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Abstract

The neutrino mass is a key parameter in particle physics and cosmology, but its value
is still unknown. The KArlsruhe TRItium Neutrino (KATRIN) experiment util-
izes the -decay of tritium to measure the e [edtive electron anti-neutrino mass m .
KATRIN will take data until the end of 2025 with a projected final sensitivity of
m < 0:3eV (90% C.L.). The latest result is an upper limit of m < 0:45¢eV (90%
C.L.). It is based on data from the first five measurement campaigns, corresponding
to approximately 20 % of the final statistics.

Within this thesis, the data quality of the following four, yet blinded, KATRIN
measurement campaigns is investigated, and the neutrino mass sensitivity of these
campaigns is obtained. The implementation of new features in the data monitoring
allows following the statistics collection and ensures an e Lcieht continuation of the
KATRIN measurement.

To ensure the quality of the data, the temporal stability of the fit parameters was
studied by individual fits to all 1524 measurement runs. The spatial behaviour was
investigated by fits to data that was recorded by dilerent sections of the detector.
No problematic outliers were found. The first step of the neutrino mass inference
based on the 6th to 9th KATRIN campaigns was initiated by fits on simulated data.
This allowed to determine the m? sensitivity of these four campaigns. The total 1-
uncertainties lie between 0:170 and 0:212eV2. The systematic uncertainties reach
from 0:048 to 0:75eV2. The dominant systematic e [edts are the gas density of the
source, the energy loss of the electrons and e [edts related to the source plasma, which
are to be improved for the final KATRIN result. The estimated combined sensitivity
of the first nine campaignsism < 0:39¢eV (90% C.L.), which brings KATRIN closer
to its final sensitivity.
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Chapter 1
Neutrino Physics

Neutrinos play a key role in answering some of the open questions in physics, e.g.
the origin of the neutrino mass. This chapter gives a brief introduction to the history
of neutrinos, starting with their postulation and discovery. It provides information
about the current understanding of the neutrino properties and oscillations. Finally,
it describes experimental approaches to determine the neutrino mass.

1.1 Discovery of the neutrino

Wolfgang Pauli first postulated the neutrino in 1930 to explain the observed con-
tinuous energy spectrum of the -decay [1]. Without the addition of a new neutral
spin-% particle, the underlying process was thought to be a two-body decay, where
the electron should receive a constant amount of energy and create a corresponding
peak-like signal (see figure [1.1). The neutrino carries away a part of the available
energy of the -decay, which leads to the observed spectrum.

More than 20 years later, in 1956, Clyde Cowan and Fred Reines discovered the
neutrino with their project "'Poltergeist” using the inverse *-decay [2]:

p+ e ¥ n+e” (1.1

In the experiment an electron anti-neutrino —¢ from a reactor interacts with a proton
p in water and produces a neutron n and a positron e*. The positron immediately
annihilates with an electron and emits two characteristic 511 keV photons. The
neutron thermalizes and is captured by Cadmium, which is dissolved in water. In the
de-excitation of 1°°Cd*, photons with a total energy of a few MeV are released with
a delay of a few s. The emitted photons from the annihilation and the de-excitation
are detected with scintillators and photomultiplier tubes (PMTs). With this clear
double pulse signal, the inverse *-decay could be detected and distinguished from
background events.
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Figure 1.1: Hlustration of the diLerkntial energy spectrum of -decay electrons. The
orange dashed line shows the expected discrete spectrum due to momentum and
energy conservation of a two-body decay. The blue line shows the observed continu-
ous spectrum, which can be explained by an additional neutral spin-% particle, the
neutrino.

1.2 Neutrinos in the Standard Model

Today, the neutrino is well embedded in the Standard Model (SM) of particle physics:
It is a weakly interacting fermion with no electric charge [3]. For every negatively
charged lepton (e , , ), a neutrino flavour is introduced ( ¢, , ) and has
been measured [2, 4, 5]. Together, they build the three lepton families

e .

o : (1.2)
However, there are some open questions related to the neutrino, e.g. the origin of

its mass, which the SM can not explain. One of the first evidence for physics beyond

the SM was the observation of neutrino oscillations [6} 7] and the consequence of at

least two non-zero neutrino masses. This will be explained in the next section.



1.3 Neutrino oscillations

1.3 Neutrino oscillations

The rst hint for neutrino oscillations was the so-called solar neutrino problem, where
fewer electron neutrinos ¢ from the sun were measured via the inverse -decay of
37CI than predicted by the solar models [8, 9]. A similar observation appeared for
atmospheric neutrinos: A lower ratio of muon neutrinos  to electron neutrinos
e from the atmosphere was measured with a water Cherenkov detector than the
predicted ratio of 2:1 [10]. A rst conclusive hint of neutrino oscillations was provided
by the Super-Kamiokande experiment, which observed a de cit of muon neutrinos
dependent on the zenith angle [6]. The nal experimental con rmation for neutrino
oscillations was provided by the SNO experiment [7]. The total neutrino ux from the
sun could be determined by measuring the neutral current reactions of all neutrino
avours with deuterium, where the Z9%-boson acts as mediator. The lack of electron
neutrinos was still visible, but the total neutrino ux agreed with the solar models.
Consequently, the concept of neutrino oscillations has been developed, which will be
explained in the following.

The three neutrino mass eigenstateg 1i, j 2i and j 3i with a de ned but yet
unknown mass are di erent from the three avour eigenstatesj ¢i, j i andj i.
More precisely, the avour eigenstates can be expressed as mutually orthogonal linear
combinations of the three mass eigenstates [3]. This is described by the unitary
PMNS matrix U named after Pontecorvo, Maki, Nakagawa and Sakata, who rst
considered the idea of neutrino oscillations [11 13]:

0. .1 O 10, 1
J el Ut Ue2z Ues ] 1l

@ A=Q@U, U, UAG A (1.3)
j i Ui Uz Uz jai

The PMNS matrix can be parameterized by three mixing angles and up to three
phases, where only the one related to charge-parity (CP) violations is relevant for
neutrino oscillations. The other two phases are present in the Majorana case, i.e. if
the neutrino is its own anti-particle, and do not a ect oscillations [14]. For a clearer
introduction to neutrino oscillations, the simpli ed case of two di erent neutrino

avours j i andj i is discussed in the following. Equation 1.3 reduces to
j i _ cos() sin() i
i i T sin() cos() | a (1.4)

with one mixing angle [3].

After creating a neutrino in a avour eigenstate, e.g.j i via the weak interaction,
the mass eigenstates propagate with di erent velocities. This is described by the wave
function

i (Mi=cos() e ®1F7 4i+sin( ) e B 257 ,i (1.5)
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with the time after creation t, the neutrino energies , (i = 1, 2) and the reduced

Planck constant ~. The probability P |  of the neutrino in the avour eigenstate
j 1 to be found in the avour eigenstatej i is under relativistic approximation
. ., 1 m3ctL
P, =sin?2)sin? -—21" — (1.6)
~C pcC

with the di erence of the squared masses m3, = m?, m?, the speed of lightc, the
travelled distance L and the momentum of the neutrino p [3]. With equation 1.6, it

is clear that neutrino oscillations are only possible if my; and are not zero. Latter
means that the avour eigenstates are not equivalent to the mass eigenstates (see
equation 1.4). The former implies, for the case of three di erent neutrino avours,
that at least two of the neutrino masses are not zero.

1.4 Determination of the absolute neutrino masses

Since neutrino oscillation experiments are only sensitive to the di erences of the
neutrino masses (see equation 1.6), other approaches are needed to measure the
absolute neutrino mass scale.

1.4.1 Cosmology

In the early universe, neutrinos constituted 40 % of the total energy and their
physical properties greatly impacted both the formation and evolution of structure
in the universe. Via the study of the cosmic microwave background (CMB), the
so-called baryonic acoustic oscillations (BAO) and Iarge-scge structures (LSS) in
the universe, the sum of the neutrino mass eigenstates = >, m; is accessible
[15, 16]. The current best limit ism < 0:072eV at 95 % con dence level (C.L.)
provided by the DESI collaboration [17], combining their data with the observations
of the Planck satellite [18] and using a at positive prior onm . This determination
method is dependent on the cosmological model.

