =
q

� N 2
� + � N 2

�� : (5.3)

After normalization, uncertainties are propagated using the same normalization
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factor, preserving relative bin-wise uncertainties.

5.4. One-Dimensional Comparisons

To quantify di�erences between generators, bin-wise ratios of normalized distribu-

tions are constructed,

Ri =
NA;i

NB;i
; (5.4)

where NA;i and NB;i denote the normalized bin contents of generators A and B,

respectively.

Statistical uncertainties on the ratio are obtained via Gaussian error propagation,

� Ri =

vu
u
t

�
� NA;i

NB;i

� 2

+

 
NA;i � NB;i

N 2
B;i

! 2

; (5.5)

assuming no statistical correlation between the generators. Bins with vanishing

content are excluded from ratio plots.

The ratio transforms under the exchangeA $ B ,

Ri =
NA;i

NB;i

A$ B���! R0
i =

NB;i

NA;i
=

1
Ri

: (5.6)

On a logarithmic scale this corresponds to

logRi
A$ B���! � logRi ; (5.7)

i.e. a re�ection about logRi = 0 (Ri = 1 ), which is the �xed point of the transforma-

tion. Values Ri > 1 (Ri < 1) indicate a relative excess of generator A (generator B)

in bin i .
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Assuming uncorrelated statistical uncertainties and Gaussian error propagation,

� Ri =

vu
u
t

�
� NA;i

NB;i

� 2

+

 
NA;i � NB;i

N 2
B;i

! 2

: (5.8)

Using Ri = NA;i =NB;i this can be written in relative form as

� Ri = Ri

s �
� NA;i

NA;i

� 2

+
�

� NB;i

NB;i

� 2

: (5.9)

Under A $ B one obtains

� Ri
A$ B���! � R0

i =
� Ri

R2
i

; (5.10)

re�ecting the nonlinearity of the inversion Ri 7! 1=Ri . While the absolute uncer-

tainty is therefore not invariant, the relative uncertainty satis�es

� R0
i

R0
i

=
� Ri

Ri
; (5.11)

and is thus invariant under the exchange.

Exchanging numerator and denominator does not alter the statistical interpretation

of the comparison. The transformation Ri ! 1=Ri corresponds to a re�ection

about Ri = 1 (or logRi = 0 ), preserving the deviations in logarithmic space and

their relative uncertainties. While the absolute uncertainty rescales, the relative

uncertainty and the bin-wise assessment of compatibility with Ri = 1 remain

unchanged. The choice of which generator appears in the numerator is therefore

statistically arbitrary and a�ects only the visual representation, not the information

content.

If a ratio value lies outside the interval (1=2; 2), this is indicated by a triangle

pointing in the corresponding direction. The associated error bars are still shown if

they extend into the interval (1=2; 2).
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Figure 5.1.: Asymmetry plot obtained when using Gaussian distributions with � = 1
and � A = � B (0; 0). Upper left: event density for generator A. Upper
right: event density for generator B. Lower left: asymmetry relative to
generator A. Lower right: asymmetry relative to generator B.

5.5. Two-Dimensional Comparisons and Asymmetry Plots

To study di�erences in correlated observables, asymmetry maps are constructed.

The asymmetry of distribution A with respect to B is de�ned bin-wise as

A i;j =
NB;i;j � NA;i;j

� A;i;j
; (5.12)

where NA;i;j and NB;i;j are the normalized contents of the two-dimensional his-

tograms and � A;i;j is the statistical uncertainty of NA;i;j .

Each bin of the asymmetry map thus represents the signed deviation between the

two generators expressed in units of the statistical uncertainty of the reference
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distribution A. Values jAj � 1 correspond to deviations at the level of one standard

deviation, while values close to zero indicate statistical compatibility. If both

distributions match and for su�ciently large counts per bin, according to the central

limit theorem, the asymmetry values do not show prominent structures but follow a

Gaussian shape centred around zero.

An example asymmetry map obtained from identical input distributions is shown in

Figure 5.1, while the case of di�erent distributions is presented in Figure 5.2. The

corresponding distribution of asymmetry values is displayed in Figure 5.3.

The asymmetry de�nition is not symmetric under the exchange of generatorsA

and B because of the normalization to� A . As a result, A A B and A B  A may

di�er substantially in magnitude. Such di�erences primarily re�ect variations in the

relative statistical precision of the two samples rather than inconsistencies in the

underlying event generation. Consequently, a deviation is regarded as signi�cant

only if the asymmetry is large when evaluated with respect to both generatorA

and generatorB .

