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Introduction

Neutrinos are the most abundant known particles in the cosmos, and their mysterious
properties have fascinated physicists ever since they were first proposed by Pauli in 1930 to
explain the shape of the 3 spectrum. Since then, numerous investigations have advanced our
understanding of this mysterious particle, while at the same time revealing new questions
that need to be answered. The discovery of neutrino flavour oscillations provided evidence
for a non-zero neutrino mass, and neutrino-oscillation experiments have since explored
the difference in neutrino-mass states; however, the absolute neutrino-mass scale remains
undiscovered.

The Karlsruhe Tritium Neutrino Experiment (KATRIN) experiment aims to probe the
neutrino-mass scale in an direct kinematic measurement approach, utilising the 3 decay
of gaseous tritium and a high-resolution electron spectrometer. By inferring the neutrino
mass from its characteristic shape distortion close to the spectral endpoint, KATRIN
sets the world-leading upper limit for direct neutrino-mass searches at 0.45eV (90 %
Confidence Level (CL)). Similarly, the high-precision measurement of the 3 spectrum can
be investigated for further shape deformations that hint at new physics.

The nature of these new physics contributions remains unclear due to the abundance of
theories and the elusive nature of the neutrino. A particularly broad and therefore powerful
approach to identify such new physics is offered by the theory of general neutrino interactions
(GNI) [162, 61, 63], which describes the weak interaction beyond its Standard Model V-A
structure in a more generalized manner than the already well-studied neutrino non-standard
interactions (NSI) [88, 176, 98, 79, 30]. The new low-energy effective interaction terms of the
GNI theory can also be generated by (sterile-neutrino extended) Standard Model effective
field theory (SM(N)EFT) operators of mass dimension 6 [215, 125, 75, 61]. Therefore, the
GNI theory connects new physics phenomena both below and above the weak scale through
the effective field theory (EFT). In recent years, a multitude of investigations have been
conducted for various neutrino interaction channels, reaching from neutrino-oscillation
experiments [60, 144, 123] to neutrino-scattering processes [155, 72, 37, 178, 191, 158] to
studies of B-decay processes [46, 117, 75, 125]. In this work, we examine the impact of
GNI on the B-decay spectrum of tritium as measured by KATRIN, also considering the
potential existence of additional eV-scale neutrino-mass states.

This work is structured as follows:

In chapter 1, a concise introduction into neutrino physics is given. Following a brief
historical introduction of the beginnings of the research field, the neutrino is discussed in
the context of the standard model and beyond. Different mechanism for the generation of
neutrino masses are presented and the experimental approaches to determine the absolute
neutrino mass are compared.



2 Contents

Chapter 2 then introduces the basic concept of effective field theories and describes, how
this framework can be used to search for new physics phenomena, such as the general
neutrino interactions. In addition to defining the theory of general neutrino interactions,
the chapter comments on both the possible theoretical origins of such new interactions and
their experimental testability.

Chapter 3 focuses on the experimental setup of the KATRIN experiment, presenting the
relevant components and their interplay within the setup.

Thereafter, the experimental model describing the physical effects and transmission condi-
tions of the experimental setup is laid out in chapter 4, starting from the derivation of the
differential 3 spectrum to the integral count rate observed at the detector. In this context,
the relevant systematic effects and their influence on the 3 spectrum are described.

Chapter 5 lays the foundation for the data analysis by describing the statistical methods
necessary to fit the model to the data and to place reliable constraints on multi-dimensional
parameter spaces. It also introduces the analysis environment, comprising the required
statistical methods.

The data set used for the analysis and the corresponding measurement conditions are
summarised in chapter 6.

Finally, the search for general neutrino interactions on KATRIN data is performed in
chapter 7, combining the insights of the previous chapters. Based on the theory of general
neutrino interactions, the effective differential decay rate is derived and the transformations
allowing to derive constraints on individual interactions are given. The analysis strategy is
outlined and studies ensuring the correct coverage of the exclusion contours are presented.
Finally, the exclusion contours for both parameter spaces, with and without an additional
heavy neutrino, are discussed and the constraints on individual interactions are placed in
the context of existing constraints. In addition, more specific physics scenarios are explored,
such as a right-handed W boson, a charged Higgs boson, and leptoquarks.

Chapter 8 concludes with a summary and outlook, addressing the future potential of the
search for general neutrino interactions at KATRIN.



1. Neutrino Physics

This chapter gives a concise introduction into neutrino physics. Starting with an overview
of the beginnings of the research field in section 1.1, the neutrino is set in context of the
Standard Model (SM) in section 1.2. Furthermore, the properties of the neutrino calling
for an extension of the SM, that is the neutrino oscillations and the neutrino mass, are
further explored in sections 1.3 and 1.4, respectively.

1.1 History of Neutrino Physics

In 1914, intensive studies by Chadwick resulted in the first observation of the p-decay
spectrum [70]. Contrary to the prevailing assumption at the time that the  decay is a
two-body process, the experiment revealed a continuous spectrum. This observation posed
a challenge to the firmly established energy-momentum conservation. Pauli proposed a
resolution to this anomaly in 1930, which involved expanding the 3 decay to a three-body
process, thereby ensuring the conservation of energy, momentum and angular momentum.
He characterised the additional constituent of the decay as an electrically neutral particle
with spin %, which is only charged under the weak interaction [140]. Fermi proceeded by
combining the experimental findings of Chadwick with Pauli’s theory and formulating the
 decay as single-vertex three-body decay of a neutron (n) to a proton (p), electron (e™),
and a massless neutral particle, the electron anti-neutrino (7,)

n—p+e +7,. (1.1)

In 1942, Wang addressed the challenge of detecting the elusive neutrino by proposing a
detection via the inverse  decay [211]. This approach was subsequently employed by
Cowan and Reines, who succeeded in detecting neutrinos via the inverse 3 decay at the
Savannah River Experiment in 1956 [189]. Antineutrinos emanating from the Savannah river
reactor were captured on protons of a 200 L cadmium chloride-infused water target. The
positron and neutron resulting from this reaction were detected by a delayed-coincidence
signature, with the positron annihilating rapidly with an electron producing two signature
photons. In a second, about 10 ps delayed process, the neutron is captured by the cadmium
chloride, emitting a photon during de-excitation. The detection of both signals confirmed
the predictions of the 3-decay process.

In addition to the electron neutrino v,, two further neutrino flavours have been discovered:
the muon neutrino v, [82] and the tau neutrino v, [149]. Experiments such as ALEPH
have demonstrated, that only three neutrino flavours exist [83], thereby validating their
inclusion in the SM.
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1.2 Neutrinos in the Standard Model

The Standard Model (SM) of particle physics is a comprehensive theory of the elementary
particles and their fundamental interactions within the framework of quantum field theory,
that has been developed in the mid 1970s. It is described by the SU(3)xSU(2)xU(1) gauge
group and comprises six quarks (up, down, charm, strange, top, bottom), three charged
leptons (e, u, 7) with their neutral leptonic partners, the neutrinos (v, v,, v;), as well
as four vector bosons (gluon, photon, Z° Wi). The Quantum Chromodynamics (QCD)
SU(3) subgroup describes the strong force between the quarks, mediated by gluons. The
Weinberg-Salam SU(2)xU(1) subgroup [212] represents the electroweak force, which is
a unification of electromagnetic and weak force. Photons mediate the electromagnetic
force, Z and W bosons the weak force. An additional scalar boson, the Higgs boson, is
generated by Spontaneous Symmetry Breaking (SSB) of the electroweak symmetry below
the electroweak scale through the Higgs field H. Alongside the Higgs boson, three massless
goldstone bosons are produced, that manifest themselves as the longitudinal component
of the Z° and W= gauge bosons. The masses of both 7" and W bosons arise through
this SSB process. The fermions acquire their mass through interaction with the Higgs
field. This process demands the existence of both left- and right-handed components of the
fermion. The Yukawa Lagrangian for leptons reads

[’Yukawa = 73/;5 Zoa H €3 R +h.c, (12)

where eg g = eg, pr, Tr are the right handed SU(2) singlets and

Ve, L VM,L VrL
ea = ) >
€1, ML L

the left-handed SU(2) doublets of the leptons. ygﬁ is the Yukawa coupling strength.

-
Applying the vacuum expectation value (vev) of the Higgs field (H) = % (0 1)) with
v & 246 GeV [173] gives

v _
Linass = 7% ygﬁ €a,LEB,R T h.c. (1.3)

The prefactor % yzﬂ corresponds to the lepton mass. Within the SM theory, the only
fermion predicted to be massless is the neutrino. However, observations in the 1990s of
a new phenomenon, the neutrino oscillations, led to the conclusion, that this prediction
must be inaccurate. Thus far, the only part of the SM not withstanding the experimental
scrutiny is the neutrino sector. The discovery of neutrino oscillations led to a re-evaluation
of the lepton number conservation within each lepton family (¢, v,) with ¢ € {e, u, 7} and
the pure left-handedness of the neutrino. Consequently, a wide variety of neutrino mass
generation mechanism and possible extensions of the SM have since been proposed.

1.3 Neutrino Oscillations

In 1964, Bahcall proposed the use of the inherently small interaction cross section of
neutrinos to gain insight into the nuclear energy production of stars, such as the Sun, and
calculated the solar neutrino flux [42]. In order to verify this prediction, the Homestake
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experiment was set out to measure the total electron-neutrino flux coming from the Sun,
utilising a chemical detection process with neutrino capture on o) [77]. Despite employing
a detector mass of 615t of perchloroethylene (C5Cl,), only 1/3 of the anticipated rate was
detected, thereby giving rise to the solar-neutrino problem [43]. Subsequent experiments,
including Kamiokande, SAGE, GALLEX, and Super-Kamiokande [206, 3, 124, 106], yielded
consistent results, confirming the same solar electron-neutrino rate. As no adjustments to
the solar model could provide a rationale for these results, it was hypothesised that the
effect was related to the propagation of the neutrinos. The Sudbury Neutrino Observatory
(SNO) ultimately resolved the solar-neutrino problem by measuring the solar flux of all
neutrino flavours and thereby confirming that neutrinos indeed mix amongst their flavours
[14]. Later, this mixing behaviour was refined as neutrino oscillations, and experimentally
confirmed by the Super-Kamiokande and KamLAND experiments [107, 91]; it directly
implied that neutrinos must carry mass, as the oscillation mechanism requires the neutrinos
of different flavours to differ in mass.

The notion of an admixture of neutrinos capable of oscillating between states was initially
proposed by Pontecorvo in 1957 [183]. This early concept was further developed by
Maki, Nakagawa and Sakata in 1962, establishing a theoretical framework to describe the
oscillation of the neutrino’s flavour states [165].

The theoretical concept describing the phenomenon of neutrino oscillations is based on the
flavour states of the neutrino, defined as the eigenstates of the weak interaction, constituting
a superposition of the corresponding mass states, which are themselves eigenstates of the
free Hamiltonian. In this theoretical framework, the flavour states are denoted by |v,)
with a € {e, u, 7} and the mass states are symbolised by |v,) with k& € {1, 2, 3}. The
unitary PMNS matrix expresses the mixing of neutrino states through the mixing angles
019, 093, and 6,3, and the CP violating phase dop. Two additional Majorana phases oy
and ay appear, if the neutrino is its own anti-particle, namely a Majorana particle. The
relation between the flavour and mass states then reads [199]

Va(t)) = > U exp{ —iE{"t} ) - (14)
k

The factor exp{—iE,tCOtt} describes the time propagation of a free particle; the total energy
of the neutrino-mass state under relativistic approximation and the “same energy” and
“same momentum” assumption (Fj = E; = E ~ p) reads Bt = \/pt+mi~p+ mi/?E
The probability P of detecting a neutrino with initial flavour state « in a flavour state
under propagation in vacuum can be derived under the assumption of CP invariance as [59]

H%wwﬂwmwFﬂMAZM%MwwwM%45>-um
k>j

Here, the oscillation length L is the distance between the source and the detector. The

energy of the neutrinos is denoted by E. Amij is the difference between the squared

2 2 2
masses Amp; = mj — mj.

;- Consequently, oscillation experiments can only yield mass
differences; the absolute masses of neutrinos remain inaccessible with this experimental
approach. Furthermore, in order to ascertain the ordering of the neutrino mass states,
it is necessary to go beyond equation 1.5, for example by incorporating matter effects in
the experimental setup [188]. The determination of the sign of Am§3 has so far proven

challenging, resulting in two possible orderings for the mass eigenstates: the Normal
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Table 1.1: Summary of the current best measurements of the neutrino mixing parameters,
the mass differences of the neutrino mass eigenstates, and the CP violating
phase. Results are given for both the normal and the inverted hierarchy. All
values taken from [173].

Parameter Value Comments References

.2 40.013 Results by KamLAND + global solar;
e i asming 3y no
sin”(fy3) (10) 0.553 t:016 PDG average: IceCube, T2K, NOvVA, L6 10,19, 4

sin2(923) (NO) 0.558 +8'8£’ MINOS, and Super-Kamiokande (1, 6,10, 12, 4]
oo PR PDG average: T2K, Daya Bay, Double Chooz, |, e e e o
sin?(014) (2.19 £0.07) x 10 ol RENO [6, 33, 142, 201, 44, 32]
Am? (7.53 4 0.18) x 1075 6v2 Results by KamLAND + global solar + SBL [110]
,,,,,, T tacceeratorassuming 3y
Am3, (10) (—2.529 £ 0.029) x 10 %eV?  pPpG average: IceCube, T2K, Daya Bay, NOvVA, (1, 6, 33, 10, 12, 4, 44]
Am§2 (NO) (2455 + 0028) X 10*3 €V2 RIINOS, SllpCI'—I{&IIliOkaIldC7 and RENO T ’ ’ T

Sop (119 +0.22) 7 rad PDG average: T2K, NOvA, (6, 10, 4]

and Super-Kamiokande

Ordering (NO) with m; < my < mg and the Inverted Ordering (I0) with ms < m; < my
[199]. The data of oscillation experiments exhibits different tendencies as to which ordering
is favoured [96]. The most recent neutrino oscillation parameters are summarised in table
1.1.