1.4.2 Neutrinoless double -decay (0 )

A di erent idea is to determine the coherent sum of thE’ neutrino masses weighted

by their squared electron neutrino contributonm = = 3, UZm; via measuring

the half-life T,-, of the neutrinoless double -decay of a suitable isotope [19]. This
is only possible if the neutrino is its own anti-particle, a so-called Majorana particle.
T, and m are connected via the relation

= =G M® *m? (1.7)
Ti=2
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with the phase-space factoiG® and the nuclear matrix elementM © . The currently

best limits on m  are 0:079 0:180eV (90% C.L.) for "°Ge [20],0:070 0:240eV
(90% C.L.) for 13%Te [21], and 0:028 0:122eV (90% C.L.) for 1%Xe [22]. These
limits are only valid if the neutrino is a Majorana particle. The di erent nuclear

matrix element calculations dominate the uncertainties of the results.

1.4.3 Kinematics of the  -decay

One of the most direct ways to measure the absolute mass of the neutrino is via the
kinematics of the -decay [23]. It does not depend on the nature of neutrinos or the
cosmological model.

OX1 2iY+e + e+ Q (1.8)

Here, a neutron of the radioactive nucleus X decays into a proton, creating the
daughter nucleus Y and emitting an electrone and an electron anti-neutrino .
During this process, the surplus energyQ is released and shared between the decay
products. While the daughter nucleus gets the recoil energk e, the endpoint energy
Eo is shared between the electronK) and the anti-neutrino (E ):

If the neutrino is masslessE would be the maximum energy of an electron pro-
duced in the decay. With a non-zero mass, the neutrino always carries away a part
of the endpoint energyEg, which in uences the di erential rate g—E of the -decay

electrons:

G2 cog( ¢)
2 3
(E+me) (Eo E) "(Bo E) ™ (Eo E m)

d _ - 2 Q

with the Fermi constant Gg, the Cabibbo angle ¢, the nuclear matrix element
M nue, the proton number of the daughter nucleusZ® the Fermi function F(ZO, E),
the momentum of the electronp and the electron massme. The incoherent sum of
the neutrino masses, also called e ective (electron anti-)neutrino mass, is

u

x3
m _t jUeij? m2: (1.11)
i=1

The Heaviside function in equation 1.10 ensures energy conservation.
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Figure 1.2: Di erential rate S—E of tritum  -decay electrons as a function of their
energy E. In the endpoint Eq region, the impact of a non-zero e ective neutrino
massm shows itself as a spectral distortion and a shift of the maximum electron
energy to lower values for higher masses.

Figure 1.2 shows the di erential tritium -decay spectrum described by equation
1.10 and the impact of a non-zero e ective electron anti-neutrino massn : A dis-
tortion of the spectrum in the endpoint region and a shift of the maximum electron
energy to lower values as the e ective neutrino mass increases. The precise determ-
ination of the shift is experimentally very challenging due to the tiny fraction of the
decays happening in the endpoint region as indicated in gure 1.2 and the energy
resolution needed to distinguish this signature. Direct neutrino mass experiments,
therefore, use high activity sources of -decay electrons coupled with high energy
resolution detection methods to determinem via the distortion of the spectrum.

The KArlsruhe TRItium Neutrino (KATRIN) experiment [24] - which will be
explained in more detail in the following chapter - currently sets the best limit on
the e ective electron anti-neutrino mass with m < 0:45eV (90% C.L.) [25].



Chapter 2
The KATRIN Experiment

The KArlsruhe TRItium Neutrino (KATRIN) experiment [24] is located at the Karls-
ruhe Institute of Technology (KIT) [26] and uses the infrastructure of the Tritium
Laboratory Karlsruhe (TLK) [27]. It has been taking data since 2018 [28]. As the
successor of the experiments in Mainz [29] and Troitsk [30], it aims to measure the
e ective electron anti-neutrino mass m (equation 1.11) via the kinematics of the

-decay (see section 1.4) of tritium with a projected nal sensitivity of m < 0:3eV
[25].

This chapter describes the experimental setup of the KATRIN experiment [28],
derives the model of the -decay spectrum [31], introduces the sources of systematic
uncertainties and explains the analysis strategies being used [32].

2.1 Experimental setup

There are challenges a direct neutrino mass search experiment has to tackle since the
neutrino mass only impacts a very limited region of the -decay spectrum as shown

Figure 2.1: Schematic view of the 70m long KATRIN experimental setup. a) Rear
Section (RS) b) Windowless Gaseous Tritium Source (WGTS) c) Transport and
Pumping Section (TPS) d) Pre-spectrometer (PS) e) Main Spectrometer (MS) f)
Detector section (DS). Figure provided by Leonard Koéllenberger.
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in gure 1.2. The experiment needs an excellent energy resolution and a source with
large enough activity to be able to measure the spectral distortion caused by the
non-zero neutrino mass. The KATRIN experiment masters these challenges with its
70 m long beamline, shown in gure 2.1. It consists of six components, which will be
explained in more detail in the following sections.

a) Rear Section (RS)

b) Windowless Gaseous Tritium Source (WGTS)
¢) Transport and Pumping Section (TPS)

d) Pre-spectrometer (PS)

e) Main Spectrometer (MS)

f) Detector Section (DS)

2.1.1 Rear section

The rear section (RS) consists of the rear wall (RW), which is a gold-coated stain-
less steel disk with an outer diameter of 145 mm [28], an electron gun (e-gun) for
monitoring and calibration purposes, and a superconducting magnet to guide the
e-gun electrons into the windowless gaseous tritium source (see next section). The
RS enables the monitoring of important operation parameters, e.g. the source gas
composition and activity.

With the RW, the plasma of the tritum source can be manipulated in order
to create a homogeneous starting potential for the -electrons [28]. This will be
explained in more detail in section 2.3.1. To do so, a bias voltage of up to 500V
can be applied to the RW.

2.1.2 Windowless gaseous tritium source

As a -decay source, the KATRIN experiment uses molecular tritium T, in its
gaseous form. It has a few advantages over other isotopes for the direct neutrino
mass search [23]:

~

It has the second lowest endpoint energy of all -decay isotopes with
Eo 18:6 keV [33]. This leads to relatively more counts in the endpoint
region where the shape distortion of the energy spectrum through the non-zero
neutrino mass is most prominent (see gure 1.2).
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" The -decay of tritium is a super-allowed process with a rather short half-life of
T,=» = 12:3a This allows very high source activity of the KATRIN experiment
and leads to a nuclear matrix element (in equation 1.10) independent of the
electron energy.

It is the simplest molecule allowing quantitative calculation of its nal states
distribution (compare section 2.2.1).

To reduce the broadening of the -spectrum caused by the Doppler e ect (com-
pare section 2.2.2), the windowless gaseous tritium source (WGTS) is operated
at low temperatures (< 100K). Molecular tritium is still in its gaseous state
at these temperatures, which avoids complicated solid-state e ects [34].

The molecular tritium gas with an activity of up to 10 Bq is streaming through
a 10m long source tube with a diameter of 90 mm [28]. Half of the isotropically
emitted -electrons are adiabatically guided from the WGTS downstream towards
the detector (see section 2.1.5) by a homogeneous magnetic eld of up @6 T?!
generated by superconducting solenoids. The other half travels upstream to the rear
wall, where they get absorbed and neutralized. From both ends of the windowless
source tube, tritium molecules are pumped away, and treated tritium is continuously
injected in the middle of the tube to maintain a high purity of the source. This
closed loop system processes up to 40g of pure tritium per day (see [35] for more
details).

2.1.3 Transport and pumping section

Through the transport and pumping section (TPS), the -electrons from the tri-
tium source are guided adiabatically to the spectrometer section (see next section)
by twelve magnets. To keep the background rate, originating from tritium contam-
ination of the main spectrometer below10 3cps, the tritium ow rate between the
WGTS and the spectrometer section is reduced by more than 12 orders of magnitude
[28]. This is achieved by a combination of di erential and cryogenic pumping.