The signi�cance quanti�es the level of compatibility between the two datasets and

is strongly in�uenced by the event statistics in the corresponding phase-space bin.

In particular, increasing the number of events in a given bin generally leads to a

higher signi�cance. Therefore, large signi�cance values do not necessarily indicate

large fractional di�erences between generators, but rather that one generator fails

to reproduce the event yield predicted by the other within the available statistical

precision in that region of phase space.

Negative asymmetry values indicate an excess of events relative to the chosen

reference generator, whereas positive values correspond to a de�cit.

For improved readability, asymmetry distributions are displayed on a symmetric

logarithmic scale, with a linear region spanning the interval (� 1; 1).
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Figure 5.2.: Asymmetry plot obtained when using Gaussian distributions with � = 1
and � A = (0 :5; 0:5) and � B = ( � 0:5; � 0:5). Upper left: event density
for generator A. Upper right: event density for generator B. Lower left:
asymmetry relative to generator A. Lower right: asymmetry relative to
generator B.

5.6. Conditional Pro�les

A pro�le is a plot that shows the average value of one quantity as a function of

another variable, computed by grouping events into bins of the second variable and

taking the mean in each bin.

Consider an event-level observabley, de�ned once per event. The observable is

studied as a function of a control variablex. For each bin b in x, the quantity of

interest is the conditional mean

hyi b � E[y j x 2 b]: (5.13)
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Figure 5.3.: Histogram of asymmetry values obtained from Figure 5.1 and Figure 5.2.

Each event contributes exactly one entry to the bin corresponding to its value ofx.

If nb events fall into bin b and their observable values aref ykgnb
k=1 , the pro�le bin

content is estimated as

�̂ b � h yi b '
1
nb

nbX

k=1

yk : (5.14)

The statistical uncertainty on the estimated conditional mean is derived from the

sample variance,

s2
b =

1
nb � 1

nbX

k=1

(yk � �̂ b)
2 ; (5.15)

yielding the standard error

�^� b =
sbp
nb

(nb � 2); (5.16)

while bins with insu�cient population (nb < 2) are left unde�ned. This estimator
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assumes statistical independence of events and a binning inx �xed independently

of the observed values ofy.

If each event carries a statistical weightwk , the conditional mean in bin b is de�ned

as the weighted expectation

hyi b �
E[w y j x 2 b]
E[w j x 2 b]

: (5.17)

For a sample ofnb events in bin b with values f yk ; wkgnb
k=1 , the estimator becomes

�̂ (w)
b =

P nb
k=1 wk ykP nb

k=1 wk
: (5.18)

The corresponding weighted sample variance can be written as

s2
b;w =

P nb
k=1 wk

�
yk � �̂ (w)

b

� 2

P nb
k=1 wk

�

 

1 �

P nb
k=1 w2

k� P nb
k=1 wk

� 2

! � 1

; (5.19)

which reduces to the usual unbiased estimator forwk = 1 .

The statistical uncertainty on the weighted mean can be expressed in terms of the

e�ective number of entries

ne� ;b =

� P nb
k=1 wk

� 2

P nb
k=1 w2

k
; (5.20)

yielding

�^� (w)
b =

sb;w
p ne� ;b

: (5.21)

The quantity ne� ;b � nb quanti�es the loss of statistical power induced by weight

�uctuations; equality holds only for uniform weights. As in the unweighted case,

these expressions assume statistical independence of events and binning inx �xed

independently of y.

Unlike histogrammed densities, no normalization factor related to the bin width

enters these de�nitions, since the pro�le estimator targets the conditional expectation
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E[y j x] rather than a probability density in x. Comparisons between models are

therefore performed directly on the conditional means�̂ b and their associated

uncertainties as functions ofx.
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6. Generator-Level Kinematic

Comparisons

To characterize the di�erences between the neutrino event generatorskm3neut and

gSeaGen, the comparison proceeds in three steps: �rst at the level of interaction cross

sections, then in terms of distributions of relevant observables and their correlations,

and �nally with respect to particle multiplicities.

Studying these quantities prior to detector simulation isolates intrinsic model

di�erences from detector and reconstruction e�ects, enabling a controlled assessment

of how generator-dependent physics assumptions propagate through the simulation

chain.