1.4 Neutrino Mass Generation Mechanisms and Measurement
Approaches

The observation of neutrino oscillations indicates that the SM is incomplete and requires
the incorporation of Beyond the Standard Model (BSM) physics to elucidate how neutrinos
acquire their mass. Concurrently, this observation has evoked the need to develop exper-
imental methods to ascertain the absolute neutrino mass through measurements. This
section offers a brief review of the theoretical extensions of the SM and the experimental
approaches.

Neutrino Mass Generation Mechanisms: The most straightforward method for
introducing neutrino masses is to add three right-handed neutrinos as singlets to the SM,
analogous to the charged leptons. Through interaction with the Higgs field, the neutrinos
acquire mass, as do all other fermions, following electroweak symmetry breaking. Thus,
equation 1.2 can be extended by a Yukawa mass term for neutrinos by introducing a
hypercharge—neutml1 right-handed neutrino singlet v, R:

7 SSB v _
'CYukawa,V = _ygﬁ Eoc H Vg, R +he — _ﬁ y;,@ Vo, LVB,R +h.c. (16)

In accordance with established upper limits on the absolute neutrino mass scale, the Yukawa
coupling is required to be of (9(10_13), seven orders of magnitude smaller compared to
the electron as the next-lightest fermion. While this is technically natural [132], there

'The weak hypercharge Yy is a quantum number corresponding to the gauge symmetry U(1). It links the
electric charge @ with the third component of the weak isospin T3 via Yiy = 2(Q — T5).
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are numerous approaches to address the large hierarchy in more elaborate theoretical
approaches. These so-called seesaw mechanisms are often accompanied by Majorana
neutrinos, which are conjugates of their own anti-particle ¢ = ¢ := C@T 2. Further details
are introduced and discussed in [114]. Given these properties, the Majorana mass term
reads

1 _
Loinass = —5 Map Vs, 1 Vs,1 +h.c. (1.7)

However, this Majorana mass term cannot be generated from renormalizable gauge-invariant
SM operators. It is an effective term with mass dimension larger than the one of the SM
Lagrangian and thus necessitates the existence of heavy new physics contributions beyond
the currently experimentally accessible energy scale in order to become renormalizable. The
underlying framework for constructing an Effective Field Theory (EFT) below a certain
mass scale A is further introduced in chapter 2. The Weinberg operator [213] offers the
simplest realisation of a Majorana mass term as a SM extension at mass dimension 5:

cop

(5) _
£ A

(EimaH)(H' ). (1.8)

This formulation implies a suppression by v? /A for new physics far above weak scale,
thereby providing a compelling reason for the smallness of the neutrino masses. There exist
numerous variations of the seesaw mechanism that can generate the Weinberg operator;
the most common ones can be grouped into type-I and type-II seesaw mechanisms. Both
introduce heavy new particles, whose inverse mass suppresses the neutrino masses.

Type-1 seesaw mechanism [168]: This mechanism introduces SM right-handed neutrino
singlets, so called sterile neutrinos, N, g to the SM to produce Dirac masses. When writing
down all possible terms, a Majorana mass term simultaneously appears, due to the sterile
neutrinos being neutral under the SM gauge group. In total, a kinematic term, a Majorana
mass term, and a Yukawa mass term can be written down:

N7 1 N, v ry
£4,N = ’LNmR’)/Maﬂ Na,R — (5 Nocz,R Maﬁ Nﬂ,R + hC) — (yaﬁ ga N@RH + hC) (19)

Herein, the number of sterile neutrinos is not restricted by the theory. The introduction of
three sterile neutrinos, along with the vanishing of Mg, results in a pure Dirac nature of the
neutrinos. Conversely, for M, 3 # 0, Majorana neutrino masses are produced. In the case
of a very large Majorana mass scale |M|, the three mass eigenstates, which are composed
primarily of the active neutrinos, scale with (y”)?v?/|M|, while the sterile neutrinos scale
with |M|. Furthermore, the flavour mixing is suppressed by 1/M, which agrees with the
near-unitarity of the PMNS matrix.

Type-II seesaw mechanism [196]: The second type seesaw mechanism introduces
a suppression of the neutrino masses by adding a heavy scalar SU(2);, triplet A with
hypercharge 2 in the following way:

Liypott = —Yug o (iTy) Ay — Aoy H'ATH + hec. (1.10)

*The particle-antiparticle conjugation C exchanges the creation and annihilation operators of particles and
antiparticles, thereby turning a left-chiral spinor into a right-chiral one and vice versa, e.g. [ = ¥g.
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The new scalar A connects the neutrino bilinear 71 v, in the Yukawa interaction term to the
Higgs field in the scalar interaction term. This indirect link between the two terms again
leads to the neutrino mass being suppressed by a heavy mass scale mQA when integrating
out the heavy triplet at tree-level [166]:

v 2
B _ 2Yag AAH U

v

5 (1.11)
ma
There are numerous extensions of these seesaw models, including, but not limited to,
additional radiative corrections [163, 180] and models assuming approximate lepton number
conservation [112, 74].

Different experimental approaches can provide insight into the absolute neutrino mass scale
and some even into the Dirac or Majorana nature of neutrinos:

Cosmology: Neutrinos play a key role in the formation of large-scale cosmic structures, as
they are among the most abundant particles in the universe. Due to their weak interaction
and relativistic velocity, they can escape overdense regions, thereby carrying away mass
and slowing down the growth rate of large-scale structures. Similarly, the expansion rate
of the universe is coupled to the cosmic energy density, which neutrinos contribute to. As
both effects are independent of the flavour of the neutrinos, they constrain the direct sum
of the neutrino mass eigenstates

Meosm = Zmz (1.12)
%

through cosmological observations. The derived limit is dependent on the chosen cosmologi-
cal model. Recently, the Dark Energy Spectroscopic Instrument (DESI) released a new limit
on the sum of neutrino masses, based on their constraint on the expansion of the universe
combined with the data from the Planck satellite, of Y-, m; < 72meV (95 % CL) [87]. To
obtain this result, DESI measured the position of several million galaxies and analysed
the data for Baryonic Acoustic Oscillations (BAO)?’, while the Planck satellite focussed on
the “empty spaces” in the universe to measure the Cosmic Microwave Background (CMB)
spectrum4. The improved knowledge from the BAO is then used as an additional constraint
in the analysis of Planck’s CMB data. The thereby obtained limit on the neutrino mass
sum is already lower than the minimum neutrino mass sum for the IO hierarchy, based
on neutrino oscillation data [173], of 100 meV, and approaches the minimum for the NO
hierarchy of 58 meV. The implications of these results, including model dependencies,
systematic effects, and new physics scenarios, are currently being discussed [171].

Neutrinoless Double Beta Decay (0vfBf): Information on the neutrino mass can
be obtained by measuring the half-life of the hypothetical 0V decay. A double 3 decay
is solely realised by nuclei, for which the single 3 decay is energetically forbidden. The
0vB 3 decay furthermore requires the neutrinos to be of Majorana nature, thereby allowing
a virtual neutrino exchange between the two simultaneous 3 decays. Experimentally,
materials such as 76Ge, 12876 or 130Xe are applied as source in low-background setups,

*BAO show up as spherical patterns in the matter distribution of the universe, which have been shaped
by density fluctuations in the primordial plasma right before the decoupling of the photons. The size of
these patterns contains information about the expansion of the universe.

“The CMB is formed by the photons that were emitted at the time of photon decoupling and fill all space
of the observable universe. Their spectrum has been redshifted to microwave scales due to the expansion
of the universe and carries information about the early universe.
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searching for a monoenergetic-peak signature at the energy of the Q—Value5. Despite the
absence of any observation so far, the effective Majorana mass

mepg = |ZUE21mz|a (1.13)
i

representing the coherent sum of the mass eigenstates of the electron neutrino weighted by
the PMNS matrix elements, can be constrained by the upper limit on the decay half-life
Ty} [218]

1

Ty ~ o
2 2
[Mouppl” mpp

(1.14)
One sources of uncertainty in this determination is the theoretical calculation of the nuclear
matrix element M, pp, thus a range of upper limits is commonly given. The sensitivity
of the experimental setup is determined by a combination of factors, such as the energy
resolution, the background, and the amount of source nuclei, which are challenging to

optimise simultaneously. The KamLAND-Zen Collaboration poses the most stringent
constraints to date at mgp < (0.036 — 0.156) eV (90 % CL) [8].

Direct kinematic measurements: The single 3 decay allows for direct, model-inde-
pendent probing of the neutrino mass. This laboratory approach relies exclusively on the
kinematics of the 3 decay and a precise measurement of its spectral shape close to the
kinetic endpoint Fj, where the neutrino mass signal is most prominent (see figure 1.1).
The KATRIN experiment employs high-precision electron spectroscopy of the tritium f3
decay to determine the squared effective electron antineutrino mass

mp = |US|m;. (1.15)
7

A comprehensive description of the experimental setup can be found in chapter 3. Utilising
this approach, the KATRIN collaboration has set the world-leading upper limit from direct
kinematic measurement, which is mg < 0.45eV (90 % CL) [17].

There are upcoming experiments developing new experimental approaches to determine the
neutrino mass, including Project 8 [78], which measures the emission of cyclotron radiation
of the tritium f electrons in a magnetic field, and the ECHo and HOLMES experiments
[111, 66], which analyse the 163H, electron-capture spectrum. The setup of Project 8 allows
for a differential measurement of the tritium ( spectrum with intrinsically low background
by detecting the cyclotron frequency of the electrons. With a first demonstrator, they
reach a sensitivity of m, < 155eV at 90 % CL [39]. Future challenges for reaching their
goal sensitivity of about 50 meV will be the development of an atomic tritium source and
enlarging the detector volume, while further improving the accuracy of the magnetic field
strength and the observation time of the electrons. Both Holmium-based experiments, ECHo
and HOLMES, apply low-temperature calorimeters to measure the 163H, electron-capture
spectrum and detect its neutrino-mass-dependent shape close to the kinetic endpoint.
HOLMES recently set a new constraint at m,, < 27eV at 90 % CL with their current setup
[29]. The objective of both experiments is to probe the neutrino mass scale in the low-meV
region in the future, which will require a noticeable upscaling of the experimental setups,
in addition to an excellent understanding of the spectral shape.

*The Q-value is defined as the total amount of released decay energy @ = Myother nucieus — Mdaughter nucleus —
2me.
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Figure 1.1: Differential 3 spectrum of tritium, for different neutrino mass values. The
impact of the neutrino mass on the spectral shape is most prominent close to
the endpoint at 18.6keV. Figure taken from [152].



2. Effective Field Theory of Neutrino
Interactions

Effective Field Theories (EFTs) are widely applied to search for new physics phenomena.
This chapter lays out the basic concept of EFTs in general (section 2.1) and as a SM
extension with respect to neutrinos (section 2.2). Thereafter, in section 2.3, the focus
is set on a specific EFT, describing additional interactions to the Fermi-interaction, the
so-called General Neutrino Interactions (GNI). Section 2.4 elaborates on how the GNI can
be connected to the high-energy Standard Model Effective Field Theory (SMEFT), while
sections 2.5 and 2.6 explore the theoretical origins and experimental testability of GNI,
respectively.

2.1 Effective Field Theories

In Quantum Field Theory (QFT), a theory is regarded as fundamental if it is renormaliz-
able. The overreaching objective of this concept is to formulate a single theory that can
consistently describe physical processes across all energy scales. The Ultra Violet (UV)
completion of a theory to accurately capture high-energy processes is commonly challeng-
ing. Therefore, it is often more advantageous to work with an effective description that
introduces a new effect at a specific, lower energy scale. This approach can be regarded as
a practical intermediate step in constructing a new, UV complete theory.

To provide a more comprehensive understanding of the theoretical concept, we will briefly
outline a historical example: The electromagnetic interaction is well described by the U(1)
gauge group, which couples photons to electrons (and positrons) within a renormalizable
theory. However, to also be able to describe nuclear 3 decay, this theory must be extended
by an electron neutrino taking part in a Fermi-interaction term of mass dimension 6. In
other words, the extension makes the theory non-renormalizable. Subsequent discoveries
confirmed the already existing theory, that UV completion can be achieved by associating
the Fermi constant Gy with the mass of the mediator particle, identified as the W boson,
thereby establishing the fundamental theory of electroweak interactions.

Generalising this concept for model-independent searches of new physics, one can formulate
an extension of the renormalizable Lagrangian £..,. This is achieved by expanding the
theory in mass dimension, encompassing all possible combinations of operators that can be
constructed from known particles ® and that obey the symmetries observed at an energy
scale u:

1
Leﬁ = [’ren(q)) + Z Z An74

n>5 1

cMo™ (). (2.1)

11
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A is the unknown mass scale, C’i(n)

the dimensionless Wilson coeflicients of the operators
Ogn). The theory provides a reliable description of new physics for y < A. The expansion
of the theory increasingly suppresses terms of higher mass order, and thus, a sufficiently
exact description can be reached by cutting off the expansion at a fixed order n. This
work focuses on the terms up to mass dimension 6, which suffices to test the leading order
contributions of new physics. The Wilson coefficients are expressed in terms of the Fermi
coupling, such that they are comparable to the strength of the weak interaction, therefore

assuming A= V8Gp.

2.2 Neutrino extended Standard Model Effective Field Theory

The mass scale p at which the EFT is to be constructed determines the fields and gauge
symmetries that must be considered. The high-energy SMEFT is constructed from the
full SM gauge group SU(3)cxSU(2);,xU(1)y, since u 2 my. EFTs operating below the
mass scale of the W boson (u < myy) use the reduced SU(3)cxU(1)., gauge group. Thus,
at different energy scales, the fermions are defined in different representations and their
interactions are described by different EFTs. Connections between low- and high-energy
descriptions can be derived by a so-called mapping, as described in section 2.4.