2.1.4 Pre- and main spectrometer

There are two spectrometers installed in the KATRIN beamline (see gure 2.1), the
pre- (PS) and the main spectrometer (MS). Both act as a so-called MAC-E (magnetic

In the standard setting the magnetic eld of the source has a strength of around 2:5T [28].
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Figure 2.2: MAC-E (magnetic adiabatic collimation with electrostatic) Iter working
principle of the KATRIN spectrometer. Electrons (orange line) from the source
(with Bg) are guided along the magnetic eld lines (black) towards the spectrometer.
They have to overcome the retarding potentialgU (green arrows) in the analyzing
plane (with Bmin) in order to reach the detector (with Bp). The retarding potential
is only sensitive to the longitudinal component of the electron energyE,. The
magnetic gradient force, which occurs due to the depicted magnet eld con guration,
transforms the transversal energy component into the longitudinal one. To re ect

-electrons with very large starting angles, the maximum magnetic eldB nax is set
between the analyzing plane and the detector. Figure adapted from [34].

adiabatic collimation with electrostatic) Iter 2. This principle is depicted in gure
2.2.

Half of the -electrons emitted isotropically by the tritium source are transported
adiabatically by a magnetic eld towards the so-called analyzing plane in the MS.
There they have to overcome the retarding potentialqu (q= 1le with the electric
charge of the electrore). Only electrons with greater kinetic energy than this retard-
ing energy get re-accelerated towards the detector by a post acceleration electrode

2The PS was used as a pre- Iter for low energy electrons to reduce the electron ux into the
main spectrometer. But because the combination of two high-voltage MAC-E lIters in series leads
to the formation of a so-called Penning trap, which causes an additional background, the PS is no
longer operated at high voltages [25].

10



2.1 Experimental setup

(see next section) and get counted. Hence, the spectrometer acts as a high-pass Iter
for the electron energy. The retarding voltageU applied to the spectrometer can
be varied. This results in a measurement of the integral spectrum of the tritium
-decay.
The retarding potential is only sensitive to the longitudinal energy component of
the electronsEy. Thus, it is crucial that in the analyzing plane, the total kinetic
energy of the electrons is collimated into the longitudinal direction:

Ewn = Ex+ E»  Eg (2.1)

The residual transversal componentE, de nes the energy resolution E of the
spectrometer. De ning the electron pitch angle , the di erent components can be
written as E, = E co( ) and E, = E sin?( ).

To assure equation 2.1, the momenta of the electrons are collimated magnetically
and adiabatically via the inverse magnetic mirror e ect [36 38]. The electrons per-
form a cyclotron motion while travelling along the magnetic eld lines. Including
relativistic e ects, the value of the expression

p5 _E» ((+1) me

= — = const. 2.2
B B (2.2)
is conserved (with the transversal momentum of the electrom, , the changing mag-
netic eld B and the relativistic gamma factor = %).

The -electrons are emitted in a region with a highe magnetic eld Bs 2:5T).
While they are guided to the analyzing plane, the eld strength drops by several
orders of magnitude Bmin = O(10 3T)) and the transversal energy component is
transformed into the longitudinal one by the magnetic gradient force (see equation
2.2). The electrons which overcome the retarding potential are focused onto the
detector with an again increased magnetic eld Bp 2:4T).

-electrons emitted with very large angles travel longer distances before they leave
the source and, therefore, scatter more often on residual tritium molecules (compare
section 2.2.3). To re ect these electrons, the maximum magnetic eldBpax 4:2T
is set between the analyzing plane Bmin) and the detector (Bp). The maximum
acceptance angle is then

r
max = arcsin Bs 505 : (2.3)

B max

With this con guration, the energy resolution of the MAC-E lter is de ned by

B mi +1 B mi +1
min Sin?( max) = E —200 (2.4)

E=E _
BS ana t 1 Bmax ana t 1

11
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Figure 2.3: Schematic view of the KATRIN 148-pixel focal plane detector (FPD)
with its dart-board arrangement.

with the relativistic gamma factor in the analyzing plane ana (see [34] for more
details). This means the KATRIN experiment reaches an energy resolution of
E = O(lev).

2.1.5 Detector section

The focal plane detector (FPD) of the KATRIN experiment is a silicon p-i-n-diode
array with 148 pixels. Electrons that pass the MS are accelerated by a post ac-
celeration electrode (PAE) at a typical voltage of 10kV and are measured by the
detector. The PAE shifts the signal energy peak into a region of lower intrinsic back-
ground (see [39] for more details) and reduces the backscattering probability of the
electrons. The dart-board arrangement of the44 mn? pixels (see gure 2.3) allows
for consideration and investigation of radial and azimuthal e ects. The mean energy
resolution of all pixels is 1:85 keV full width half maximum (FWHM) for 59:54 keV
[28] which allows a region-of-interest (ROI) cut on the detected energy to further
decrease the detector background. For the neutrino mass analysis, typically, not all
pixels are used (see section 4.1.2 for more details).

2.2 Modelling of the  -decay spectrum

In the following, the model of the -decay spectrum, which describes the expected
count rate measured with the KATRIN experiment, is derived. It combines e ects

12



2.2 Modelling of the -decay spectrum

altering the di erential decay spectrum from equation 1.10 with the response function
of the experimental setup.

2.2.1 Final states distribution

The di erential rate described with equation 1.10 and shown in gure 1.2 is valid for
the -decay of atomic tritium. However, in the KATRIN experiment, a molecular
tritium source is used (see section 2.1.2):

To! 3HeT "+e + ¢ (2.5)

The daughter molecule 3HeT ¥ may end up in a rotational, vibrational or elec-
tronic excited state f with the probability P;. This needs an extra amount of energy
V¢, which is described by the nal states distribution (FSD). It can be calculated
theoretically (see [40] for more details) and is shown in gure 2.4. The FSD in uences
the di erential -decay rate in the following way:

d G2 cod . .
dE(E)=FZ3,(C) Mnucj® F(Z%E) p
X q—— (2.6)
(E + mg) Pr fF me (¢ m)

f

with the reduced neutrino energy 1+ = Eg E V;.

2.2.2 Doppler e ect

The gas molecules of the gaseous tritium source are constantly in thermal motion.
This leads to an additional Doppler broadening of the -decay spectrum [31]:

r

L= 2EkgT e

2.7)

mr,

with the Boltzmann constant kg, the temperature of the sourceT and the mass ratio
of an electron and a tritium molecule mm—Tez For the typical KATRIN neutrino mass

measurement con guration (E = Eg 186keV, T 80K) the Doppler broadening
has a value of p 150 meV. It changes the di erential spectrum from equation 2.6

to

d zZ! d
I | _
GEE! 9E () (2:8)
1
with the normal distribution

13
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Figure 2.4: Final states distribution of molecular tritium T , calculated for a temper-
ature of 30 K. After the -decay of T, the daughter molecule *HeT * may end up
in a rotational, vibrational or electronic excited state with a certain energy V¢ and
probability Ps. The part below 4 eV describes transitions into the electronic ground
state of 3HeT *. The higher energies describe electronically excited states and the
dissociation continuum. Adapted from [25].

2
oE )= p—— exp E_ L (2.9)

2 b 23

In practice, additional broadenings (not limited to p) are emulated in the nal
states distribution (see [34] for more details).

2.2.3 Experimental response function

The response functiorR(E ; qU) of the KATRIN experiment describes the probability
of an -electron with energy E to overcome the retarding potential qU of the MS
and get counted by the focal plane detector. IdeallyR(E;qU) would be a simple
step function (see gure 2.5):

1 E qu

RE;aU =" E<qu’

(2.10)

14



2.2 Modelling of the -decay spectrum

This ideal response function gets altered by two dominating e ects regarding the
experimental setup, which will be explained in more detail in this chapter: The
transmission properties of the MAC-E Iter and scattering e ects in the source.

Transmission properties of the MAC-E lter

As described in section 2.1.4, the retarding potentiatjU of the analyzing plane in the
MS is only sensitive to the longitudinal component of the electrons' energ¥ . This
leads to a nite energy resolution E of the spectrometer (equation 2.4), de ned
by the residual transversal electron energye-» in the analyzing plane. This means
that not all electrons with higher total energy E than the retarding energy qU can
surpass the MAC-E Iter and are measured.

For a given E, only electrons with a starting angle which ful lls

S

E qU BS ana+1

> 1
cos() £ B 1

(2.11)

can overcomeqU (see [34] for the full derivation).

Equation 2.11 shows that electrons withE < qU can never pass the retarding
potential, and those with E  qU+ E always pass it.

This leads to the transmission function of the spectrometer

8
50 q E <qU

TEa= 1 1 5% & mf aU E<aur B @
11 s E qu+ E

which is shown in gure 2.5%.