6.1. Cross Sections

The code used to obtain these results is available at [61]. The cross sections shown

correspond to the predictions of the implemented interaction models; e�ective values

after event selection may di�er and can be modi�ed by stochastic �uctuations during

event generation as well as by failed or rejected generation attempts. The cross

sections are extracted directly from NEUT, while the GENIE predictions used in

gSeaGenare obtained from spline evaluations.

In the following, NEUTinteraction modes are grouped according to Table B.1 and

compared to their GENIE counterparts for hydrogen and oxygen targets. Rep-

resentative grouped cross sections forNEUTRES and DIS interactions are shown

in Figure 6.1. An example comparison is provided in Figure 6.2, and the com-

plete set of cross-section plots is presented in section C.2. The discussion covers

E � 2 [0:1; 100] GeV for � e and � � , and E � 2 [3:5; 100] GeV for � � .
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Figure 6.1.: Example of the composedkm3neut cross section for� e scattering on
hydrogen, for DIS (left) and RES (right) interactions.

Hydrogen and oxygen are used as e�ective proxies for sea water, as they constitute its

dominant components and thus largely determine the overall cross-section behaviour.

6.1.1. Hydrogen

On free protons, the dominant model di�erences arise from the relative treatment

of RES, DIS, and DIF. GENIE activates DIS at lower energies and predicts a

substantially larger DIF component, while NEUTexhibits a delayed and strongly

suppressed di�ractive contribution. As a consequence, GENIE enhances the low- and

intermediate-energy cross section in channels where RES and early DIS contribute,

whereasNEUTovertakes at high energies due to its stronger DIS normalization.

For �� e and �� � , the interplay between CCQE on free protons and DIS leads to

multiple crossings of the total cross sections.NEUTs larger low-energy CCQE strength

increases the cross section below a few GeV, while GENIE becomes dominant once

DIS takes over. In the � � sector, discrepancies up toO(15%) around threshold

energies indicate di�erent treatments of the RES region and mass e�ects, directly

impacting appearance-channel rates.

Overall, on hydrogen targets, the generators di�er structurally: GENIE emphasizes

early DIS onset and sizable di�raction, whereasNEUTenhances low-energy CCQE

and high-energy DIS. These di�erences modify both normalization and inelasticity

distributions in an energy-dependent manner.
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Figure 6.2.: Total charged-current cross section for electron neutrinos on hydro-
gen. Left: �=E � in 10� 38 cm2 GeV� 1 versus E � in GeV. Right: � in
10� 38 cm2 versusE � in GeV (logarithmic y-axis). The curves show the
contributions from the di�erent interaction categories and their sum,
comparing NEUT(solid) and GENIE (dashed).

6.1.2. Oxygen

On oxygen, nuclear e�ects introduce additional model dependencies. For charged-

current � e and � � interactions, NEUTpredicts a larger CCQE contribution, while

GENIE supplements it with an explicit MEC component featuring a sharp threshold

and termination. This produces step-like structures in the total cross section and

enhances GENIE in the intermediate-energy region. Cross-section crossings around

� 25GeV re�ect di�erent DIS normalizations and transition schemes.

For neutral-current interactions, the absence of MEC in NEUTyields systemati-

cally smaller cross sections below� 700MeV compared to GENIE. Di�erences are

more pronounced in�=E � , indicating modi�ed energy scaling rather than simple

normalization shifts. Across all channels, GENIE activates DIS at lower energies,

while NEUTexhibits more pronounced internal structure, partly smoothed in the

spline-based GENIE implementation used ingSeaGen.
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6.1.3. Implications

In the ORCA energy range, spanning the RES-DIS transition and the� production

threshold, these structural di�erences propagate directly to rate predictions and

inelasticity distributions. The enhanced RES and earlier DIS onset in GENIE

increase event yields and shift they distribution at intermediate energies, whereas

NEUTs stronger high-energy DIS modi�es the tail of the spectrum.

In the � � appearance channel, generator di�erences at the level ofO(10 � 15%) can

bias expected rates. For antineutrinos, the reduced model spread limits the impact,

though the energy-dependent transition between CCQE and DIS remains relevant.