The SMEFT Lagrangian, constructed from the SM fields and full SM gauge group, can be
written as

CM oM (@gyy). (2.2)

1
Lovprr(Psm) = Lon(Psm) + DY A
n>5 4

The only operator at mass dimension 5 is the Weinberg operator [213], as introduced in
section 1.4 equation 1.8. The expansion at mass dimension 6 comprises 59 independent
baryon number-conserving operators, listed in [122], which can be categorised into four-
fermion operators, two-fermion operators with additional Higgs boson or gauge field-strength
tensor contributions, and terms without any fermions. The latter are not of interest to
this work, since the focus is the study of neutrino interactions. Furthermore, the SMEFT
is expanded by right-handed sterile neutrinos Ny, to in total allow for the existence of
Majorana neutrinos through the Weinberg operator, as well as the generation of Dirac-type
neutrinos through pairing the SM left-handed neutrinos with the additional right-handed
neutrinos.

2.3 Theory of General Neutrino Interactions

The theory of General Neutrino Interactions (GNI) is an EFT below the weak scale and
can be considered as a subset of the Low-Energy Effective Field Theory (LEFT) [139].
Therefore, it is constructed under the reduced gauge group, only taking into account light
fermions, photons, gluons and sterile neutrinos N with my < my,. The theory includes
all possible Lorentz-invariant operators for four-fermion interactions involving at least one
neutrino. With this approach, the GNI Lagrangian for charged-current interactions can be
expressed as

GpVis o= () \*7 _
LS = — f/; > ( € j,ud) (€aO;vp) (uv(’);d(;) +h.c., (2.3)
j=1
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Table 2.1: Definition of general neutrino interaction coupling constants and operators
appearing in Eggn in equation 2.3.

Joog 0; o
1 70-7") 1=
2 & 1+ -4
3 e 1-9") FI+7)
1 & I+ A+
5 g (1 —~°) 1
6 & (1447 1
T - (1—-9) ok
8 —& (1+9°) ok
9 e o,0—9") (A4

10 & ou+9") " (1+77)

where (9](- ) are operators describing each new kind of interaction j, listed in table 2.1. ¢;
and €; are the flavour-space tensors, expressing the strength of interaction j with respect
to the Standard Model Fermi interaction and are expected to be small. V.5 denotes the
CKM matrix elements and Gy is the Fermi constant. Greek indices run over flavour. The

neutral-current Lagrangian can be written down in an analogous way [61].

An alternative parametrisation for the 10 interaction terms is the Lee-Yang parametrisation
[154], utilising coefficients C' and D. This notation exists in parts of the literature and can
be related to the e coefficients by linear combination.

All operators related to the € coefficients contain right-handed projection operators acting
on the neutrino field. Thus, the existence of right-handed neutrinos is required for these
terms not to vanish. This equally holds for the operators related to eg, €p, and e, as their
operator structure requires opposite-chiral fields. All remaining operators are consistent
with SM neutrinos and are commonly investigated within the Neutrino Non-Standard
Interactions (NSI) framework [88, 176, 98, 79, 30].

As no assumption is made regarding the mechanism generating the neutrino mass, heavier
neutrinos with masses of up to the mass of the W boson are also accounted for in the
theory. Similarly, the theory imposes no assumptions regarding the Dirac or Majorana
nature of neutrinos. Therefore, any type of right-handed neutrino introduced in section 1.4
can in principle be realised.

2.4 Matching Relations

EFTs above and below the weak scale can be connected via matching relations of their
Wilson coefficients and evolution of their renormalization group. This so-called mapping of
for example low-energy GNI terms onto dimension-6 (sterile-neutrino extended) Standard
Model Effective Field Theory (SM(N)EFT) operators allows for the description of new
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physics above the weak scale. Assuming a common high-energy origin of new physics allows
to set strong indirect constraints on the GNI couplings from existing constraints on the
SM(N)EFT couplings, such as in the case for eg ,q which can be related to the already
strongly constrained Wilson coefficients Cyjyq and Cpyq [61]:

1

V.

S - 5 _
—ed77 (60 (1 — 77 vp) (1, 1d;) :
:

(V, Com? + Co0) (64 (1 — 4 )v) (i, 1ds).  (2.4)

e eluq

The presence of low-energy GNI contributions without a matching counterpart at dimension
6 (such as e uq and €, ,q) may indicate the existence of low-energy new physics or the
necessity of expanding the EFT to a higher order [61]. Furthermore, some SMEFT Wilson
coeflicients correspond to the simultaneous generation of two kind of neutrino interactions
at low energies. The detection of such two neutrino interactions would strongly indicate
the existence of the underlying SMEFT operator. The matching relations between LEFT
and SMEFT are given in [139]. When comparing physics at different energy scales, both
the strong energy scale dependency of the couplings [61, 76] and possible energy-dependent
mixings among the GNI operators [119] must be taken into account.

2.5 Theoretical Origins of novel Neutrino Interactions

There are several ways to UV complete different GNI scenarios by describing their high-
energy origin. Here, theoretical examples are given to explain possible findings of neutrino
interactions in [3-decay processes. However, only experiments can determine the validity
of such a theoretical model by testing further predictions of this model corresponding to
other physical processes.

Leptoquarks: Leptoquarks are particles that carry both lepton (L) and baryon number
(B), and thus naturally arise in grand unified theories [179]. They offer a potential
explanation to the observed mild tension of precision flavour observables and the SM
expectation, as seen in B meson decay [49, 51, 34, 131], and are an interesting candidate for
a radiative neutrino mass generation mediator [40, 85, 71, 128, 147]. Assuming leptoquarks
to function as heavy mediators, they are able to introduce GNI already at tree-level. The
various types of leptoquarks can be categorised in groups: those with fermion number
F =3B+ L =0 and F = 2, and those that possess a scalar and vector-like nature.
The nomenclature for different types of leptoquarks is taken from [61, 67]. Each type of
leptoquark can be associated with a set of SM(N)EFT Wilson coefficients, which can in
turn be connected with the GNI couplings via the matching relations given in [61]. A
selection of leptoquark models with their corresponding dimension-6 SM(N)EFT operators
and GNI couplings is given in table 2.2. These models are further investigated in section 7.5.
The combination of the R5 leptoquark with one other scalar colour-triplet leptoquark S is
of particular interest as it is able to explain B-physics anomalies [69], and can generate
radiative neutrino masses at one-loop level [147].

Charged Higgs: Following the discovery of the Higgs boson, a number of extensions of
the Higgs sector have been proposed. This work focuses on a minimal charged Higgs model
[217, 73], which has been studied in the context of neutrino interactions in [58, 36, 215, 62].
Scalar extensions of the SM have the capacity to generate new neutrino interactions, either
in a similar manner to the type-II see-saw mechanism or through one-loop processes. In
either scenario, the charged Higgs must be considerably heavy to evade existing stringent
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Table 2.2: Selection of leptoquark models. The dimension-6 SM(N)EFT operators that
can be generated by these leptoquarks and via the matching corresponding
GNTI couplings of the 3 decay (ex = eggljd as defined in equation 2.3) are given.
Based on [61].

Dimension-6

Type F Spln SU(3)C SU(Q)L U(l)y SM(N)EFT Operators

GNI couplings

/ ~ ~ ~
St 20 3 1 2/3 Oingds Oingd; €s, €ps €T,
Oelu(p OeNud €R, €5, €p
i 0 0 3 2 1/3 Oingds Oqud €g, €p, €1

constraints on charged scalars. The detection of charged-current scalar neutrino interaction
may provide evidence for the existence of a charged Higgs.

Right-handed W boson: The W boson, which is known to mediate the 3 decay, has
been observed to couple exclusively to left-handed fermions; the underlying reason for
this parity non-conservation remains unclear. However, a left-right symmetry can be
introduced by incorporating right-handed neutrino states into the theoretical framework,
alongside proposing the existence of a right-handed vector-current interaction, which may
be mediated by a right-handed W boson [169, 170]. This results in an expansion of the
electroweak gauge group by the SU(2)g group. The hitherto absent observation of a
right-handed W boson can be explained in the context of a unified gauge theory extending
the electroweak gauge group: The parity non-conservation is regarded as a low-energy
phenomenon caused by spontaneous symmetry breaking. Parity conservation is restored at
high energies, and the corresponding large mass of the right-handed W boson acts as a
suppression factor on the interaction. Thus, this left-right symmetric approach has the
capacity to provide a direct explanation for the existence of small neutrino masses via this
suppression mechanism. The right-handed charged currents of the right-handed W boson
can be probed with the GNI framework.

2.6 Experimental Tests of novel Neutrino Interactions

There exist a multitude of interaction channels through which new neutrino interactions may
emerge, each characterised by their own set of GNI coupling constants € (see equation 2.3).
The following section provides an overview of the experimental approaches that enable to
probe the existence of these interactions. The experimental approaches differ in terms of
the combination of couplings that is constrained and of the energy scale at which the new
interactions are probed. The following overview is predominantly centred on low-energy
experimental approaches of up to a few GeV, while also offering insights into high-energy
investigations. For any of the approaches, no assumption on the origin of the GNI is
imposed. Further details can be found in [60, 61, 98].

Neutrino oscillations: It has been established that neutrinos propagating through
matter exhibit a different dispersion relation compared to their propagation in vacuum.
This is due to their charged-current interactions of the electron neutrinos with the electrons
in the matter. These occur additional to the flavour-universal neutral-current interactions.
This phenomenon is known as the Mikheyev—Smirnov-Wolfenstein (MSW) effect [114,
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113]. The expansion of the charged-current interactions through the introduction of GNI
further modifies the dispersion relation [64]. These modifications can directly impact
the neutrino oscillation parameters and their impact increases with the propagation path
through matter. It is predicted that the upcoming long-baseline experiments T2HK [5]
and DUNE [9], with path lengths through the earth of 300 km and 1300 km, respectively,
will be sensitive to these modifications of the dispersion relation; neglecting their potential
influence may result in an inaccurate inference of the oscillation parameters [156, 157, 135].
However, only left- and right-handed vector-like interactions and only differences between
the lepton families can be constrained by the oscillation experiments themselves [55, 98].
Consequently, complementary tests of GNI are needed to ascertain the correct inference of
the neutrino oscillation parameters.

Lepton Flavour Violation (LFV) in p and 7 decays: LFV terms appear in the
SMEFT. By mapping SMEFT lepton flavour changing Wilson coefficients to the GNI,
existing strong constraints on LFV processes can be utilised to indirectly constraint the
respective interaction channels of the GNI. Muon-flavour to electron-flavour transitions
are constrained by the SINDRUM experiment [68, 54], the SINDRUM-II experiment [56,
101], and the MEG experiment [45, 68]; tau-flavour to muon-flavour or electron-flavour
transitions are constrained by the Belle experiment [68, 130]. The corresponding constraints
on the GNI prove to be about five orders stronger than the existing direct constraints, not
taking into account the energy-scale dependency of the couplings [61].

Coherent Elastic Neutrino Nucleus Scattering (CEvINS): The process of CEVNS
[105] was first observed by the COHERENT collaboration [26]. It occurs characteristically
at small neutrino energies with a large cross section compared to inelastic scattering
processes, as the neutrino is scattered on the whole nucleus, rather than on individual
nucleons. The experimental challenge is to detect the small nuclear recoil energy of the
order of keV. This process can constrain neutral-current GNI, assuming that the couplings
are independent of the neutrino flavour. Thus, the results of the COHERENT experiment
imply bounds on the GNI, given in [37].

Neutrino-electron scattering: Both the W and the Z boson can mediate neutrino-
electron scattering processes, thereby allowing the study of both neutral-current and
charged-current new neutrino interactions. The constraints for v,-e scattering set by the
TEXONO experiment [84], and for v, /v,-e scattering from the CHARM-II experiment
[209, 210] are investigated in the context of GNI in [191, 47]. More recent studies [144, 72]
make use of the measurement of solar neutrinos at the Borexino experiment [13].

B decay: Precision measurements of different properties of the 3 decay can be utilised
to search for charged-current GNI. Thus, global analyses combine properties of 3-decay
transitions, neutron lifetimes, and neutron decay correlation coefficients to gain sensitivity
to these novel interactions [117, 75]. The observables are obtained at decay energies
from O(100keV) to O(1MeV), depending on the isotope. In contrast, the novel approach
explored in the work at hand (see chapter 7) is characterised by constraining GNI at a
very low decay energy of 18.6 keV of the tritium 3 decay, using the high precision electron
spectroscopy of the KATRIN experiment to search for spectral shape modifications.

Complementary high-energy investigations make use of Missing Transverse Energy (MET)
processes at the Large Hadron Collider (LHC) at about 8 TeV [174]. These searches provide
indirect constraints by matching the Wilson coeflicients of a high-energy EFT to the GNI
couplings. This approach exhibits noticeable dependencies on the energy scale, which
modifies the sensitivity to these coefficients. The strong scale dependence of the couplings
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between the markedly disparate energy scales poses a challenge for the comparability
between low- and high-energy investigations [76, 61].






3. The KATRIN Experiment

The Karlsruhe Tritium Neutrino experiment (KATRIN) is located at the Karlsruhe Institute
of Technology (KIT) at Campus North. Its principal objective is to identify the effective
electron anti-neutrino mass with a sensitivity better than 0.3eV at 90 % CL. In order to
achieve this, the KATRIN experiment employs a direct, kinematic measurement approach
of the endpoint region of the tritium (-decay spectrum. An overview of the experimental
setup is shown in figure 3.1.

KATRIN features a 10! Bq high-activity Windowless Gaseous molecular Tritium Source
(WGTS), where the B-electrons are emitted and are magnetically guided through the
setup [25] towards the detector. In the KATRIN spectrometer, the electrons’ momenta are
magnetically collimated and the electrons are electrostatically filtered based on their kinetic
energy with a filter width of O(1eV) [50, 159, 181]. Only electrons with sufficient surplus
energy over threshold are permitted to pass the spectrometer and are subsequently counted
at the detector. The filter threshold is varied in steps of smaller than O(1eV) close to the
spectral endpoint Ej in order to record an integral 3-spectrum, with a typical scan duration
of about 2.5 hours. The KATRIN collaboration has recently set a new world-leading direct
upper limit on the effective electron-antineutrino mass to 0.45¢V at 90 % CL [17].