While travelling from the WGTS to the MS via the TPS, the -electrons lose
energy due to synchrotron radiation. This synchrotron loss must be included in the
transmission function, which is explained in more detail in [34].

Scattering e ects

Before the -electrons leave the WGTS, they can scatter inelastically on residual
tritium gas and lose energy. To describe this e ect precisely, two components are
needed: The probability Ps of an electron to scatter s times and the amount of

3The representation of the transmission function of equation 2.12 still includes the fact that not
all electrons can make it through the MS (T(qU;E) < 1). In gure 2.5, the solid angle is treated
independently of the transmission function (see equation 3.31 of [34].
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Chapter 2 The KATRIN Experiment

energy the electron loses during this process. Latter is described by the energy loss
function fs( ).
The probability Ps of an electron to scatters times depends on its starting position
in the source tubez (z 2 [0; 1)), its starting angle and the amount of tritium gas it
has to get through before leaving the source [34, 41]. This amount of gas is described
by the column density d, which is the gas density integrated over the source length.
Ps is described by a Poissonian distribution

(z; ;d)®

Ps(z; ; d)= ol

exp( (z; ;d)) (2.13)
with the expected number of scatterings (z; ; d) = % inel and the energy-

dependent inelastic scattering cross sectionjne (see [42, 43] for more details).
Assuming isotropic emission, the average scattering probabilitieRs are

1 Bax Z1
Ps = T cos(om) O sin( )O Ps(z; ; d)dzd: (2.14)

The parameterization of the energy loss functiorf 1( ) for one scattering was de-
veloped in [44]. It uses three Gaussians in the region between about 11 ad8eV.
The ionization continuum beyond this energy region is described by the relativistic
binary-encounter-dipole (BED) model [45]:

ng (_mi)?
()=, 2ATP T2 5 (2.15)
' P B feep () >E .
gep (Ei)

with the amplitudes a, meansm; and widths ; (i = 1,2, 3) of the three Gaussi-
ans, respectively, the functional form of the BED modelf gep ( ) and the ionization
threshold E; = 15:486 eV for T, [41].

For higher order scatteringss > 1, the energy loss function for one scatterind 1( )
(equation 2.15) has to be convolveds 1)-times with itself. The energy loss function
for zero scatterings is a Dirac delta functionfo( ) = ().

Combining these scattering e ects with the earlier described transmission proper-
ties of the MAC-E lIter (see equation 2.12), the response functionR(E;qU) of the
KATRIN experiment is

Equ>4
R(E;qu) = Ps T(E :qU) fs()d: (2.16)
0 s=0

which is shown in gure 2.5.
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2.2 Modelling of the -decay spectrum

Figure 2.5: Response functiorR(E; qU) of the KATRIN experimental setup. It de-
scribes the probability of an -electron with energy E to overcome the retarding
potential qU of the MS. In the ideal case, with in nitesimal Iter width and no scat-
tering e ects, it is a simple step function (orange dash-dotted line). Including the
transmission properties of the MAC-E lter (without scattering e ects, i.e. column
density d = 0), the response function is broadened by the spectrometer's nite
energy resolution E (blue dashed line). The combination of the transmission prop-
erties with scattering e ects in the source leads to the actual experimental response
function (red line). At higher surplus energies also electrons which scattered on re-
sidual tritium molecules and lost some energy, can overcome the retarding potential.
Taken from [32].

2.2.4 Model of the expected rate

To complete the model of the integral -decay spectrum describing the expected
count rate r(qU) measured at the retarding potential qU, the di erential -decay
spectrum S—E(E) (see section 2.2.1 and 2.2.2) is integrated over the experimental
response functionR(E; qU) from equation 2.16

71
r(qu)= A S—E(E) R(E;qU)dE + B (2.17)
1

and the normalization factor A = Ng 100372(’“"“) detector With the e ective number

of tritium atoms N and the detector e ciency getector, @and a constant background
rate B are introduced.
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Chapter 2 The KATRIN Experiment

Figure 2.6: Example of a measuring time distribution (MTD) for KATRIN neutrino
mass measurements. It de nes the timd; spent at each retarding voltage set point
gu. The MTD at the bottom, together with the expected integral -decay rate
r(qU) from equation 2.17 (blue) at the top, leads to the expected number of counts
(orange). Taken from [34].

A so-called KATRIN neutrino mass (KNM) campaign consists of a few hundred
so-called -scans or runs. Each -scan involves sweeping the retarding voltagé)
across a xed set of up to 40 points [25]. These voltage set pointg; reach from
Umin 18300V (qQUnin  Eo 300eV) to Upax 18735V (qUnax Eo+135eV).
It should be mentioned that for the neutrino mass analysis, only the data points
aboveEy 40eV (the so-called 40 eV analysis range) are used [25]. At eag4, the
time t; is spent, typically between 30 and 1300s. This means the modej describing
the expected number of counts is

i = i(QU;t) = r(qy) t: (2.18)

The so-called measurement time distribution (MTD), shown in gure 2.6, de nes
how much timet; is spent at each retarding energy set poingU. The MTD used for
the KATRIN neutrino mass measurements is optimized for maximal neutrino mass
sensitivity [46].
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2.3 Systematic uncertainties

2.3 Systematic uncertainties

For the KATRIN analysis, a precise description of the shape of the -decay spectrum

and all relevant systematic e ects with their uncertainties is crucial. In general, sys-
tematic uncertainties emerge from the nite precision, with which model parameters
can be determined and from instabilities of experimental parameters. In the follow-
ing, all systematic e ects of the KATRIN experiment are introduced and explained

(see [32] for more details).

2.3.1 Source-related uncertainties

The systematic e ects connected to the WGTS originate from scattering e ects (com-
pare section 2.2), from the plasma generated in the source tube and from the RV

Column density

As described in section 2.2, in the WGTS, the -electrons scatters-times on residual
tritium molecules with a certain probability Ps (equation 2.13). This probability
depends ond inel, the column density times the energy-dependent inelastic scatter-
ing cross section ine. ToO obtain the mean value of d e, that is present during a
measurement campaign, two di erent calibration methods are used [25, 32].

The rst one utilizes the e-gun in the RS, which emits electrons at a constant
rate with well-de ned energy and angle. These electrons travel through the entire
source and undergo scatterings. By tuning the retarding potentialqU of the MS
while keeping the e-gun energ\e constant, the shape of the experimental response
function R(E;gU) from equation 2.16 (see gure 2.5) can be scanned. The value
for d e is obtained by a t to the measured response function. Several of these
e-gun measurements are performed during one measurement campaign, usually one
per week.

The second calibration method uses dedicated pressure sensors, ow meters and
the tritium rate, which scales with d, to monitor short-term variations of the column
density.

Combining both calibration methods allows an accurate determination ofd el
for each measurement campaign. The total uncertainty ond e arises from three
contributions:

" The limited precision of the e-gun measurements regarding the e-gun angle and
the e-gun background.

4In chapter 2.1, the RW was introduced as part of the RS. Because it controls the source
potential, it can also be listed as part of the WGTS.
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Chapter 2 The KATRIN Experiment

" The accuracy with which the short-term column density variations can be
measured. This depends, for example, on the reproducibility of the ow meter.

The scaling of . to a lower electron energy. The e-gun measurements are
performed with a higher electron energy than the tritium endpoint energy of
Eo 186keV.

Energy loss function

In addition to the scattering probability Pg also, the energy loss functiorf s( ) (com-
pare equation 2.15), which describes the amount of energy the electron loses dur-
ing s-times scatterings, is substantial for the description of scattering e ects in the
gaseous source. All parameters describing the energy loss function are determined
by two dedicated e-gun measurement methods, the so-called integral and di erential
measurements (see [41, 44] for more details). The former approach is a ne-binned
measurement of the response functioR(E; qU) from equation 2.16 by changing the
energyE of the monoenergetic e-gun electrons while keeping the retarding potential
gU constant. The di erential measurement method uses time-of- ight information
from e-gun measurements with a pulsed laser source, which allows to directly meas-
ure the electron energy spectrum. The values, uncertainties and correlations of the
energy loss parameters are obtained from ts to the described measurements.