In neutral-current channels, GENIEs larger DIF and earlier DIS enhance high-

inelasticity con�gurations, potentially a�ecting �avour misidenti�cation and back-

ground estimates. Since ORCA analyses rely on� (E � ) over a broad energy range

in water, the treatment of MEC, the RES parametrization, and the DIS transi-

tion scheme must be incorporated as correlated systematic variations rather than

absorbed into a single normalization uncertainty.

6.2. Kinematic Distributions and Generator-Level

Observables

To suppress statistical �uctuations at generator level, dedicated high-statistics

samples were produced using con�gurations identical to the nominal setup. For each

neutrino �avour, 2 000 independent runs with 104 events per run were generated.

The total number of events entering the generator-level analysis is summarized in

Table 6.1.

Note that di�erences may originate not only from the generator itself but may also

from the processing ofkm3neut events by gSeaGen, which places vertices and �lters

events that do not produce a detectable signature, meaning neither the vertex not

a lepton is contained in the detector can. The following focuses on events with

3:5GeV < E � < 100GeV for � � ; �� � and 1GeV < E � < 100GeV otherwise.
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Channel km3neut gSeaGen
� e 19 539 862 14 964 094
�� e 17 012 365 14 967 335
� � 3 820 737 1 614 790
�� � 2 630 687 1 672 141
� � 1 388 732 1 500 997
�� � 1 244 303 1 531 324
� NC 15 504 962 14 963 310
�� NC 12 736 655 14 966 599

Table 6.1.: Total number of generated events entering the generator-level analysis.

A generator-level analysis of Bjorken-x and Bjorken inelasticity y is essential, as

these variables encode the underlying interaction dynamics and nuclear modeling,

directly constraining the partition of energy between the outgoing lepton and the

hadronic system. The hadronic and lepton scattering angles determine the angular

separation of �nal-state particles, which strongly a�ect light emission patterns and

reconstruction performance.

The following discussion refers to DIS interactions for Bjorken-x, and to the full

interaction sample for all other observables.

6.2.1. Bjorken x

The Bjorken-x distributions for DIS interactions, separated by current type and

neutrino �avour, are shown in Figure 6.3.

For x & 0:6, km3neut exhibits a markedly stronger suppression thangSeaGenfor

� e, � � , and �� NC interactions. The km3neut/ gSeaGenratio decreases monotonically

toward x ! 1, indicating a reduced population of large parton momentum fractions

in km3neut. In contrast, for � � , �� � , and � NC interactions, the distributions are

shifted to higher x, with a suppression at lowx and an enhancement aroundx ' 0:7

of up to a factor two, followed again by suppression at the kinematic endpoint.

This non-uniform pattern implies �avor- and channel-dependent di�erences in the

implementation of structure functions and the transition between shallow- and

deep-inelastic regimes.

At low x . 0:05, gSeaGenconsistently predicts higher rates across CC and NC
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Figure 6.3.: Bjorken-x distributions for DIS interactions, separated by neutrino
�avor for CC and for NC interactions. The lower panels show the ratio
km3neut=gSeaGen.

channels. The persistence of this feature indicates a systematic di�erence in the

treatment of small-x parton dynamics, rather than a statistical �uctuation.

Overall, gSeaGenpopulates both the low- and high-x extremes more strongly,

whereaskm3neut concentrates events in the intermediate-x region. Such di�erences

modify the hadronic invariant mass and inelasticity distributions and therefore

propagate to secondary-particle spectra and visible-energy deposition. A potential

contributor is the distinct modelling of the shallow-inelastic-scattering regime in

km3neut and the use ofPythia 5.7, compared to thegSeaGencon�guration based

on Pythia 8.3, implying generator-dependent hadronization dynamics.

A systematic suppression of high-x events (x & 0:6) in km3neutfor both CC and NC

interactions, accompanied by an excess of very low-x events in gSeaGen, indicates

materially di�erent treatments of large momentum-fraction scattering and of the

transition between the SIS and DIS regimes. Since high-x events correspond, at
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Figure 6.4.: Bjorken-y distributions for CC and NC interactions. The lower panels
show the ratio km3neut=gSeaGen.

�xed neutrino energy, to larger momentum transfer Q2 or lower inelasticity y, their

suppression inkm3neutreduces the population of interactions producing energetic

and collimated hadronic systems.

6.2.2. Bjorken y

Figure 6.4 demonstrates that the generators predict systematically di�erent inelas-

ticity spectra across several channels, with implications beyond purely di�erential

rate e�ects.