The following provides further details on the relevant components of the experimental
setup, based on [25]. Details on the data analysis and modelling are discussed in chapters 4
and 5.

3.1 Source and Transport Section

A fundamental component of the KATRIN experiment is the 10-m-long and 90-mm-
diameter cryogenic WGTS in the source section. Gaseous molecular tritium is injected at
the axial centre of the WGTS tube and circulated towards both ends. During this process
tritium undergoes continuous, isotropic decay into helium-3, an electron and an electron
antineutrino:

Ty — THe' +e + 17, (3.1)

The gas density is reduced by a factor of ~100 at both ends of the WGTS by Turbo
Molecular Pumps (TMP), and the gas is then fed into a cleaning and reinjection cycle [185,
186, 187]. This so-called loop system ensures a constant, stable supply of > 98 % pure tritium
throughout operation. The tritium purity, as well as the overall gas composition in the
source, are under continuous monitoring by the Laser Raman spectroscopy system (LARA)
[137, 198]. The cycling and reinjection of tritium enables a nominal column density pd of
5 x 10! -, that is the number of tritium molecules per area integrated over the length
of the WG'T S, at a source temperature of 30 K. Typical operation temperatures of the
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Figure 3.1: The KATRIN experiment. Tritium decays in the source section. The {3
electrons resulting from this decay are magnetically guided through the
experiment towards the detector. Upon arrival at the main spectrometer
the electrons are discriminated based on their energy using the Magnetic
Adiabatic Collimation with Electrostatic (MAC-E) filter principle. Electrons
with sufficient surplus energy pass the main spectrometer and are counted at
the detector [25].

WGTS during neutrino-mass measurements are either 30 K or 80 K, which are kept stable
at the sub-per-mille level [28]. These low temperatures allow the high tritium throughput
necessary to provide a high luminosity of -electrons due to a low conductance of the
source tube. A further advantage of a low-temperature tritium source lies in the reduction
of the Doppler broadening of the tritium 3 spectrum. These configurations providing a
high-activity, high-purity, and highly stable tritium source are essential for maximising the
experiment’s sensitivity to the imprint of the neutrino mass [52].

At the rear of the experiment, the WGTS is terminated by the Rear Wall (RW), a 14.6-cm-
diameter gold-coated stainless steel disc. (-electrons emitted in ups‘mream1 direction are
guided along the magnetic field lines within the source of B, = 2.51 T towards the RW and
are absorbed on the RW surface. Given that the RW surface is equally exposed to tritium,
its gold coating provides chemical inertness [41] and a temporally stable work function [143].
[-electrons heading in downstream direction travel towards the detector. Although some
of these electrons can leave the source unscattered, a large fraction undergoes scattering on
the neutral gas within the WGTS, leading to energy losses through excitation, ionisation,
and dissociation of the molecules. The resulting electron number density allows for the
description of the KATRIN source as a low-density, low-temperature plasma, which is
influenced by the surface potentials of the RW and beam tube within the WGTS. The
application of an external RW bias voltage enables the tuning of the particle dynamics
within the source, thereby minimising temporal and spatial inhomogeneities of the electrons’
starting potential [151, 164].

The total rate of 3 electrons on the RW of around 10 e /s is monitored by the Beta

1“Ups‘clreanm” indicates the direction towards the rear wall, whereas “downstream” refers to the direction
towards the detector.
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Induced X-ray Spectroscopy (BIXS) system, located in the pump ports in front of the RW.
This enables the assessment of the source stability by detecting the characteristic X-ray
line spectrum emitted by electrons penetrating the RW surface using two X-ray sensors
[25].

A key subsystem employed for a variety of calibration measurements, including the calibra-
tion of magnetic fields, column density, and energy loss characteristics within the WGTS,
is the high-resolution angular-selective, quasi-monoenergetic photoelectron source [134, 216,
53, 97, 197]. This so-called electron-gun (e-gun) is located behind the RW and supplies
the experiment with a fine beam of electrons with adjustable pitch angle, electron energies
up to 32keV and rates of more than 10* counts per second (cps) through a centre hole in
the RW [204].

In the downstream direction, a transport section adjoins the WGTS. Equipped with two
pumping stages, this section enables the transition to an ultra-high vacuum. This, in
turn, facilitates a loss-free electron transport from the source to the spectrometer and
detector. First, the Differential Pumping Section (DPS) provides a pressure reduction of
five orders of magnitude through the use of TMPs and custom hardware configurations; a
chicane slows down neutral gas components, while dipole electrodes block ions [25, 148].
In a subsequent step, the Cryogenic Pumping Section (CPS) employs cryosorption of
tritium on an argon frost layer to further reduce the pressure by seven orders of magnitude
[25, 193]. This pumping stage also accommodates the Forward Beam Monitor (FBM), a
movable seven-pixel Silicon Drift Detector (SDD) that measures the electron flux intensity
at different locations in the beam tube and thereby monitors the source activity [129, 92,
52, 150].

3.2 Spectrometer and Detector Section

Subsequent to the transport section, the [3-electrons enter the spectrometer section, consist-
ing of a pre- and a main spectrometer. The pre-spectrometer served as a pre-filter blocking
low-energy electrons during the first four measurement campaigns up until October 2020. It
was known that the electromagnetic field settings of the pre- and main spectrometer caused
an inter-spectrometer Penning trap, accumulating scattered electrons and thus leading
to a time-dependent background. A conductive wire cleared the Penning trap in regular
intervals [15]. The penning background was mitigated during measurement campaign four
by setting the pre-spectrometer to ground potential during normal operation [184, 208].

The main spectrometer is one of the most crucial components of the KATRIN experiment,
serving as a high-precision energy filter for keV electrons. For this purpose it employs,
equally to the pre-spectrometer, the MAC-E filter principle [50, 159, 181]. By lowering the
magnetic field within the high-vacuum spectrometer vessel by four orders of magnitude,
the electrons’ momenta are collimated in forward direction, as visualised in figure 3.1.
Then, an electrostatic retarding potential serves as a high pass filter, thereby slowing
down the electrons. Only electrons with sufficient surplus energy can pass the filter and
are counted at the detector. All other electrons are reflected by the electromagnetic
fields and eventually absorbed at the RW. The plane within the spectrometer vessel
at which maximum collimation and maximum retardation coincide is referred to as the
analysing plane. The magnetic field strength in the analysing plane B,,, in relation to the
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strongest magnetic field, the pinch magnetic field B, at the downstream end of the main
spectrometer, defines the energy resolution of the experimental setup [145]:

AE _ By +1
E  Bya 2

(3.2)

v is the Lorentz factor. The filter width AE accounts to 2.8¢eV for the magnetic field
settings during the first two measurement campaigns. A large volume air coil system,
consisting of the Earth Magnetic field Compensation System (EMCS) and Low-Field
Correction System (LFCS), surrounds the 23 m long and 10 m diameter main spectrometer
and fine shapes the magnetic field inside the vessel [116, 25, 97, 94]. Studies have shown that
there exists a trade-off between a low magnetic field in the analysing plane, which enables
high resolution, and higher fields, which reduce background electron rates [161]. Further
hardware configurations of the main spectrometer aid in maintaining a low background rate
[Harms2015, 120]: Wire electrodes covering the inside surface of the spectrometer vessel
are set to —200 V relative to the vessel potential and thereby repel electrons coming from the
vessel surface. Nitrogen-cooled cryogenic baffles in the pump ports of the Non-Evaporating
Getter pumps (NEG) hinder the emanation of *Rn from the NEG materials into the
10~ mbar ultra-high vacuum within the main spectrometer vessel.

Only electrons with an initial pitch angle of up to the maximum acceptance angle

BSI'C
B) . (3.3)

O max = arcsin
pch

are permitted to traverse the entire beamline and may be counted at the detector; any
electrons with a higher pitch angle are eventually reflected by the magnetic mirror effect.
Given that a larger pitch angle is associated with a longer path length of the electrons
in the spectrometer, and therefore with an increase in both scattering probability and
synchrotron radiation, 6,,,, can be utilised to optimise the energy loss of the electrons. An
optimised setting is reached at 0,,,, = 51°.

Finally, all electrons that meet the transmission conditions are counted at the Focal
Plane Detector (FPD) [31], a 90 mm in diameter monolithic silicon wafer comprising 148
concentric pixels of equal surface area. Each pixel functions as a PIN diode, which is
connected to custom read-out electronics and the Data Acquisition (DAQ) system. A - and
an e -source, situated in the detector section, allow for dedicated calibration measurements
of the FPD [31]. External backgrounds are addressed by an active muon veto consisting
of plastic scintillators, combined with a passive lead and copper shielding. The detection
efficiency is optimised by accelerating the electrons within the detector section by 10kV
with the Post Acceleration Electrode (PAE), which allows the detection in a region with
lower intrinsic detector background and reduces backscattering and dead layer losses on
the FPD surface due to the decreased pitch angle.



4. Physics Model

The experimental conditions and physical effects that influence the propagation of the 3
electrons through the experiment and the rate counted at the detector must be modelled
accurately in order to correctly infer the signal from the neutrino mass or BSM physics.
This chapter provides an introduction to the derivation of the theoretical differential and
experimental integral 3 spectrum in sections 4.1 and 4.2, respectively. Subsequent sections
then describe further systematic contributions related to the source (section 4.3) and the
detector (section 4.4).

4.1 Differential Tritium [3-Decay Spectrum

Tritium undergoes radioactive decay into helium, releasing an electron and an electron
antineutrino, as introduced in equation 3.1. The differential decay rate can be obtained
directly by applying Fermi’s golden rule [100] and a detailed derivation can be found in
[177]. In natural units, the decay probability from initial (7) to final state (f) in first-order
perturbation is expressed as follows:

Ty = 2| (f| M i) [, (4.1)

where the transition matrix element |M ;| includes leptonic and nuclear transitions. The
resulting differential tritium B-decay rate [145]

dl  GpVi
3
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is composed of the Fermi function, F(E, 2), which models the electromagnetic interaction
of the emitted electrons with the daughter nucleus, and the nuclear transition matrix M,
with the coupling structure ‘Mnucl‘Q = 9\2/ + 3gi. V refers to vector-like and A to axial
vector-like interactions. The electrons’ kinetic energy is denoted by E and their mass by
me. Mg is the neutrino mass, introduced in equation 1.15. The Heavyside step function
© ensures energy-momentum conservation. The differential § spectrum is illustrated in

figure 1.1. In addition, this formula already contains several corrections specific to the
KATRIN set-up:

(4.2)

To reflect the fact that KATRIN uses molecular tritium, which can exhibit molecular excited
states after the 3 decay, the effect of these molecular final states is taken into account by
including the molecular excitation energy, V;, which reduces the available neutrino energy

23
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according to ¢; = Ey — E/ — V; [145]. The probability of producing the excited state j is
expressed by (;. The corresponding molecular Final-States Distribution (FSD), describing
the excitation probability of each final state over the energy, incorporates recoil excitations
of rotational and vibrational final states, in addition to excitations of the electron shells
[89, 90, 194, 195].

Furthermore, radiative corrections G,,q(E, Ey) for the contributions coming from both real
and virtual photons during the decay, derived for tritium f decay in [190], are taken into
account, while further theoretical corrections are neglected [145].

Other contributions to this spectrum, describing different contributions of new physics
[20, 24, 24, 153], can be added. The corrections necessary to study GNI are derived and
introduced in section 7.1.

4.2 Integral 3-Decay Spectrum

The integral  spectrum measured at the detector is a composition of the differential 3
spectrum and the experimental response function, which reflects the transmission properties
and physical effects of the experimental setup. This section provides a concise overview of
the integral spectrum’s composites.

4.2.1 Transmission function

The probability for isotropically generated electrons to be transmitted by the MAC-E filter
is described by the transmission function [121, 95, 16, 145]:

ernax
T(E,qU,) = T(E,0,U;)sin 0d0
0
if E—qUy<0 (4.3)

0
E—qU, Bsrc 2 3
= 1—\/1—T0%m if OSE—qUogAE

1— /1 5= if E—qUy>AE
with 7 being the transmission condition and E — qU, the surplus energy of the electrons
above the filter threshold. The transmission function is represented by a broadened step
function; the width is due to partly uncollimated momenta of the electrons in the analysis
plane, which the MAC-E filter is not sensitive to and thus connected to the energy resolution
defined in equation 3.2. Furthermore, the transmission function depends on the electrons’
emission angle 6. in the source and the acceptance angle 6,,,, defined in equation 3.3.

Consequently, other electron sources, such as the e-gun, exhibit a characteristic transmission
function [197].

4.2.2 Response Function

As an extension of the transmission function T'(E, qUy), a response function f(E, qU;) can
be defined to encompass further influences on the electrons’ energy spectrum after their
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generation in the source, thus giving the probability for electrons to reach the detector
when propagating through the experiment. The response function reads

E—qU 0.4
vy = [ [T = e 0,qU) sin0 3 PEM(dbde.  (4.4)

The most relevant effects that are taken into account by this function are energy loss
processes from inelastic electron-tritium scattering in the WGTS and synchrotron radiation,
and an energy broadening caused by the Doppler effect [133]. The energy loss through
scattering is denoted by ¢; the transmission condition 7 is accordingly shifted by this
value. The scattering probability P, for a certain pitch angle and starting position is
approximated by a Poisson distribution depending on the column density and the energy
dependent scattering cross section [145]. The energy-loss function f, describes the electrons’
probability to lose the energy e after s-fold scattering [23, 2, 38] and is obtained by in-situ
e-gun measurements [23].

4.2.3 Integrated Rate

I'(E)

The combination of the aforementioned differential f spectrum d a5~ and experimental
response function f(F,qU;) through convolution, results in the measured integral rate for
each retarding voltage setpoint qU;:

Eq
dI'(E
R(qU;) = ANy / dSE)

qU;

N serves as a signal renormalization factor for the normalized amplitude Ag and is based
on the number of tritium atoms in the source, the maximum acceptance angle due to
the magnetic field design, and the detection efficiency (see section 4.4). Ry, (qU;) is the
background rate. In the neutrino-mass analysis, the amplitude Ay, the endpoint F, and a

b .
constant background component Rbgse are treated as nuisance parameters.