Source plasma

As described in section 2.1.4, the retarding voltag®) is applied to the MS to re ect
all -electrons with a lower energy thanqU (with g = €). In addition to the absolute
value of gU, the starting potential of the electrons has to be considered. This starting
potential is provided by the strongly magnetized cold plasma in the WGTS [28]. This
plasma occurs due to the emitted -electrons, the ionized daughter nuclei *HeT *
of the decays and secondary electrons produced via scatterings [47]. Ideally, the
source plasma would have a homogeneous distribution. In reality, this is not the
case. There are spatial, i.e. radial, azimuthal and longitudinal, and time-dependent
inhomogeneities present, which have to be considered during the analysis.

The radial and azimuthal plasma inhomogeneities can be included in the model
via the segmentation of the detector in its individual pixels. The pixel-wise starting
potentials lead to pixel-wise retarding energies|U,x which can be absorbed by pixel-
wise endpointsEo;px [34].

However, this is not applicable for longitudinal inhomogeneities [47]. Two para-
meters are introduced to account for these in the model: A potential broadening with
variance 2 and a shift , of the energy loss function. Latter comes from the fact
that -electrons, which are emitted further away from the detector, have a higher
probability of undergoing scatterings because they must travel further through the
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2.3 Systematic uncertainties

gaseous source. If the source potential has a longitudinal gradient, electrons which
scatter a certain number of times start at another average source potential than those
which scatter less or more often.

The value of the potential broadening , can be determined via calibration meas-
urements using®¥™Kr [47]. With this value, an upper limit for the shift of the energy
loss function , can be set:

ja< 2 (2.19)

with the parameter introduced in [47].

There are two types of time-dependent inhomogeneities. Short-term uctuations
of the plasma potential and potential drifts over more extended time periods. Both
are included in the model via an additional broadening, respectively: short-term and

long-term -
The total broadening pasma caused by the plasma potential is then

2 _ 2 2 2
plasma = z *  shortterm T long-term (2-20)
which can be included in the model as described in section 2.2.2.

Rear wall

The RW was introduced in section 2.1.1. It is located at the upstream end of the
WGTS (see section 2.1.2). Residual tritium moleculesl , from the source can hit
the RW and accumulate there. The decays of these molecules lead to an underlying
background tritium spectrum, which has to be added to the -spectrum from the
signal electrons. Three additional parameters are used to describe this RW spectrum:
The rear wall endpoint Eq.rw , the rear wall FSD shape (compare section 2.2.1), and
the rear wall activity [25]. The values of these parameters and their uncertainties are
inferred from calibration measurements where the WGTS is empty, i.e. no tritium
is circulated. The RW is regularly cleaned with ozone to decrease the impact of its
background spectrum on the neutrino mass analysis [48].

Activity uctuations

Source activity uctuations impact the normalization factor A of the expected in-
tegral -decay rater from equation 2.17. To account for this, the relative activity
A; at each retarding voltage set point would have to be measured and included in
the model. Due to the limited accuracy of theA; determination, an arti cial bias
could be introduced [34]. Instead, this systematic e ect is neglected, given the small
impact on the total neutrino mass uncertainty of < 0:001eV? [25].
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2.3.2 Background-related uncertainties

The dominant background component of the KATRIN experiment arises due to
highly excited Rydberg atoms. ?!%Po is deposited in the spectrometer walls through
the decay chain of???Rn. Via the -decay of ?'°Po, 2%Pb is created, and atoms
from the spectrometer surface are sputtered o due to the high nuclear recoil of
the decay process. Black-body radiation can ionize these Rydberg atoms and create
low-energy electrons inside the spectrometer. If this happens downstream w.r.t. the
analyzing plane, the electrons are accelerated towards the FPD by the retarding
potential and lead to a nearly constant, Poissonian background which scales with
the volume between the analyzing plane and the detector [32, 49].

In the following, additional background components that deviate from the ex-
plained constant and Poissonian ones are described.

Background energy slope

The background rate shows a linear dependence of the retarding voltaggJ [49, 50],
which has to be added to the model. The constant background rat8 introduced in
equation 2.17 is expanded to

B(qU)= B+ mg (QU 18575V) (2.21)

with the background slopemg = O(10 ®cps/eV). The value ofmg can be measured
with an empty WGTS.

Penning background

As mentioned in chapter 2.1.4, the combination of the PS and MS, both operating
at high voltages, leads to the formation of a Penning trap (see [49, 51 53] for more
details). Trapped electrons can ionize residual gas and generate ions and additional
electrons. The ions can escape and reach the MS, where they create additional back-
ground electrons. This additional background component scales with the number of
stored electrons in the Penning trap, i.e. with the timet. The Penning background
is emulated by a quadratic function in the -decay model [25].

Since the PS is not longer operated at high voltages, the Penning background is
only present for the rst four KATRIN measurement campaigns [25].

Background overdispersion

The last major background component of the KATRIN experiment is caused by
high-energy electrons stored in the MS [49, 54]. The main source of these electrons
is the decay of radon isotopes. If electrons created in the MS have a high enough
transversal energy, they get trapped inside the spectrometer due to the magnetic

22
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eld con guration introduced in section 2.1.4. Since the escape is only possible if the
electrons lose enough energy through scatterings or non-adiabatic motion, they are
stored in the MS for several hours. During this time, the electrons create secondary
electrons via ionization of residual gas. The secondary electrons are usually not
stored and reach the detector if generated downstream w.r.t. the analyzing plane.
Since these events are time-correlated, this additional background component is not
Poissonian and leads to an overdispersion compared to the expected Poisson variance
[34]. This is included in the model via a Gaussian widening, which leads to an
increased statistical uncertainty.

The background overdispersion is not observed during measurement campaigns in
the so-called shifted analyzing plane (SAP) setting (see section 2.3.3) since there the
background electron storage condition is altered (see [55] for more details).

2.3.3 Electromagnetic- elds-related uncertainties

The MAC-E lter with its magnetic elds Bmax, Bmin and Bs and the retarding
potential qU in the analyzing plane introduced in section 2.1.4 is one of the main
components of the KATRIN experiment. In the following, the in uence of the un-
certainties of theseB - elds and the potential in the analyzing plane is described.

Magnetic elds

The transmission function T(E;qU) of the KATRIN MAC-E lter from equation
2.12 directly depends on the three magnetic eld€Bmax, Bmin and Bs. This has to
be considered when propagating their uncertainties.

Also, the maximum acceptance angle nax (equation 2.3) is de ned by Bg and
Bmax, Which in uences the overall signal amplitude. Since the normalization factor
A of the -decay model from equation 2.17 is a free parameter (see section 2.4.1), this
does not a ect the neutrino mass analysis. However, for the scattering probabilities
Ps (equation 2.13), the angular change has to be considered since the upper integ-
ration limit changes. This e ect in uences the shape of the experimental response
function from equation 2.16 [34].

Analyzing plane

As described in section 2.3.2, the background rate of the KATRIN experiment scales
with the volume between the analyzing plane and the FPD. To decrease this volume
and hence the background rate, the analyzing plane of the spectrometer was shifted
towards the detector [55]. This led, on the one hand side, to a background reduction
by a factor of 2 comparing the old so-called nominal analyzing plane (NAP) setting
with the new so-called shifted analyzing plane (SAP) setting. However, on the other
hand, the radial inhomogeneities of the magnetic eld in the analyzing planeB min

23



Chapter 2 The KATRIN Experiment

and the retarding potential qU increased. To take these into account, the pixels of the
FPD with similar eld values are grouped into patches for the neutrino mass analysis.
This will be explained in more detail in section 4.1.2. Each patch is described by its
own response function.

Due to the strong gradients of Bnin, and qU, an additional broadening gna Of
the transmission function has to be introduced. This broadening can be treated
equivalently to the plasma broadenings described in section 2.3.1. Their variances
are added (compare equation 2.20).

It should be noted that the two dierent analyzing plane settings were tested
and compared during the third measurement campaign, which was afterwards split
into two separate campaigns, KNM3-SAP and KNM3-NAP for the neutrino mass
analysis. Since KNM4 only the SAP setting is used [25].

2.3.4 Detector-related uncertainties

Di erent physics and detector-related e ects in uence the detector e ciency. But
because of the free normalization factoA in the -decay model from equation 2.17
(see section 2.4.1), any e ects independent of the retarding voltagel will not a ect

the spectral shape [32]. In the following, the four knownU-dependent e ects are
explained (see [25] for more details). The uncertainties and biases related to these
e ects are too small to consider for the neutrino analysis [25, 34].