For CC �� e, �� � , and �� NC interactions, km3neut yields a narrower y distribution,

suppressing both low- and high-inelasticity events relative togSeaGenand enhancing

the intermediate region. This redistribution modi�es the balance between leptonic

and hadronic energy, directly a�ecting visible-energy calibration and reconstruction

performance.
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In the � � channel, the y spectrum predicted by km3neut leads to a de�cit over

most of the inelasticity range and an excess at largey. Such a shift toward higher

inelasticities implies a softer outgoing muon spectrum and increased hadronic energy

deposition, with consequences for track length, angular resolution, and light yield.

The compatibility of the � e distributions within uncertainties suggests that �avor-

dependent modeling di�erences dominate the observed e�ects.

For NC interactions, the suppression of low-y events in km3neut indicates a global

shift of hadronic energy toward higher fractions ofE � . The absence of MEC contri-

butions in NEUTand its presence in thegSeaGencon�guration may further enhance

this e�ect, altering the expected shower-energy response and �avor misidenti�cation

rates.

The most pronounced deviations occur in the� � channel, wherekm3neut predicts

systematically larger inelasticities. This enhances hadronic activity while softening

the charged-lepton spectrum, potentially biasing energy reconstruction and �avour

classi�cation in a regime already limited by statistics.

Overall, generator-dependenty distributions modify the partition of neutrino energy

between leptonic and hadronic components. This a�ects angular reconstruction,

light production, and statistical neutrino-antineutrino separation. Consequently,

such di�erences can propagate into oscillation parameter extraction, mass-ordering

sensitivity, and searches for Beyond Standard Model (BSM) physics if not consistently

modelled.

6.2.3. Lepton Scattering Angle

The lepton scattering-angle distributions, presented in Figure 6.5, reveal generator-

dependent shape di�erences that are channel speci�c. For� e CC and �� NC interactions,

the agreement over the full angular range indicates consistent modelling of the

underlying leptonic kinematics.

In contrast, sizable discrepancies occur for�� e and �� � at large scattering angles

' > 1, where gSeaGenpredicts more than twice the rate of km3neut. For � � , the
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Figure 6.5.: Lepton scattering angle distributions for CC and NC interactions,
summed over neutrinos and antineutrinos. The lower panels show
the ratio km3neut=gSeaGen.

excess is reversed, withkm3neut exceedinggSeaGenby up to a factor two. Beyond

normalization e�ects, km3neut systematically depletes the �rst angular bin for � �

and �� � , accompanied by an enhancement in the adjacent bins. This bin-to-bin

redistribution broadens the e�ective angular response and points to di�erences in

the treatment of momentum transfer and lepton kinematics. A similar, though

weaker, pattern is observed for� NC , indicating that the e�ect is not limited to

charged-current channels.

For � � and �� � , the sharp cuto� at ' > 0:6 rad re�ects kinematic constraints from

the � mass. In this region, the alternating over- and under-prediction bykm3neut

relative to gSeaGensuggests di�erent implementations of threshold and phase-space

e�ects. Given the direct relation between scattering angle and neutrino direction

reconstruction, these generator-dependent distortions can propagate into angular
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Figure 6.6.: Hadronic angle distributions for CC and NC interactions. The lower
panels show the ratiokm3neut=gSeaGen.

resolution and oscillation-sensitive observables.

6.2.4. Hadronic Angle

The hadronic-angle distributions are shown in Figure 6.6. Generator-dependent

di�erences are most pronounced for NC interactions. For � & 1 rad, gSeaGen

predicts up to twice the rate obtained with km3neut, implying systematically

broader hadronic systems. Such di�erences directly a�ect the angular light pattern

and may bias shower-direction reconstruction and �avor classi�cation.

For � � and �� � CC channels, both normalization and shape discrepancies are observed.

The suppression at� = 0 indicates a reduced fraction of events with hadronic activity

collinear to the charged lepton, altering the track�shower separation phase space.

The opposite trends between� � and �� � at large � further point to model-dependent

di�erences in hadronic recoil treatment, which can propagate to reconstructed zenith
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Figure 6.7.: Visible energy distributions for CC and NC interactions. The lower
panels show the ratiokm3neut=gSeaGen.

distributions and thus impact oscillation parameter inference.