4.2.4 Background Components

The background rate in equation 4.5 is comprised of a constant rate component, a
qU-dependent contribution stemming from the spectrometer and detector, a scan-step-
dependent contribution arising from an inter-spectrometer Penning trap, and an additional
component originating from the RW:

Rig(qUs) = Rig™ + Rig*(aUs) + Ry *(t(qU5)) + Ru' (aUy). (4.6)
The constant rate R]ﬁgse is the primary background component and is to a large extent
constrained by the measurement points above the endpoint. It is predominantly influenced
by the surface conditions of the spectrometer and the intrinsic background of the detector
[81]. On the spectrometer surface, 2H0py, jg implanted, which produces H0py in its decay
chain. Subsequently, 2H0p, undergoes « decay; the recoiling 200py can sputter off the

spectrometer walls and thereby produce highly excited neutral Rydberg atoms, which
isotropically distribute in the spectrometer volume. The subsequent ionisation of the
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Rydberg states by black body radiation and auto-ionisation results in the production of an
isotropic very low-energy electron background [104, 126, 207, 35, 81].

Dedicated measurements revealed a slightly retarding-energy-dependent background con-
tribution Rilgpe(qUi) with a slope of the order of 1 milli count per second per keV. This
background component results from different transmission and detection probabilities for
background electrons [126, 207, 81].

An additional non-Poissonian background component is accounted for by increasing the sta-
tistical uncertainty of the background rate. This contribution arises from radioactive decays,
mainly of 21an, producing keV-scale electrons that become trapped in the electromagnetic
fields of the main spectrometer. Scattering processes and thus energy losses on residual
atoms generate correlated populations of secondary electrons of up to 100 events arriving
at the detector within 1000s intervals, leading to a non-Poissonian overdispersion of the
detected rate [103, 167]. This background component was eliminated in later campaigns
by a redesign of the electromagnetic field setting, that changed the background-electron
storage conditions [22].

penning

The scan-step-dependent Penning background Ry, (t(qU;)) originates from the inter-
spectrometer Penning trap situated between the pre- and main spectrometer, which
accumulates electrons over time. These electrons subsequently generate ions through
scattering processes, which can travel into the spectrometer, thereby creating a low-energy
background. The scan-step dependence is caused by an emptying of the Penning trap
between each scan step [184, 208]. In later campaigns, this background component was
eliminated by setting the pre-spectrometer to a small voltage of —100V [17].

Finally, residual tritium ions accumulate on the RW over time, resulting in a second RW f3
spectrum superimposed on the main (3 spectrum of gaseous tritium in the source. Despite
the low activity of the RW spectrum in comparison with that of the source, this background
component must be considered within the model. For this reason, dedicated measurements
with an empty source are performed to characterise the RW spectrum in terms of its
amplitude, endpoint and FSD [aker, 17].

4.3 Source Potential Effects

In addition to the aforementioned description of the integral (3-spectrum rate, source effects
must be taken into account. Deviations from a constant electric starting potential for the
{3 electrons in the source result in a modification of the detected spectral shape, thereby
introducing a bias on the neutrino mass observable Am?. Possible temporal and spacial
variations in the starting potential result in a broadening o of the spectrum. Furthermore,
the asymmetry parameter Ap reflects the difference in starting potential distribution for
different scattering multiplicities of the electrons. The majority of unscattered electrons
originate from the front of the source section, closer to the spectrometer, while s-fold
scattered electrons mainly originate from the rear of the source. Due to the asymmetric
nature of the starting potential, different scattering multiplicities experience, on average, a
different starting potential. The knowledge of o and Ap directly allows the quantification of
the neutrino mass bias Am? [164, 151]. Therefore, dedicated calibration measurements with
co-circulated 3™Kr have been performed. Both o and Ap can be inferred from the quasi-
monoenergetic krypton-electron N line spectrum. However, krypton-specific systematic
effects have thus far overshadowed the spectral region from which Ap is obtained; thus a



4.4. Detection Efficiency 27

maximum limit based on o is used [164]. A re-evaluation of the data will enable a precise
determination of both source potential observables once the relevant systematic effects
have been determined through ongoing dedicated investigations [11].

4.4 Detection Efficiency

The detected count rate of the integral  spectrum is furthermore dependent on detector
effects. The FPD counts the by the post-acceleration electrode to around 28 keV accelerated
electrons with 95 % detection efficiency [31, 200]. The 3-keV FWHM energy resolution
permits a region-of-interest cut between 14keV and 28 keV in the first two measurement
campaign to enhance the signal-to-background ratio. This cut has been further optimised
in subsequent campaigns. However, the region-of-interest cut influences the detection
efficiency and thus necessitates consideration within the model: At low retarding voltages,
a high rate of electrons arrives at the detector, causing pile-up effects which likely shift
the event outside the region of interest. Furthermore, a significant fraction of electrons is
backscattered off the FPD, despite the additional kinetic energy and smaller pitch angle
caused by the post-acceleration. The electrons are reflected by the electromagnetic fields
and subsequently hit the same or another pixel within a shaping length of 1.6 pus. Notably,
backscattered electrons with high surplus energies above a low retarding potential may
overcome the retarding potential a second time and escape through the main spectrometer.
This effect is investigated through a combination of simulations and dedicated e-gun
measurements. The pitch-angle dependency of the backscattering processes is implemented
in the model by a modification of the transmission function.






5. Statistical Methods and Analysis Tools

The analytical description of the integral f spectrum, as introduced in the previous chapter,
is combined with statistical methods and applied to data in order to interpret the observed
count rate. The present chapter first introduces the concept of the Likelihood function,
which quantifies the difference between the analytical model under a given parameter set
and the observed data (section 5.1). In addition, the concept of the Likelihood function
is extended to include systematic and correlation effects (section 5.2). Subsequently, the
chapter presents optimisation strategies for identifying the parameter set that best describes
the data (section 5.3), in addition to methods of setting limits on parameters of interest
(section 5.4). Finally, the KATRIN analysis environment, which combines all methods
previously discussed, is introduced in section 5.5.

5.1 The Likelihood Function

The analytical model of the mtegral [} spectrum is fitted to the observed count rate by
tuning the model parameters 6. The Likelihood function L’(@\ Obs) quantifies the model’s
fitness to the data through the likeliness for parameter set 0 to occur, given the observed
count rate Nobs This formulation is equivalent to the probability P( ObS\G) of observing
the count rate Nobs given the parameter set ©. The calculation of these quantities requires
the evaluation of a Probability Density Function (PDF) f(Ns| Nipeo(qUs, ©)) at each
retarding-energy set point qU;. Ntheo is the theoretically predicted count rate of the
model. © comprises all parameters required to describe the integral spectrum, which are
the parameters of interest (e.g. the neutrino-mass observable m ) the standard nuisance
parameters (the amplitude Ag, the constant background rate R]{;Zse, and the kinetic endpoint
Eyp), in addition to any parameters describing systematic effects. The Likelihood function
can then be expressed as follows:

n
— =

‘C(G‘Nobs) = 73(‘Z\_fobs|é) = H f(ﬁobs‘ﬁtheo(qUiv é)) (51)
=0

Statistical fluctuations of the probability P may necessitate an extension of the Likelihood
function to non-physical regions for parameters such as m?, Consequently, a mathemat-
ical continuation of the model is implemented. The PDF f is represented by a normal
distribution for sufficiently large statistics. Accordingly, the uncertainty can be expressed

as:
J(Ntheo,i) =\ Ntheo,i' (52)

A Maximum Likelihood Estimation (MLE) allows to identify the parameter set O that
best describes the data. Rather than maximising the Likelihood function, it is common

29
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to search for the global minimum of the Pearson’s X2 statistic [182] due to computational
advantages. The Pearson’s X2 statistic for a normal distribution is given as:

2

o " /N. .—N. )

Y2 = —2log L(6) = “Yobssi — “Vtheosi | (5.3)
i=0 U(Ntheo,i)

5.2 Treatment of Systematic Effects

In order to correctly infer the parameters of interest from the data and obtain an unbiased
result, it is necessary to precisely model and propagate systematic uncertainties in the
analysis. For this purpose, the so-called pull-term approach is used in this work. The total
set of parameters, comprising the parameters of interest, the basic nuisance parameters,
and the parameters describing systematic effects £, with i being their expected mean value,
is denoted by étotal. The additional information on K can then be incorporated into the
X2 function through a pull term:

2 2.4 2 Ne-l(z 2\
X =X (@total) + (H - ’{> )Y (K - K) : (54)
The covariance matrix X consists of the uncertainties o, ; and the correlation coefficients
plﬁ,ij with

2
Y = Ok & Zij =0k " Okj " Prij (5.5)

The uncertainties, correlations and expected mean values for each systematic effect are
obtained from calibration measurements.

5.3 Parameter Estimation

Two statistical approaches are commonly utilised to infer the parameters of interest from the
comparison between the model prediction and the data: the frequentist and the Bayesian
approach.

Frequentist approach: The frequentist approach interprets probability as the relative
frequency of the results of many independent events and makes purely data-driven state-
ments on the probability of observing the data given an a-priori fixed Null Hypothesis (NH).
The minimum of the X2 function anin with respect to 5) corresponds to the identification of
the parameter set that provides the most accurate description of the data. For a Gaussian
PDF and therefore a parabolic X2 function, the parameter uncertainties are given by the
Hesse matrix, which is the second derivative of the X2 function with respect to the entries
of ©. In the event of a slightly asymmetric X2 distribution, a more precise method is to
scan the distribution over its multi-dimensional parameter space, also called Likelihood
profiling. The upper and lower 1-o uncertainties are then found at AX2 = X12\1H — Xfmn =1,
following Wilks’ Theorem [214].

Bayesian approach: In contrast to the frequentist approach, the Bayesian approach
treats parameters and hypotheses as probability distributions, that are compared to a fixed
set of data, taking into account a degree of belief or prior knowledge. The probability
distribution that reflects the current state of knowledge is termed the prior W(é) Bayes’
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—

theorem defines the posterior probability distribution P(é\NObS) to give the updated
probability estimate after combining the prior with the data:

P(B|N,ps) = (5.6)

— —

The probability p(N,) of observing the count rate N, functions as a normalisation factor.
This approach facilitates the incorporation of current knowledge via the prior; however, it
simultaneously implies a potential dependency of the result on the selected prior.

The present work and the following sections are based on a frequentist analysis approach.

5.4 Limit Setting Techniques

Statistical hypothesis testing can be applied to make a statement about the significance
of a finding with respect to the null hypothesis Hy. The test hypothesis H; is compared
to Hy by the Likelihood ratio A = £(6;)/L(6,), where 6, is the parameter space of H;
(i € {0, 1}). For composite hypotheses, where H; specifies a set of probability distributions
rather than one simple distribution, it is challenging to calculate this ratio directly. Wilks
theorem [214] allows to approximate A with the x* function following x* ~ —2log A for
large samples and unbounded parameter spaces. The dimension of the X2 function n is
the difference between the dimension of the parameter space of the test hypothesis él
and the parameter space of the null hypothesis éo, assuming uncorrelated parameters. To
obtain the critical X2 value for a confidence level 7, the X2 distribution f for n degrees of
freedom (dof) must be integrated over:

Y

AXQ
A £a(0dx = 1. (5.7)

The thus obtained value of AXZ can be used to determine the uncertainties of a single
parameter from Likelihood profiling (with e.g. AX2 = 1 for the 1-0 uncertainty, see
section 5.3), as well as to construct exclusion contours in a multi-dimensional parameter
space, such as the one shown in figure 5.1.

An alternative approach to obtain the true upper and lower uncertainties for a given best-fit
value are the so-called belt constructions. An example for the neutrino-mass analysis
is shown in figure 5.2. These belt constructions are based on large samples of Monte
Carlo (MC) for a range of different true values (e.g. miy true)- Bach data set is analysed

and the distribution of fit values (e.g. m?, qt) is evaluated for each MC true value. Each
parameter distribution is then integrated up to a percentage value 1 of the total sample
size, which is equivalent to a confidence level of 1. The integration limits may be chosen
as two-sided or one-sided, resulting in different confidence belts; however, they are all
equivalent in their statistical coverage.

Neyman construction [175]: The Neyman belt construction is the simplest approach,
which takes a two-sided confidence interval over the parameter distribution, following e.g.

2
My, upper 9 2
n= / 2 ‘C(mu, ﬁt|ml/, true) (58)

My lower
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Figure 5.1: Example of an exclusion contour for the parameter space of the GNI based on
the second measurement campaign (KNM2). AX2 gives the agreement of the
model with given parameters mQN, én/&p, and by (introduced in chapter 7)
with the data set. The exclusion contour is drawn at the Axim corresponding
to a 95% CL. Any parameter combinations exhibiting a AX2 > Axgrit are
excluded and constitute the white shaded parameter space.

for the neutrino mass analysis. The resulting lower and upper boundaries for each true
value are then connected to give the confidence belt, as shown in figure 5.2. The true
parameter uncertainties are then given by the intersections of the best-fit value with the
upper and lower boundaries of the belt. This procedure is equivalent to evaluating the
Likelihood profile on Asimov data [80]. However, this approach is not well suited to large
negative best-fit values, as they may exceed the bounds of the confidence belt. In such
cases, a later modification to the belt construction is necessary, leading to a one-sided
evaluation of the parameter distribution. The following belt constructions are designed to
circumvent this issue.

Feldman-Cousins [99]: The Feldman-Cousins belt construction adjusts the coverage
region for large negative best-fit values compared to the Neyman belt by sorting the
parameter distribution by its Likelihood ratio

2 2
L (my, fit |7n1/7 true)

g (7210 o

R (mzzz, ﬁt|7n37 true) = [’(

rather than the bare Likelihood before integration. This provides a smooth transition
between a two-sided and one-sided confidence interval, ensuring proper coverage also for
negative best-fit values.