ROI-coverage

An electron is counted by the FPD if its energy falls into a prede ned region of
interest (ROI). The FPD energy spectrum changes with the retarding voltage set
point U, but the ROl is xed for all U. This leads to a U-dependent detector
eciency getector (QU), which is modelled by a linear slope [34].

Pile-up

Pile-up happens when multiple electrons hit the FPD simultaneously and cannot be
distinguished as separate events. Rather than detecting two events with energi€s
and E», a single event with combined energy 1 + E» is registered. IfE;+ E, exceeds
the ROI, neither electron is counted as an individual event. The probability of pile-
up events is in uenced by the overall electron rate, which depends on the retarding
potential qU. This is also included in the model as d&J-dependent detector e ciency
[25].

24



2.4 Analysis strategies

Back scattering

If an electron is re ected by the FPD and not re ected back by the post acceleration
introduced in section 2.1.5 or the spectrometer elds, it is lost to the source. The
probability for backscattering events depends on the retarding voltage set pointJ
because the escape to the source is more likely for lower retarding energigs.
Since the backscattering probability varies with the incident angle and the repeated
traversal through the detector dead layer alters the measured spectral shape, a slight
angular dependence is present. This e ect is considered as a modi cation of the
transmission function [25].

Gain and resolution uctuations

The gain and resolution of the FPD can drift over time. This e ectively leads to a
detection e ciency dependent on the retarding voltage set point U. This e ect is
not included in the model since the bias on the neutrino mass squared? was found
to be less than10 *eV? [25].

2.3.5 FSD-related uncertainties

The FSD and its impact on the -decay model were introduced in section 2.2.1. There
are di erent types of uncertainties of the FSD obtained from theoretical calculations,
four with origin in the theory and calculation itself, and one with experimental origin
(see [40] for more details):

" Uncertainties due to the adapted approximations
Uncertainties in constants of the calculations
Uncertainties due to nite numerical precision
Possibility of wrong computer code and input les

Uncertainty of the measured source temperature and the isotopologue compos-
ition, which leads to a sum of FSDs

Since the contribution of the total FSD uncertainty to the total neutrino mass
uncertainty is < 0:001eV?, it is not propagated by the t [25].
2.4 Analysis strategies

The KATRIN experiment aims to measure the e ective electron anti-neutrino mass
m (equation 1.11). In the following, the strategies to infer a value and uncertainty
for m are described.

25



Chapter 2 The KATRIN Experiment

2.4.1 Maximum likelihood method

The likelihood function L( (#); x) describes the probability to measure, a specic
outcome x of an experiment under the assumption of the model =, ( ), which
depends on gpe set of parameters [56]. To determine the values of with which
the model ,( ) best describes the data, the likelihood function is maximized with
respectto . It should be noted that in practice, it is favourable to minimize In(L)
instead of maximizing L due to numerical stability [34].

As described in section 2.2.4, the KATRIN experiment measures the number of
counts N; at a retarding potential set point qU for the time t;. The model ;, which
predicts this number of counts, is de ned in equation 2.18. Since the individual

-decays are statistically independent of each other, the probabilityP (N;; ;) to
measureN; counts is described by the probability mass function (PMF)

P(Nj; )= - e (2.22)

which is the Poisson distribution.

The total measured integral -decay spectrum consists of a set of retarding poten-
tials gU with the associated measurement timest , which is described by the MTD
(see gure 2.6). The individual measurements arge statistically independent of each
other, i.e. the joint PMF for all measured countsﬁ and model predictions# is the
product of the individual PMFs from equation 2.22:

Y Y N
pliif)= " P 0= e (2.23)

At the same time, this joint PMF is the general KATRIN likelihood

# o # Y #
LR 8ut = povs (Frauit: (2.24)
i
In addition to the e ective neutrino mass squared m?, the endpoint energy Eo,
the normalization, factor A and the constant background rateB build the set of
free parameters fee = fm?;Eq; A; B g, which are inferred directly from the data
(compare equation 2.17). The model for the likelihood analysis is then

0 1
Eo

(M2 Eq; A B; qUs ) = @A STE(E;mZ;Eo) R(E;qU)dE + BX t: (2.25)
qu

For a large number of countsN; the Poisson distributions of equatioB 2.23 converge
to normal distributions with mean ; and standard deviation b i N; [56]:
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Y 1 i
pfi-#y= pl_ e T (2.26)
. 2N
In this case minimizing In(L) is equivalent to the 2-minimization:

in(L(#:Ky) 1 * N 0)* % 2% f): (2.27)

i 2N;
Now, knowing the values of# with which the model (#) best describes the
data, the con dence interval of a given parameter , e.g. m? can be determined. It
describes which other values om? are generally compatible with the data (see [34]
for more details). For that, the pro le likelihood is used. It utilizes Wilk's theorem

[57] with the test statistic

L(Ho)
L(H1)

Here, Hg is the null hypothesis with the parameter values that best describe the data,
and H1 is the alternative hypothesis with another set of values, in this example, a
di erent value for m2, which is tested to see if it falls into the con dence interval.

Using the 1 con dence interval as an example, this means the values ah?, for
which 2 log( L) =1, have to be determined. These values then build the con dence
interval.

2log =2 (log(L(H1)) log(L(Ho))=:2log( L) O (2.28)

2.4.2 Data combination

When analyzing the KATRIN data, its segmentation must be considered. On the
one side, the FPD has 148 di erent pixels (see section 2.1.5), which, in general, all
measure their own integral -spectrum. On the other side, the KATRIN data set
consists of multiple -scans measured in di erent KNM campaigns with eventually
di erent settings as described in section 2.2.4. In the following, the combination
of the KATRIN data is discussed, and the derivation of a single likelihood function
describing this combined data is presented.

Pixel combination

All measured integral -spectra by the individual pixels of the FPD are statistically
independent of each other. This allows the extension of the likelihood functior.
from equation 2.24 by another dimension:

Y Y
L(#;ﬁ;gu;;%): P (Npx:i; px;i(#px;qux;i;ti)) (2.29)
pxX i
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where the outer product loops over all pixels px and the inner product over all
retarding energy set pointsi. While there are shared parameters which are equal
for every pixel, e.g. the neutrino mass squarean?, there are also some which have
individual values for every pixel, e.g. the magnetic eld in the analyzing planeB min
described in section 2.3.3. This leads, in general, to pixel-wise sets of parameters

px- This approach is called multi-pixel combination [34].

On the one hand, the multi-pixel combination is the most general approach, but on
the other side, it is also the most computationally expensive one since it has the most
model evaluations possible. To reduce the dimensionality of the analysis and at the
same time maintain the accuracy of the model, the segmentation of detector pixels
with similar properties into patches, as described later in section 4.1.2, is introduced.
Each patch receives a spectrum by summing the counts of the pixels belonging to
that patch [34]. With this so-called multi-patch combination, the likelihood function
is

## # Y v #
L( ; ﬁ; qU;?) = P (Npatch:i; patch:i ( patchs QUpatch:is ti)): (2.30)
patch i

where the outer product now loops over all patches.

In the extreme case of de ning only one patch, this is called uniform combination,
the outer loop disappears and the likelikood function is again de ned by equation
2.24. Now, the neglected radial dependencies of systematic parameters, e.g. of the
source plasma (section 2.3.1) or the magnetic eld in the analyzing plane (section
2.3.3) lead to a signi cant shift of the neutrino mass squaredn? (see table 1 of [31]).
However, if the statistical uncertainty dominates over the systematic shift ofm?2, the
uniform combination approach is usable [58].

-scan combination

As described in section 2.2.4, one KNM campaign consists of a few hundredscans.
Each scan is an individual measurement of the integral -spectrum, where the MTD
de nes how much timet; is spent at each retarding potential set pointqU (see gure
2.6). l.e. an extension of the likelihood functionL from equation 2.24 by another
dimension, analogous to the pixel combination (equation 2.29), is possible:

#o# # Yy #
LR AU T pivg: s ((salite) (2:31)
s i
where the outer product now loops over all individual -scanss and the inner one
again over all retarding set pointsi.
However, this combination approach is very computationally expensive due to the
large number of data points. Since all slow control parameters are kept stable at or
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below the percentage level throughout one measurement campaign and in addition,
the reproducibility of the high voltage set points is excellent at the parts-per-million
level [59 61], the so-called stacking of the data is possible [34]. There the counts
and measurement times of all -scans are summed up for every individual retarding
voltage set pointgqU. After the summation, the averageqU values of all -scans are
used, and the model parameters are averaged over the KNM campaign.