The � e channel shows only minor deviations within uncertainties, suggesting limited

sensitivity to the underlying hadronic model. In contrast, the � � and �� � channels

exhibit discrepancies of up to two orders of magnitude for� & 0:5 rad. Given that

the default NEUTcon�guration lacks full support for � � DIS interactions, these

deviations likely re�ect incomplete model coverage rather than physical di�erences.

6.2.5. Visible Energy

Figure 6.7 demonstrates that generator-dependent e�ects are channel speci�c. For

NC interactions, the agreement in spectral shape implies a comparable modeling

of hadronic energy deposition at the level relevant forEvis. In contrast, the en-

hancement of high-Evis events in � � CC interactions for km3neut indicates a higher

visible-energy response. This behavior points to di�erences in the treatment of the
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Figure 6.8.: Distribution of the fraction of visible energy Evis=E� . The lower panels
show the ratio km3neut=gSeaGen.

hadronic system and/or energy transfer at large momentum exchange. If con�rmed

with higher statistics, such a shift would bias reconstructed energy spectra and

consequently a�ect oscillation parameter extraction.

For � � interactions, the agreement below50 GeV suggests no substantial di�erence

in the bulk kinematics. At higher visible energies, the spectra are dominated by

statistical �uctuations, preventing a quantitative comparison.

The distributions of Evis=E� in Figure 6.8 provide a more di�erential view of energy

transfer. The pronounced de�cit of km3neut at low visible-energy fractions for � e

and � � CC interactions indicates a reduced probability for highly inelastic con�gu-

rations compared to gSeaGen. Since low visible-energy fractions correspond to large

invisible energy carried by hadrons or neutrinos, this discrepancy re�ects system-

atic di�erences in the modeling of inelasticity and secondary particle production.

Although the a�ected region contributes weakly to the total rate, its persistence

54



across �avors implies a structural generator e�ect.

For � � CC interactions, the overall shift of the distribution toward larger visible-

energy fractions inkm3neutcorresponds to a lower average inelasticity. This directly

modi�es the mapping between true and reconstructed neutrino energy and can

induce a channel-dependent bias in oscillation analyses. The analogous but smaller

shift for � e interactions suggests that the e�ect is interaction-model driven rather

than reconstruction speci�c.

For � � interactions, �uctuations dominate. The alternating excess between gener-

ators acrossEvis=E� does not exhibit a coherent trend and remains statistically

inconclusive, preventing a quantitative assessment of generator-induced biases in

this channel.

6.3. Angular Correlations

This section compares two-dimensional correlations of kinematic observables pre-

dicted by gSeaGenand km3neut. All asymmetry distributions follow the de�nition

in section 5.5. The discussion is restricted to statistically well-populated regions.

Correlations between the hadronic angle and the charged-lepton scattering angle

are shown for the combined� + �� sample, as no appreciable neutrino-antineutrino

di�erences are observed.

6.3.1. Electron Neutrino Charged-Current Interactions

The (y; � ) correlation in Figure 6.9 indicates a systematic shift ofkm3neut toward

larger inelasticities across most angular bins, consistent with a harder hadronic

energy fraction at �xed � . The low-� and y < 0:6 region shows no signi�cant

structure beyond statistical �uctuations, implying comparable modeling in the quasi-

elastic and low-transfer regime. The enhancement at largey suggests di�erences in

the treatment of multi-hadron �nal states.

In the (y; ' ) plane (Figure 6.10), the diagonal structure re�ects the underlying

kinematic constraint between energy transfer and lepton de�ection. The sign-
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Figure 6.9.: Correlation between Bjorken-y and visible hadronic angle for � e CC
interactions. Top row: event densities forkm3neut and gSeaGen. Bot-
tom row: asymmetries as de�ned in section 5.5. Upper left: event
density for km3neut. Upper right: event density for gSeaGen. Lower
left: asymmetry relative to km3neut. Lower right: asymmetry relative
to gSeaGen.

changing excess indicates generator-dependent distortions of this mapping. The

depletion of km3neut near the y = 1 boundary, together with its extension to larger

' at �xed y < 0:5, points to di�erences in the modeling of transverse momentum

transfer. Conversely, the broader low-y coverage ofgSeaGenat large ' implies a

modi�ed balance between longitudinal and transverse components of the hadronic

current.

The ('; � ) correlation (Figure 6.11) exhibits only weak structure, indicating ap-

proximate independence of lepton and hadronic angular observables for� e CC

interactions. The localized km3neut excess near the identity line at small angles
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