Lokhov-Tkachov [160]: Similar to the Feldman-Cousins belt construction, the Lokhov-
Tkachov belt construction also addresses the correct coverage of negative best-fit values,
however, it is designed not to improve the sensitivity in the negative region. This is achieved
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Figure 5.2: Example of Lokhov-Tkachov, Feldman-Cousins, and Neyman confidence-belt
construction for the KATRIN neutrino mass analysis. The confidence belts
are constructed from the evaluation of fit-parameter (m,2, q¢) distributions
generated based on large-sample MC for different true values m,z, true, and
allow to obtain the true upper and lower uncertainties for a given best-fit
value. All confidence belts provide equivalent coverage; here shown for 90 %
CL. Based on [17].
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by defining two regions: A two-sided confidence interval is calculated for m?, 6t > 0, while
a one-sided confidence interval is chosen for negative m,2,7 at values. This methodology
consequently constructs a plateau in the region for negative fit values, thereby preventing
a seeming increase in sensitivity caused by statistical fluctuations of the best fit. Thus,
this is regarded as a conservative sensitivity estimation.

The procedure of the belt construction from large MC samples is also known as full
construction of confidence intervals, as it is robust against deviations from Wilks’ theorem.
However, it is also very computationally expensive. The belt construction presented above
can be extended for multi-dimensional parameter spaces, such as the sterile-neutrino and
GNI parameter spaces, to ensure correct coverage for a given Aerit value.

5.5 The KASPER Framework

KASPER is a versatile C++ software environment, that has been developed for the use of
KATRIN. The multiple components enable access to all KATRIN detector and sensor data
via Kal.i, data processing such as the generation of the run-summary files via BEANS,
simulations such as the tracking of charged particles in the electromagnetic fields with
Kassiopeia1 [108], and data analysis with KaFit. Several additional components are inter-
connected with and provide functionalities to the aforementioned examples. Comprehensive
documentation on the components can be found in [109, 108, 121, 146]. The following
describes the two main components used for the data analysis in this work.

5.5.1 Source and Spectrum Calculation

A mathematical description of the experimental setup and calculation of its integral
spectrum is provided by the Source and Spectrum Calculation (SSC) module, containing a
model of the source and transmission properties [133, 146]. Based on the electromagnetic and
gas-dynamic settings, SSC calculates the differential spectrum and numerically convolves it
with the response function, as introduced in chapter 4. These calculations are implemented
for both tritium and krypton [164], thereby also allowing the analysis of dedicated krypton
calibration campaigns [11]. The modularity of SSC allows for easy configuration of the model
based on the experimental conditions during the measurement; the source model, the FSD,
the differential spectrum model, the energy-loss function, the transmission and response
function, the detector, and finally, the integrated spectrum are all initialised with individual
settings via a configuration file. Further information on the individual components can be
found in [121, 133, 141, 146]. These model calculations are essential for the data analysis
with KaFit and as input for the simulations with Kassiopeia. During the data analysis with
KakFit, the initialised model parameters can be introduced as fit parameters and thereby
further optimised. In addition, the model evaluation is characterised by its good precision
and numerical stability, which is ensured through a binning of the spectrum and integration
based on either Simpson’s rule, Romberg’s method, or the Legendre-Gauss quadrature.
Finally, the calculations have been significantly sped up by the introduction of caching for
most of the model components, thereby avoiding reoccurring calculation steps.

1Kassiopeia is the only open-source component of KASPER and can be found under
https://github.com/KATRIN-Experiment /Kassiopeia
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5.5.2 The KaFit Framework

The KATRIN Fit environment (KaFit) has been designed for two principal purposes: firstly,
the generation of simulated Asimov or MC data for the purpose of sensitivity studies and
statistical coverage test; secondly, the performance of complex analyses of given data sets.
The required model evaluations for the data generation and analysis are performed by SSC;
the Likelihood estimation for the frequentist analysis is performed with the C+4 package
MINUIT. In addition, sampling algorithms such as a Markov Chain Monte Carlo (MCMC)
algorithm are available for Bayesian analyses [127, 102]. The handling of the data during
the analysis, along with links to the model configuration, data, and parameter settings, are
detailed in the KaFit configuration file. The data is stored in so-called run-summary files,
which contain the spectral count rates in addition to slow control values recorded during
the time of the spectral scan. More general parameter values that persist for the duration
of an entire campaign are stored in the period-summary document. The so-called run
register links all data going into the fit, while handling the exclusion of individual pixels,
the grouping of the data, and the choice of the analysis interval. Generally, all scans of a
measurement campaign can be stacked into one spectrum and their slow control values can
be averaged. This data combination is done either via the run register or in advance via the
run-summary-merger functionality of KaFit, producing a merged run-summary document,
thereby reducing the read-in time during the analysis itself. For each scan, the rate in the
run-summary file is given per pixel. The run register allows these rates to be combined
uniformly across the detector, or in predefined patterns of concentric rings or patches.
The fit parameters are defined in the extended-parameter document, which initialises the
parameter with a given start value, start error, given bounds, and either as a fixed or free
parameter. In addition, Gaussian penalty terms and correlations between fit parameters
are introduced in this file. Finally, the analysis routine commences by evaluating the
Likelihood function based on the initial parameters and the given data set, and continues
to stepwise optimise the parameters until convergence for a minimum is reached. The final
parameter set is then written to a root file.






6. The second KATRIN Measurement
Campaign

Data taking with the KATRIN experiment commenced in June 2018, with the First Tritium
campaign. The first dedicated KATRIN Neutrino-mass Measurement campaign (KNM)
followed in March 2019. Since then, data taking has been continuously ongoing, with
KNM16 currently being recorded as of February 2025, and will continue until the end of
2025.

The analysis presented in this thesis is based on the data from the second measurement
campaign (KNM2), which was carried out from September 27th to November 14th 2019
with about 45 measurement days. During this time, a total of 361 spectral scans were
collected that went into the analysis, scanning in up, down, and random order to avoid
bias. The scan-step duration for each retarding energy was optimised for sensitivity to
the neutrino mass between KNM1 and KNM2. A comparison between the spectra and
Measurement Time Distribution (MTD) of the two campaigns is shown in figure 6.1.
Further insights into the optimisation of the MTD can be found in [146, 204].

As in the neutrino-mass analysis, the data recorded at the scan steps within the range
[Eg —40eV, Ey+ 135€V] is used. Measurement points beyond this range are utilised to
monitor the rate stability and quantify systematic effects. The measurement points above
the kinetic endpoint E are vital for a precise determination of the background rate. The
homogenous electromagnetic fields configuration and stable measurement conditions allow
a uniform combination of the 117 active detector pixels1 for each scan and a combination
of all scans, leading to a total of 3.76 x 10° signal electrons going into the analysis2. The
KNM2 campaign was selected for the proof-of-principle study in this thesis because it
features a background reduced by 25 % to 0.22 cps, and an increased signal rate due to a
3.9 times higher tritium gas density in the source of 4.2 x 10! #, compared to the first
neutrino-mass measurement [21]. The background reduction was achieved by a baking
of the main spectrometer vessel at 200°C for an approximate duration of two weeks,
which improved the vacuum conditions, reduced the occurrence of loosely bound atoms
contributing to the background, and increased the capture efficiency for radon emanating
from the getter pumps of the main spectrometer. Further details on the data set can be
found in ref. [18]. An overview of key values of the second measurement campaign is given
in table 6.1.

"From a total of 148 detector pixels, 31 are excluded due to either the FBM shadowing pixels, high noise
or damage of a pixel, or due to the alignment of the fluxtube onto the detector.
2 Another 5.54 x 10° electrons were detected, which are attributed to the background.
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Figure 6.1: Combined spectra of all spectral scans performed during KNM1 and KNM2
(upper plot). Data points are shown with their statistical error, enlarged by a
factor of 50. The lower plot gives the time spent at each measurement point,
i.e. the MTD. Figure taken from [18].

Table 6.1: Summary of important key numbers and measurement settings of the second
measurement campaign (KNM2).

Number of scans 361
Live time 694 hrs
Number of 3 electrons 3.76 x 10°
Background rate 0.22 cps
Pre-spectrometer voltage —10.5keV
Ty column density 4.2 x 10* #

Stability < 0.02 %o
Source activity 94 GBq
Source temperature 30.1K

Rear wall potential —0.05V to 0.19V




7. General Neutrino Interactions at

KATRIN

This chapter presents the theoretical calculations, analysis strategy and results for the
search for GNI at KATRIN. Firstly, the effective differential decay rate is derived from the
GNI theory (see section 7.1), and the connection between the experimental GNI parameters
and the individual interactions is laid out (see section 7.2). Thereafter, the analysis strategy
is presented in section 7.3. The subsequent section 7.4 is concerned with ensuring correct
coverage of the exclusion contours. Finally, the resulting exclusion contours and constraints
on individual interactions are presented in section 7.5. The derivation, analysis, and results
presented in this chapter have been published in [19].

7.1 Derivation of the Effective Decay Rate

For deriving the effective 3-decay rate under the influence of GNI, reference [162] is taken
as a starting point. The effective Lagrangian used for this derivation is composed of two
elements: the Lagrangian describing the Standard Model contribution and the charged-
current GNI Lagrangian, denoted by Eg%l and defined in equation 2.3. The GNI operators
are defined in table 2.1. In order to obtain the squared matrix element of the decay, |M|?,
a sum of traces over all possible combinations of GNI and Standard Model interactions
must be calculated. The integration of \M\Q over the neutrino energy provides a complete
description of the total differential decay rate. To simplify the lengthy new description of
the total differential decay rate, in order for it to be applicable for a search for new physics
on the f-spectrum, we expand in small parameters [162]
_myp—mpg Me

E m;
g1 =—2—  §:= , n:i=—2 and p:=—L, (7.1)
my my my my

where A indicates the mother nucleus and B the daughter nucleus. m; are the individual
neutrino-mass eigenstates. To incorporate nuclear effects into the quark-level calculations,
nuclear matrix elements are taken into account. The corresponding nuclear form factors
are given in table 7.1. The relevant matrix elements for tritium {3 decay can be found in
[75]. Given that ¢ = p,, — p, < 20keV and My = (m 4 + mp)/2 ~ 3GeV for tritium decay,
it is sufficient to consider terms up to O(q/My) < 107 in the calculation. The matrix

element associated with the pseudoscalar coupling

(p(pp)] Wy5d n(pn)) = gp (a7 (Dp)V5tn (Pn) = Oq/Mx) (7.2)

39
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Table 7.1: Numerical values for the nuclear form factor used in the calculations at hand.
(CVC = conserved vector current, MS = modified minimal subtraction scheme).

Coupling Value Reference, Comments
gv 1 [203], (assuming CVC) *H
g—é 1.2646 + 0.0035 [27],

Js 1.02 £0.11 [118], MS, neutron
gp 349 +9 [118], MS, neutron
[

gr 0.987 £0.051 £ 0.020  [57], lattice, MS, neutron

is suppressed at the order 10° and therefore not further considered due to its negligible
impact. wu, and u, are the spinors of the proton and neutron, respectively. Also, the
contribution of the weak magnetism is assumed to be negligible. This leads to an effective
description of the GNI contributions in terms of the GNI parameters &, b, b’ and c¢ as

<§2> GFVUd\/ E +me)* — mg(E +me)(Ey — E)\/(Eo — E)’ —m]
(7.3)

1+b M, mem; }
s VR B

This effective description has successfully been derived from first principles using Mathe-
matica; good agreement was found with the existing literature [136, 63].

In this analysis, we employ an effective mass description, wherein the neutrino masses m;
are considered to be fully degenerate. This is a valid approximation, as the individual
neutrino-mass states cannot be resolved by the current setup. Consequently, the sum over
the neutrino-mass states can be treated as the effective neutrino mass, mg. Also, as only
lepton number conserving terms are considered in equation 2.3, no distinction between a
Dirac or Majorana nature of the neutrinos can be made. Since the current setup is not
sensitive to the parameters b or to b and ¢ individually, we apply E < m, in the analysis.
The corresponding redefinition is &, + &by — & and &gby, + &xe — Exby. For future
reference and better comparison with published results, we give the explicit definitions for
the four GNI parameters separately in equations 7.6 to 7.9.

The analysis furthermore distinguishes between a scenario with (N) and without () an
additional heavier neutrino-mass state. In accordance to [162], we define m; and M; to be
the masses of the light and heavy neutrino-mass eigenstates v; and N respectlvely The
left- and right-handed neutrino-flavour fields with the mixing matrices U T,S,and V are
given in a left-right-symmetric approach by

Ver, = UeiVi+ Se; Nj©, (7.4)
Vor = Tuvi®+ VN (7.5)
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S and T are presumably small. The explicit dependency of the GNI parameters is analogous
for both cases. Therefore, we present the results only for the light neutrino-mass state.
With U — S and T' — V the results are valid for the heavy neutrino-mass state.

€p = Uil *[(9% + 392) (1 + [er|* + |er)? + 2 Re(er)) + 2(g% — 393) (Re(erer.)
+Re(er)) + giles|” + 48g7ler|*] + |Tul* (g% + 3g2) (|&Ll” + 1&x]%) (7.6)
+2(g% — 39) Re(érér) + g3les|” + 48¢7 x|’

€pbp = |Usil* [29s9v Re(eg(1 + e, + €r)*) — 24ga g7 Re(ep(1 + e, — eg)™)]

2 ~ [~ ~ O\ k¥ ~ /~ ~ % (77)
+ |Te|” [2959v - Re(€s(ér, + €r)”) + 24ga g7 Re(ép (&, — &r)7)]
Epbp = Re(UeTe) [29vgs(Re(Es(1 4 €1, + er)") + Re(es(ér, + &)™) (78)
—24g5g97(Re(ér(1 + €, — eg)”") — Re(er(é, — €r)"))] .
€pcp = Re(UyTwi) [20v Re((é, + ér) (1 + €1, + €g)”) (7.9)

— 694 Re((¢r, — &r)(1 + e, — er)”) + 293 Re(egés) + 9697 Re(epér)

These equations agree with the corresponding formulas in references [93, 136, 115, 65]. In
order to derive the limits on the ¢; and €; couplings, we assume the above-defined terms
and their constituents to be real.