If the MTD changes during a measurement campaign, the simple stacking of the
data is no longer possible. In that case, a more advanced clustering algorithm is used
(see [34] for more details).

KNM campaign combination

For the data combination of di erent KNM campaigns, the stacking approach used
for -scans within one campaign is unsuitable due to changing slow control para-
meters between the individual campaigns (see e.g. [25]). This leads to the following
extension of the likelihood function L from equation 2.24, analogous to the pixel
combination (equation 2.29):

Y'Y
L(#;ﬁ;gu;?)= - P(Ne: c;i(#c;ch;i?tC:i)) (2.32)

where the outer product now loops over all individual KNM campaignsc and the
inner one over all stacked retarding set points within the campaign.

Combined likelihood function

The junction of all previously introduced combination approaches leads to the com-
bined KATRIN likelihood function

# # Y Y Y #
L( ﬁ; qu ,%) = P(N c;patch;is c;patch;i( c:patch s dUe:patch ;i ; tei)): (2.33)
C patch i

. . . # :
This takes into account varying model parameters for di erent measurement cam-
paigns c and detector patches. The number of countdN is stacked for every voltage
set point qU and every patch. The timest are stacked for every voltage set point
qu.

2.4.3 Treatment of systematic e ects

Two di erent approaches can be used to include the systematic e ects described in
chapter 2.3 into the analysis. Each of them is explained in the following.
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Chapter 2 The KATRIN Experiment

Nuisance parameter method

During the so-called nuisance parameter or pull term method, the systematic para-
meters  syst are enabled for the likelihood maximization explained in section 2.4.1
in addition to the set of free model parameters fee = fn}f; Eo; A; B g, which was

introduced in chapter 2.4.1. Furthermore, the parameters syst are constrained by

so-called pull termsf (* syst), Which are included into the likelihood function L:

# # # #
L( free) 'L ( frees syst) f( syst) (2.34)
Typically, the pull terms are normal distributions for one systematic parameter
syst With the best value and the Gaussian uncertainty , which are determined,
e.g. via calibration measurements:

2

F() e 77 (2.35)

Monte Carlo propagation

To propagate systematic e ects into the t via the Monte Carlo sampling method,
there are four steps necessary:

1. Draw a value for one systematic parameter sys; regarding to its probability
density function (PDF).

2. Calculate the integral -decay spectrum from equation 2.17 with the previously
drawn value for sys;.

3. ?I;it the calculated spectrum and retrieve the results for the free t parameters

free-

4. Repeat this procedure very often to get the distributions of the free t para-
meters.

The systematic uncertainties#syst on #free, due to the systematic parameter syst,
are re ected by the widths of the distributions.

To get the total uncertainty i, the described procedure is carried out while
drawing values for all systematic parameters simultaneously in step 1 and, in addition
to that, uctuating the spectrum regarding a Poisson distribution (compare equation
2.22).
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2.4 Analysis strategies

2.4.4 Software

For the work presented in this thesis, two existing analysis software packages were
used: Fitrium [58] and Netrium [34, 62], both were developed by Dr. Christian Karl
et al. and are brie y introduced in the following.

Fitrium (Fit Tritium) is written entirely in the C++ programming language. It
includes a complete model of the -decay of molecular tritium and applications for
Monte Carlo data generation and data tting.

For the tting of data, the model from equation 2.17 has to be evaluated multiple
times, e.g. O(10'%) for one measurement campaign with the segmentation of the
FPD into 14 patches (compare section 2.4.2) using the nuisance parameter method
described in section 2.4.3. This can take up to one CPU year [62]. To speed up the
calculations by about three orders of magnitude and at the same time maintain the
accuracy requirements for the KATRIN analysis, Netrium was developed. It uses a
neural network to learn the predicted integral -deca# spectrum from equation 2.17
and its dependence on all relevant input parameters spec.

The architecture#gf the Netrium neural network is shown in guge 2.7. Its inputs
are the parameters  specin uencing the integral  -spectrumr (qU; = spec) from equa-
tion 2.17. It should be noted that the normalization factor A and the background
rate B are not included in the neural network. The count rate, predicted by the
model at eachqU point, corresponds to the outputs of the network. There are two
fully connected hidden layers with 128 nodes each between the input and output
layers.

For the training of the neural network, O(10°) input samples are used,#/vhich are
generated byFitrium . For this sample generation, the input parameters gpec are
drawn from uniform (for m? and E) and normal distributions within their expected
3- range. For the sampling, theN -dimensionalR, method is used [63]. The sample
generation is embarrassingly parallel, which means the required computing time of
O(10Y) CPU years can be split upon thousands of CPUs on a computing cluster.
This allows completing this task within a single day [62].

During the training, the weights of the neural network are optimized to minimize
the loss function

losqweights) = N(Cj  Cpreq:i (Weights)) 2] (2.36)

with the true rate change C; = h{—:l of every sample and the corresponding prediction

of the neural network Cpreq;i (Weights). Since all tritium spectra have roughly the
same shape, the rates; are divided by the sample meartr;i at eachqU point.
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Chapter 2 The KATRIN Experiment

Figure 2.7: Sk\?tch of the architecture of theNetrium neural network. ,ts inputs are
the parameters spec in uencing the integral  -decay spectrumr(qU;  spec) from
equation 2.17. The count rate, predicted by the model at eaclqU point, corresponds
to the outputs. There are two fully connected hidden layers with 128 nodes each
between the input and output layers. Taken from [34].

2.5 Current KATRIN neutrino mass result

The current KATRIN neutrino mass result was published in June 2024 [25]. For this
analysis, the data of the rst ve KNM campaigns was used, which corresponds to
approximately 20 % of the nal statistics. The best t result of the neutrino mass
squared wasm? = 0:14"913eV?, which leads to an upper limit of m < 0:45eV
(90% C.L.). In gure 2.8, which shows the individual components of the total
uncertainty ¢ on m? (compare section 4.4), it is shown that  is still dominated
by the statistical uncertainty st = 0:108eV2. The total systematic uncertainty
syst = 0:072eV2 is smaller by a factor of%. It is dominated by the column density
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2.5 Current KATRIN neutrino mass result

Figure 2.8: The so-called systematics breakdown of the neutrino mass result for the
rst ve KNM campaigns. It shows the impact of the statistical uncertainty g5 and
the individual systematic uncertainties on the total uncertainty i on the e ective
neutrino mass squaredm?. Provided by Christoph Wiesinger.

and the energy loss function (compare section 2.3.1). The uncertainties caused by
the electromagnetic elds (compare section 2.3.3) are subdominant.

In the following chapters, the status of the KATRIN data collection and the con-
tinuation of the neutrino mass analysis for the next four measurement campaigns are
presented.
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Chapter 3
Data Monitoring

The projected sensitivity of the KATRIN experiment on the e ective electron anti-
neutrino mass ism < 0:3eV (90% C.L.) [25], which will be reached by the end
of 2025 after 1000 measurement days. As introduced in section 2.5, the current
KATRIN neutrino mass result is still dominated by the statistical uncertainty (see
gure 2.8). The number of collected electrons in the40eV analysis window used
for this most recent result is 36 1C° (see gure 3.1). By the end of the 9th
measurement campaign, this number increased to 98 10°, corresponding to about
a factor of 2:7 more statistics. The analysis of these next four campaigns is presented
in this thesis. With the last completed measurement campaigns as of August 2024
(KNM10-13), the number of collected electrons was increased by another factor of
approximately 1:6 to 157 10°. The nal KATRIN neutrino mass result with
about 200 10° collected electrons is expected to be dominated by the systematic
uncertainty.

To monitor the data quality of the currently ongoing -scans, a web interface called

Figure 3.1: The total number of collected electrons in the40eV analysis range for
the rst 13 KNM campaigns. For the campaigns KNM6-9 (blue lled), the neutrino
mass analysis is presented in this thesis. The data of KNM11-13 still has to undergo
a quality check.
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Chapter 3 Data Monitoring

Figure 3.2: Scanning e ciency of every KNM campaign. The improvement of
towards later campaigns suggests that the priority moved from optimizing the setup
to gathering statistics.