Consequently, the full differential decay rate including GNI then takes the form:

ar  Gpve
& SR pog 9)\ (B +me)® — m2(E +m,)
dF ot
m (7.10)
DD G 5j2' — mipy [1 - bkk] O(e; — my).
j k=B,N €j

The Fermi function, F'(E, 2), models the electromagnetic interaction of the emitted electrons
with the daughter nucleus. The electrons’ kinetic energy is denoted by F and their mass
by m,. Analogous to the already discussed calculations for the tritium (3-decay rate in
section 4.1, the impact of the molecular final states is considered by incorporating the
molecular excitation energy, V;, which reduces the available neutrino energy, e; = Eg—E—V}.
The probability of producing the excited state j is given by (;. Beyond that, radiative
corrections are taken into account, while further theoretical corrections are neglected [145].
Further details can be found in chapter 4. Following the derivation above, both the &,
and the bj, parameters are now defined in terms of the flavour-space tensors €j.ud and €; 4,
expressing the coupling strength of the GNI to left- and right-handed neutrinos, respectively,
the mixing matrices U,; and Ty; for the left- and right-handed light neutrino, the mixing
matrices S,; and V; for the left- and right-handed heavy neutrino, and the nuclear form
factors gv, gs, g1, and g5. The Standard Model differential decay rate introduced in
equation 4.2 can be restored by setting &y = bj, = 0. Furthermore, the differential equation
for the search of sterile neutrinos [20] can be obtained by neglecting all GNI couplings e,
resulting in the vanishing of by and the transformation
Sz N Uz,

Ex _ S
g UZ 1-UZ

(7.11)

with Ue24 being the active-to-sterile mixing. The distinct signatures of &, and bj, on the p-
spectrum are visualized in figure 7.1. The differential decay rate is included in the prediction
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Figure 7.1: Effect of different GNI contributions on the endpoint region of the integral f3-
spectrum. Both cases with (N) and without () the presence of an additional
heavier neutrino have been considered. The position of the kink-like structure
in the signal is dependent on the (heavy) neutrino mass m%(N). The endpoint
is here at 18573.7¢€V.

of the observed integral rate through equation 4.5, combining it with the experimental
response function f(E, qU;), which describes the transmission properties of the experiment,
as well as accounting for additional physical effects such as electron scatterings. All relevant
systematic effects included in the model are covered in [17] and chapter 4, and are being
investigated in the context of GNI in section 7.5.

7.2 Inference on individual General Neutrino Interaction Couplings

The above derived description of GNI in tritium (3 decay allows to constrain the GNI
parameter space of my, & and by, with the data of KATRIN, thereby constraining the
specific combination of additional interactions via their coupling strength e, given by
equations 7.6 to 7.9. Comparability with constraints from other experimental approaches
can be achieved by considering more specific scenarios of individual or a small subset of
interactions. Consequently, all but the desired e couplings are set to zero. In the absence
of a heavier neutrino, the parameter space m% X b’ﬁ is probed. For a chosen value of m%,
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the experimental limit on bfg can then be converted into limits on the e couplings. The
transformations for the individual interaction couplings are given by:

(=69 + 20%) Tusér,

~ /
(S b[.’) = — , (712)
(39X + gv)(1 + T3&)
5 —693 + 29%) To;€
(3ga +gv)(1 +TgéR)
_ / 29sgvTei€s
€s: b = — (7.14)
P30 + g% + G212
24 T. €
ér: by = AT el T (7.15)

T2 2 2 2
39a +gv + 489715 ér
In the presence of an additional heavier neutrino, the experimental limit on the parameter
space m%; x S¥ x by is converted into constraints on individual couplings by choosi
N X N plings by choosing a

value for m?\; and considering the maximal range of by € [—1.0, 1.0]. This results in an
upper limit range. The transformations read:

& : N _ &, (7.16)
&p

&R : N &R, (7.17)
&p

S\ g§€§ (7.18)

ES . _— = s
& 39 +9v

480222
Er: En _ 48grér (7.19)

& 39a+ogv

Constraints for multiple couplings are derived in an analogous way.

7.3 Analysis Strategy

The presented analysis separately investigates a case with light and with additional heavier
neutrinos. Consequently, two distinct sets of parameters of interest are considered. In order
to infer the parameters of interest in the absence of any heavy neutrinos, we focus on the
two-dimensional parameter space comprising the effective neutrino mass mg and the shape-
modifying GNI parameter blﬁ. In the presence of heavier neutrinos, the three-dimensional
parameter space is defined by the heavier neutrino-mass state m?l and the GNI parameters
&N, in units of {g = g\z, + 39%, and by. The amplitude of the additional neutrino branch is
scaled by &y, while specific shape deformations are introduced by by, as can be seen in
figure 7.1 and equation 7.10. Ej, A, and the constant background component REZSG are
added as nuisance parameters.

The GNI parameter space is probed on a grid, for which the model is fit to the data with
respect to the nuisance parameters at each grid point using X2—function minimization.
This allows for a numerically robust minimization of the Xz—function. The propagation of
systematic uncertainties is conducted using a pull-term approach [18], as introduced in
section 5.2.
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In the absence of a heavy neutrino, a 60 x 30 linearly spaced grid over the parameter
space m% X b/ﬁ within the intervals [0 eV?, 2.2 eVZ] x [—1.0, 1.0] has been employed. The
three-dimensional parameter space for the case including heavy neutrinos with masses
my > mg is defined by 30 x 40 logarithmically spaced values of the parameters m2N xEn/Ep
within [1eV2, 1600eV?] x [3.6 - 10™%, 10.0] times 9 linearly spaced values for by within
[—1.0, 1.0].

In addition, further improvements have been implemented to optimise the fit duration and
convergence for the more computationally expensive three-dimensional grid involving the
additional heavier neutrino, both on the level of the model evaluation in SSC and in the
initialisation procedure of each grid point.

Firstly, the spectral discontinuity caused by the rate drop at the endpoint of the additional
[-spectrum branch was addressed by separating the integration of both spectral branches
in SSC. This enabled the usage of an optimised integration procedure, that uses the more
accurate Gauss-Legendre quadrature in the endpoint region, while the Simpson method is
used for the rest of the spectrum. This implementation resulted in an enhancement in fit
stability, albeit at the expense of an increase in fit duration.

Secondly, an iterative approach for the initialisation of the fits on the grid has been developed:
The initialisation of the fits in the lowest-expected X region is performed with the default
start values @0 start- The resulting parameter set @0 best is then utilised to initialise the

subsequent subset of fits towards higher values of X , following @H—l,start = é% best- 11
addition, to better account for the changes in amplitude over the grid in the start values,
the fitting procedure at each grid point has been split in two parts: A simplified fit is used
to approximate the amplitude at the new grid point, which is then applied to initialise
the proper fit of the grid point, together with the iterated parameter set él 41, start- Lhis
approach has been shown to optimise both the total calculation time and the fit stability.

The correctness of the implementation of the model has been confirmed by the conformity
of the results with those obtained with the independent sterile-neutrino analysis framework
at KATRIN, see figure 8 in [20]. A direct comparison of sensitivity contours between the
two implementations is shown in figure 7.2. Furthermore, to mitigate human-induced
biases, a blinding scheme was applied. The analysis procedure was first applied to an
Asimov data set [80]. Next, a simulated data set with statistical fluctuations was used
to test the robustness of the procedure, as shown in figure 7.3. Thereafter, the analysis
procedure was fixed and applied to the experimental data.

7.4 Coverage Studies of Exclusion Contours

The correct coverage of the contours is ensured by dedicated MC studies. In addition to
the full model description outlined in chapter 4, a simplified analytical model has been
employed to reduce computation time; the consistency of the models’ results has been
confirmed. It was found, that there exist noticeable correlations between the neutrino
mass mi, the endpoint E;, and by, as shown in figure 7.4, as well as that these parameters
exhibit non-Gaussian parameter distributions. The correlation between the neutrino mass
and endpoint is known [177, 205], whereas the correlation between the neutrino mass and
by, can be directly inferred from equation 7.10. Consequently, the critical values of the
AX2 distribution have been derived through a full construction of confidence intervals (see
section 5.4) using Monte Carlo simulations on O(10000) randomised spectra. The obtained
(m%true, b/f57true) values are compared with the Ay? map based on Asimov data to derive
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Figure 7.2: Comparison of sensitivity contours obtained with the GNI framework and the
independent 3 + 1v sterile-neutrino framework. The GNI parameter space is
reduced to m2N x {n/&p with by = 0 and transformed into the sterile-neutrino
parameter space Am3; x sin’(), with Amj; being the difference between
the squared sterile-neutrino mass mz and the squared light active-neutrino
mass m], and sin2(9) = \Ue4\2 being the active-to-sterile mixing, following
equation 7.11.
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Figure 7.3: Comparison of sensitivity contours on simulated data with and without
statistical fluctuations, taking into account an additional heavier neutrino.
The contours are drawn for by = 0 at 95% CL and take into account
only statistical uncertainties (stat.) or in addition the scan-step-duration
dependent Penning background, which is the largest systematic contribution
(see figure 7.11). The sensitivity contour derived on the fluctuated data
set warps around the corresponding best fit value, demonstrating proper
behaviour of the analysis.
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Figure 7.4: Correlations between the neutrino mass m%, the endpoint E,, and blﬁ from
studies on MC.

the corresponding szrit value, as shown in figure 7.5. A good agreement is found between
the results of the full construction and the prediction by Wilks’ Theorem for (n — 1) dof,
accounting for the observed correlations. The exclusion contours at the 95 % CL are then
drawn at AX[% = 3.84 and AX2N = 5.99 for the grids without and with heavy neutrinos,
respectively.

7.5 Results

The combination of the description of the GNI for tritium (3 decay, the analysis strategy, and
the coverage studies, as previously outlined, enables the derivation of constraints on the GNI,
when applied to data. Firstly, the exclusion contours for both GNI parameter spaces are
presented. Subsequently, the relations described in section 7.2 are used to find constraints
on individual interactions, which are then compared to other experimental constraints. In
addition, constraints on more specific physics scenarios, such as a right-handed W boson,
charged Higgs boson, and leptoquark, are explored.

7.5.1 Exclusion Contours for General Neutrino Interactions at KATRIN

When applying this analysis procedure to the KNM2 data set, no significant indication of a
GNI-like spectral distortion could be identified in either case, with or without an additional
heavy neutrino-mass state. Also, the uncertainties in both cases are dominated by statistics
(see figures 7.10 and 7.11). Figure 7.6 presents the 95 % CL exclusion contour for the GNI;
the region with high values of m% is excluded. Furthermore, a correlation between m[23 and
blﬁ can be observed, which makes it more challenging to constrain the latter. Consequently,
the effect of additional charged currents on the neutrino-mass observable is slight [65]. The
best fit is located at b/B = —0.94 and m% = 0.11eV? with a significance with respect to
the null hypothesis of AX2 = XZNH — sznin = 0.003, thus implying no statistical significance
and a goodness-of-fit of y2;, = 30.6 (24 dof, p-value of 0.17). A combination of external
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Figure 7.5: Evaluation of the full construction of confidence intervals to retrieve the erit.
The obtained (m% trues b’[37true) values from the full construction (white crosses)

are drawn on the AX2 map based on Asimov data to find the corresponding

2 2 . .
Xerit value. The xg for the parameter space without a heavy neutrino is
found at 3.84.

constraints suggests |b'| < 0.26 (95% CL) [65]. Furthermore, the projected final sensitivity
for KATRIN after 1000 days measurement time was estimated using an Asimov data set
assuming m% = 0eV2. It is apparent that the sensitivity to m% is considerably enhanced
while the impact of b% is diminished for small neutrino masses.

The exclusion contours at 95 % CL for the GNI acting on an additional heavier neutrino-
mass state are displayed in figure 7.7. In this primary analysis, the value of m[23 was fixed
to 0eV2. The sensitivity contours visibly depend on by: It enhances the kink-like signature
due to the heavier mass state for negative values, whereas it diminishes the manifestation
of the signal structure for more positive values. Moreover, the sensitivity is markedly
enhanced in the higher-mass region. This will become relevant when KATRIN commences
its search for keV sterile neutrinos with the planned TRISTAN detector upgrade [48, 202].
The best fit is found at m%\f = 97.456V?, én/&p = 0.005, and by = —1 with a goodness-of-fit

of Xr2nin = 29.9 (23 dof, p-value of 0.15). The significance of the best fit compared to the
null hypothesis is AX2 = 3.338 and is thus not statistically significant.

Furthermore, the estimate of the projected final sensitivity corresponding to 1000 days
measurement time at KATRIN demonstrates a substantial improvement of approximately
one order of magnitude in terms of {x/{s. In addition, there is potential for a further
order-of-magnitude improvement by eliminating parameter correlations with respect to
E, through a more precise understanding of the absolute energy scale in KATRIN [205,
192]. Also an extension of the analysis interval of the data at hand from 40eV to 90eV
below the endpoint yields up to one order of magnitude improvement in the high-mass
region of m12\1 =~ 2000 eV2, while providing sensitivity to GNI for heavy neutrino masses
up to 8100 eV2, as shown in a first study in figure 7.8. An even further extension of the
analysis interval and therefore increased range of m12\1 to probe the GNI at, will become
available with the upcoming TRISTAN upgrade. As the sensitivity to the effective GNI
parameters scales with the neutrino mass, a markedly overall enhancement in sensitivity
is expected, as predicted by a first sensitivity study shown in figure 7.9. For this study,
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Figure 7.6: Exclusion contour for GNI contributions on the -spectrum at 95 % CL based
on the KNM2 data set. The contour is shown considering statistics only
(stat.) and full systematics (total). The projected final sensitivity based on
an Asimov data set with 1000 days statistics and m% = 0eV? is shown by the
green dashed line.

the TRISTAN spectral model has been used, reflecting the differential mode in which the
TRISTAN detector will measure the 3 spectrum.

An interplay between the spectral components attributed to the light and heavy neutrino-
mass states can occur during the fitting procedure due to correlations between the fitted
masses of light and heavy neutrinos. When treating m[23 as a free parameter, a loss in
sensitivity for both high and low values of m2N is observed. To avoid unphysically large
negative m% values, a different constraint 0eV? < m% < m12\1 is also used. The resulting
exclusion contour shown in figure 7.7 resembles the one using an unconstrained m% in the
high-mass region, while regaining the sensitivity of the contour for fixed m|23 at low masses.

In the presented analysis all known systematic effects from the neutrino-mass analysis [17]
are considered. The breakdown of systematic uncertainties on the contours is performed on
a simulated data set with the neutrino mass set to zero. Grid scans are performed, wherein
each systematic effect is considered separately. The analysis shows that the sensitivity of the
contour is limited by statistics while the systematic effects only cause slight alterations. To
quantitatively assess the relative contribution of each individual systematic effect [18], raster
scans are performed. For each value of mi and blﬁ, respectively, the 95 % CL contour for one
degree of freedom is drawn, and the squared difference with respect to the statistics-only
contour is calculated to obtain the pure systematic contribution. The impact of systematic
effects on the GNI sensitivity is shown in figures 7.10 and 7.11. The low signal rate for
small neutrino masses mg and my gives relevance to the background-related systematics,
such as the uncertainty on the non-Poissonian distributed background events and the
scan-step-duration dependent background component coming from electrons stored in the
Penning trap between the pre- and main spectrometers. Towards large values of my the
signal-to-background ratio enlarges, reducing the relevance of the background systematics
while highlighting the dominance of other systematics, such as the uncertainty contributions
of the energy-loss function and the column density.
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Figure 7.7: Exclusion contours for GNI contributions on an additional heavier neutrino-
mass state at 95 % CL based on the KNM2 data set, taking into account full
systematics. The two alternative treatments to fixing the light neutrino mass
to m[zg, — 06V? lead to the dark red contours. The projected final sensitivity
for two different values of by based on an Asimov data set with 1000 days

statistics and m% =0eV?

is shown by the dashed and dotted green lines.
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Figure 7.8: Sensitivity for GNI at 95 % CL for different extensions of the analysis interval

based on Asimov data for KNM2. The analysis interval is extended from
the standard 40-eV interval below the endpoint to 60eV and 90eV. Only
statistical uncertainties are taken into account. An overall improvement in
sensitivity is obtained.
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Figure 7.9: Estimated statistical sensitivity for GNI at 95% CL with the TRISTAN

detector upgrade, assuming the detection of 3.2 x 10 events within the 17-
keV interval below the endpoint over four months of measurement time. The
impact of the systematic uncertainties is expected to reduce the sensitivity by
about one order of magnitude, analogous to the sterile-neutrino search with
TRISTAN, described in [86, 172].
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Figure 7.10: Uncertainty breakdown showing the impact of the KNM2 systematic effects
on the GNI sensitivity contour based on the -spectrum. The breakdown is
shown for b?s = 0 and obtained from a simulated data set without fluctuations
with m% =0eV2 The uncertainty is dominated by its statistical component.
The most significant systematic effects are the non-Poissonian and the scan-
step-duration dependent background.
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Figure 7.11: Uncertainty breakdown showing the impact of the KNM2 systematic effects
on the GNI sensitivity contour taking into account the presence of an
additional heavier neutrino (N). The breakdown is shown for the lower- and
higher-mass region of the additional mass state with by = 0 and obtained
from a simulated data set without fluctuations with m% = 0eV2. In both
cases of m2N the uncertainty is statistics dominated. In the lower-mass
region the most significant systematic effects are the non-Poissonian and
scan-step-duration dependent background, while the energy-loss function
and column density gain significance towards the higher-mass region.
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7.5.2 Constraints on individual General Neutrino Interaction couplings

The presented results can be placed into the context of other experiments by comparing
the limits on individual types of GNI via their € couplings. This is necessary since each of
the different experimental approaches observes a different combination of € couplings. Here,
we compare our results to experiments utilizing lepton-flavour-conserving charged-current
interactions, such as nuclear and neutron 3 decay, and 7 decay. A more comprehensive
comparison between experiments within the neutrino sector would only be possible under
additional assumptions regarding the coupling behaviour of the GNI. For instance, one
might assume that the coupling strength is independent of the type of fermion. Furthermore,
a comparison to high-energy processes is possible via the matching relations of the low-
energy GNI terms to the SM(N)EFT Wilson coefficients.

The equations needed to place limits on the individual contributions of the ¢; and €; terms
are derived in section 7.2. The values of the nuclear form factors are presented in table 7.1.
When only considering light neutrinos, we assume a neutrino mass of m% = 1eV? in
figure 7.6 to provide an indication of the sensitivity of our data set to the magnitude of the
individual €; contributions in a neutrino-mass regime in which this data set is sensitive
to. We derive the following illustrative boundaries at 95% CL: Re(T,é1,) > —0.349,
0.213 < Re(T,;ég) < 0.530, Re(T,;€5) > 1.952, and —0.227 < Re(T;é1) < —0.083. Strong
correlations between mg and b/B visible in figure 7.6, and between €; and T, visible in
equations 7.6 to 7.9 present a challenge in deriving competitive constraints on single ¢;
contributions in comparison to the existing limits.

In the case of a heavy neutrino, our constraints on €; are derived from our high-sensitivity
region at m12\1 = 4006V? and summarized in table 7.2. For all calculations we assume
Y |Uesil = X |Vei| = 1. Constraints on €; would require additional assumptions on T,; and
Sei, and a left-right-symmetric coupling behaviour of the GNI.

Given that the impact of the GNI on the (3 spectrum scales with the mass of the neutrino,
our investigations yield the most stringent constraints when including a heavier neutrino N.
KATRIN’s new constraints are distinguished by a precise, direct measurement of the spectral
shape of the B decay with the lowest energy of 18.6 keV. Existing limits (see table 7.2)
are derived at vastly different energy scales and with disparate experimental approaches.
When compared with global analyses combining properties of 3-decay transitions, neutron
lifetimes, and neutron decay correlation coeflicients, competitive bounds on €; are derived
for the left-handed vector and tensor interactions from only 5% of the expected final
KATRIN data set. The bound for the scalar interaction is less than one order of magnitude
weaker than the competing constraints from global 3-decay analyses. The projected final
sensitivity will enable a further improvement in these limits by about a factor of three. The
LHC’s searches for missing-transverse-energy processes at 8 TeV yield indirect constraints
by matching the Wilson coefficients of a high-energy EFT to the GNI couplings. This
approach has noticeable dependencies on the energy scale, which benefits the sensitivity to
these coefficients. The constraints are overall one order of magnitude stronger compared
to the current (-decay investigations and their bounds will come into reach for the full
KATRIN data set. Moreover, the strong scale dependence of the couplings between the
markedly disparate energy scales has not yet been adequately taken into account [76, 61].

The TRISTAN detector upgrade permits to extend the mass scale of the additional heavier
neutrino-mass state for the GNI search to the keV region. Expected sensitivities on
individual interactions are estimated based on the predicted sensitivity shown in figure 7.9,
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Table 7.2: Overview of 90 % CL bounds on the GNT coefficients éfelllé from various low- and
high-energy searches, obtained with different experimental approaches. The
indirect constraints by LHC are obtained at 8 TeV, evaluating processes with
missing transverse energy (MET). Global analyses combine properties of (3-
decay transitions, neutron lifetimes, and neutron decay correlation coefficients
to find constraints at O(100keV) to O(1 MeV). The bounds in this work are
solely derived from the spectral shape of the 3 decay with the lowest energy of
18.6keV. They assume m12\1 = 4006V? and reflect the range of allowed values

for by.

Bound (90 % CL) Source Reference
Re(é,) < 0.06 Global B-decay analysis [75]
éL] < 0.057 — 0.118  KATRIN this work
lep| <2.2-107° LHC (MET) via matching  [174]
lér] < 0.057 — 0.118  KATRIN this work
wzows S
lég| < 5.8-107° LHC (MET) via matching  [174]
lés| < 0.134 —0.278  KATRIN this work
6-107° < |é] < 0.024 Global B-decay analysis [117]
lep] < 1.3-107° LHC (MET) via matching  [174]
ep] < 0.020 —0.042  KATRIN this work

taking into account a loss in sensitivity of approximately one order of magnitude due to
systematic uncertainties. Consequently, the sensitivity to the individual interactions is
predicted to be below the following bounds, given a heavy neutrino of a few keV: to €j,
and €g below 3.2 x 1073, to €s below 7.5 x 1072, and to ér below 1.1 x 1073, These
predictions imply the setting of leading constraints for all interaction channels among
-decay experiments and the derivation of competitive constraints with regard to the
high-energy investigations at the LHC.

Furthermore, we examine simultaneous constraints on more than one interaction type. In
this study, we have selected combinations that may provide indications of the existence
of specific new-physics scenarios. The resulting contours are presented in figure 7.12 for
m12\1 = 400eV? and by between -1 and 1. Two values for the unknown mixing S are explored:
an external, conservative constraint of S = 0.0727 from Ovf3-decay [20, 138] and a small
mixing of S = 1075,

The W boson, which mediates the 3 decay, only couples to left-handed fermions. Incorpo-
rating right-handed neutrino states into our theoretical framework enables the existence
of a right-handed vector-current interaction, which may be mediated by a right-handed
W boson [169, 170]. This scenario would thus necessitate both €p, and ég to be non-zero.
Both S - ¢, and ég can be simultaneously constrained at the order of 107" Furthermore,
the GNI introduce scalar charged-current interactions, represented by eg and ég, which
can indicate the existence of a charged Higgs boson [217, 73]. The exclusion contours in
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Figure 7.12: 95 % CL exclusion contours for selected combinations of ¢; and ¢; derived
from the exclusion contours on KNM2 data assuming m% = 0eV? for the
high-sensitivity region at m2N = 400eV>. Coloured regions display the not
excluded region in the range of by between -1 and 1, and depend on the
choice of mixing parameter S. If parameters run out of their defined range,
only the contour for by = 1 is shown.

figure 7.12 demonstrate that if such a charged scalar interaction couples both to left- and
right-handed neutrinos, the bounds on both S - g and €ég are below 0.35. Additionally, we
present the constraints on the combination of the couplings eg and €g, which may provide
insights into the combined interaction of a charged Higgs boson acting on the left-handed
neutrino state and a right-handed W boson. The constraints are at an 107" level for €R
while encountering a factor of 2 lower sensitivity in the S - eg dimension. Finally, the
matching relations in [61] enable us to derive which interactions would be needed to realise
various leptoquark models [179]. These would serve as a unified approach to UV completion
of the effective GNI theory [61]. As an illustrative example we present the combination
of the couplings &g and ér for the scalar colour-triplet leptoquark R, as defined in [61]
and table 2.2. We constrain é to a precision of below 5 x 10~2 while the constraint on
€g is about half an order of magnitude larger. The combination with one other scalar
colour-triplet leptoquark S; is of interest as it allows for the explanation of B physics
anomalies [69], and is able to generate radiative neutrino masses at one-loop level [147].
The above investigated combinations, namely e, and €g, eg and €g, and ég and ér, are
expected to occur in the presence of the S leptoquark.
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The high-statistics spectra of the tritium (3 decay recorded by KATRIN allow to go
beyond the neutrino mass determination and examine multiple scenarios related to beyond-
the-standard-model physics. This work presents the first search for general neutrino
interactions at the KATRIN experiment. We derived an effective description of general
neutrino interactions in tritium (3 decay and applied this model to the data of the second
KATRIN measurement campaign. In these investigations, the possibility of the existence
of an additional heavier neutrino with m12\1 < 1600 eV* was considered. In the absence of
a significant signal for general neutrino interactions, we present the exclusion contours
at 95 % CL on the effective GNI parameters. In order to realise these results, a suitable
analysis procedure was designed, and the spectral model was derived and implemented in
the KASPER software. Further improvements of the fit performance and routines in both
the KASPER framework and the supporting analysis environment ensure the robustness
of the analysis procedure, preparing it for future investigations using larger data sets and
analysis intervals.

The impact of systematic effects was studied in detail for both the case with and without
the inclusion of an additional heavier neutrino in our model. We have shown, that our
sensitivity is clearly statistics-limited for the KNM2 data set. The systematic uncertainty
breakdown furthermore demonstrates, that the sensitivity in the lower neutrino-mass
range is mainly influenced by the background-related systematic uncertainties, while the
systematic uncertainties on the column density and energy-loss function become more
prominent for @(100eV?) neutrino masses.

We derived constraints on the coupling strength of single types of interactions on right-
handed neutrinos, designated as €;. Thereby, we are able to place competitive constraints
with respect to global analyses on [3-decay processes for left-handed vector and tensor
interactions for high masses of an additional neutrino with m12\1 = 400eV2. Indirect
constraints from high-energy investigations at the LHC prove to be about one order of
magnitude more sensitive, although being subject to noticeable energy dependencies of the
couplings, which have not yet been adequately taken into account for the comparison with
the results of KATRIN.

Furthermore, we investigated more specific new physics scenarios, including a right-handed
W boson, charged Higgs boson, and scalar leptoquark, by drawing exclusion contours for
selected combinations of the coupling strengths, ¢; and €;.

With the full data set of KATRIN collected until 2025, a significant threefold enhancement
in GNI sensitivity is expected, which would entail setting leading constraints among f3-
decay experiments. An extension of the analysis interval below the endpoint would further
increase the sensitivity, both in the &y dimension and towards higher neutrino masses

95
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mzN As the sensitivity to the effective GNI parameters scales with the neutrino mass,
the planned detector update TRISTAN, designed to search for keV-scale sterile neutrinos,
promises significant future potential for further GNI searches.
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