Webtrium* was developed by Dr. Christian Karl et al. During this thesis, Webtrium
was expanded to also monitor the collection of statistics and the measurement e -
ciency of the currently ongoing KNM campaign since an e cient statistics collection
is essential to reach the best sensitivity by the end of the KATRIN experiment. The
new functions were rst used for the campaign KNM12, which started in January
2024. In gure 3.2, the scanning e ciency of every KNM campaign is shown. For
that, every time t;j spent collecting neutrino mass data at a retarding voltage set
point U; is summed up and divided by the total measurement time , which is the
time between the start of the rst and the end of the last -scan:
= ix ti (3.1)
ot

The sum over all measurement timeg; in equation 3.1 does not include the time
between the individual qU points, which is used to change the voltagdJ. Further-
more, the time spent on systematic measurements or faulty scans is also not included
in the sum.

In gure 3.2, it can be seen that for the rst six KNM campaigns, the scanning
e ciency was always lower than 80% Since KNM?7, it has always been higher than
that, except for KNM11. This indicates a focus shift to statistics collection rather
than setup optimization after KNM6.

https://webtrium.edm.nat.tum.de/

36



Figure 3.3: Display of the e ciency monitoring on the Webtrium web page, with the
currently ongoing measurement campaign KNM14 as an example. The reason for
the data gap around 7 August was a broken air coil.

Figure 3.3 shows how the e ciency monitoring on the Webtrium web page is
displayed, with the currently ongoing measurement campaign KNM14 as an example.
Data taking interruptions are clearly visible by dips. This enables the monitoring of
the measurement e ciency in nearly real-time, as described above.
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Chapter 4

Analysis of the 6th to 9th KATRIN
campaings

The last published KATRIN neutrino mass result [25], based on the data of the
rst ve KNM campaigns, was introduced in section 2.5. As of August 2024, 13
measurement campaigns have been completed, and the data-taking will be pursued
until the end of 2025. In this chapter, the continuation of the neutrino mass analysis
for the next four campaigns (KNM6-9) is presented. It starts with the data selection,
where the determination of the for the analysis used -scans and detector pixels
and patches is explained. After that, the used systematic input parameters are
introduced. Then, data quality investigations are presented, where the stability of
the t parameters and the impact of di erent scanning directions are examined. In
the end, the so-called twin analysis with its systematics breakdowns is presented,
and the neutrino mass sensitivity of the 6th to 9th KATRIN campaigns is obtained.

4.1 Data selection

As described in section 2.2.4, every KNM campaign consists of a few hundred
scans, each of which is an individual measurement of the integral tritium spectrum.
Furthermore, every pixel of the FPD also measures its own spectrum. The di erent
possibilities to combine this data for the neutrino mass analysis are discussed in
section 2.4.2. As a rst step of the analysis, the quality of the data has to be checked.
That means it has to be decided which -scans and which pixels and related to that,
which patches are used for the analysis. These processes will be described in the
following sections.

4.1.1 -scan selection

In chapter 3, the data monitoring tool Webtrium was introduced. Among other
applications, it was developed to monitor the data taking of the ongoing measurement
campaign. After the completion of a KNM campaign, the -scans, which drew
attention to the monitoring tools, are again reviewed by dedicated experts, who
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Chapter 4 Analysis of the 6th to 9th KATRIN campaings

Figure 4.1: The actual, i.e. the measured MTD for the stacked KNM campaigns 1
to 9 in the 40 eV analysis range and without the background set pointsqU & Ej).
The measurement timedg for every retarding voltage set pointU were normalized to
the total measurement time of every campaign, respectively. Only a slight deviation
between the MTDs for KNM5 to KNM9 is visible. The MTDs for previous campaigns
show a large di erence, not only in the measurement times but also in the voltage
set points.

decide if the data can be used for the neutrino mass analysis. This process is called
run selection.

One essential feature of the KATRIN neutrino mass analysis is the measurement
time distribution (MTD). As described in section 2.2.4, the MTD de nes how much
time tyrp is spent at each retarding voltage set pointUytp . The actual, i.e. the
measured MTD, can deviate from the set one for the individual -scans by the
accuracy with which the voltage points can be hit and the time it takes until the set
point is reached. This impacts the data combination regarding the stacking of the
individual -scans, which is explained in section 2.4.2. Figure 4.1 shows the actual
stacked MTDs for the campaigns KNM1-9, respectively. It can be seen that the MTD
was changed several times since the start of data taking to achieve a better neutrino
mass sensitivity. One of these changes during the campaign KNM4, together with
changing experimental parameters, led to a bias in the rate estimation [25]. Because
of that, for the neutrino mass analysis, KNM4 had to be split into two separate
campaigns with di erent MTDs (KNM4-NOM and KNM4-OPT for nominal and
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4.1 Data selection

Figure 4.2: This gure shows the di erence between the actual measurement timé
and the to-be-set onetyp plotted against the di erence between the actual, i.e. the
measured retarding voltageU and the to-be-set oneUytp for one so-called subrun
with Uytp =18573V andtytp = 1049sfor all -scans of the campaign KNM6. In
the left plot, the outlier (red) with a voltage di erence of nearly 2V is clearly visible.
The corresponding -scan was rejected for the neutrino mass analysis. The data
for all approved KNM6 -scans is shown in the right plot. The maximum voltage
di erence here is 15mV.

optimized MTD, respectively). As visible in gure 4.1, the MTD was not changed
anymore since KNM5. Nevertheless, it is important to investigate the actual, i.e.
the measured MTD compared to the one to be set, for every individual -scan.

During the work of this thesis, the actual MTDs, i.e. the measured voltage set
points U and also the measurement times for the campaigns KNM6-9, were invest-
igated for every individual -scan. Figure 4.2 shows the outcome of this study for
one MTD set point of the campaign KNM6 as an example. An outlier with a voltage
di erence of nearly 2V is clearly visible. The corresponding -scan was rejected for
the neutrino mass analysis. Generally, the deviations between the actual voltage
points U, and the to-be-set onedUyp in the 40 eV analysis range are in the order
of 10mV.

The described investigations lead to a new criterion for the run selection: For
the retarding voltage set points U, a soft limit? of 0.05V dierence between the

lregarding the 40 eV analysis range
2goft limit here means that not every run which exceeds this threshold is consequently rejected.
But it triggers a more detailed quality investigation.
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Chapter 4 Analysis of the 6th to 9th KATRIN campaings

measured and the set value was established. The-scan corresponding to the outlier
in gure 4.2 was the only one rejected by this criterion during the run selection for
the campaigns KNM6-9. It should be mentioned that for the campaigns KNM8 and
9, there will be a new, updated high voltage calibration applied, which will change
the retarding voltage values a little. Since the observed di erences of the actual and
the set measurement times were in the order of 10? s, no additional run selection
criterion for t was introduced.

Table 4.1 shows the number of all approved -scans for the campaigns KNM6-9,
respectively, after the successful run selection.

KNM campaign | 6 | 7 | 8 | 9
Number of -scans| 530| 378 | 332 | 284

Table 4.1: Number of approved -scans of the campaigns KNM6-9, respectively, for
the neutrino mass analysis.

4.1.2 Pixel and patch selection

As mentioned in section 2.4.2, every pixel of the FPD measures its own integral

-decay spectrum. Unfortunately, not all 148 pixels provide data as expected. For
some of them, the monitoring systems indicate instabilities in the electromagnetic
elds or source parameters, and some pixels are shadowed by the structural material
of the beamline [25, 64]. The data of these so-called inactive pixels has to be rejected
for the neutrino mass analysis. This process is called pixel selection and is based on
data obtained from -scans, Krypton and RW calibration measurements [65].

Since the selection and distribution of the inactive pixels depends on the relative
alignment between the detector and the electromagnetic elds, it can change, e.g.
with the temperature or after mechanical movement of the FPD. There are, in total,
ve di erent pixel selections used for the KATRIN neutrino mass analysis: For the
KNM campaigns 1, 2, 3-6, 7 and 8-9, respectively (see table 4.2). The pixel selections
for the KNM campaigns 3-9 are shown in gure 4.3.

With the pixel selection, the so-called patch selection has to be carried out: Pixels
with similar electromagnetic properties are grouped into di erent patches because
the radial inhomogeneities of the magnetic eld in the analyzing planeBmin and the
retarding potential qU are too large to use the uniform pixel combination for the
neutrino mass analysis when using the SAP measurement con guration (compare
section 2.3.3). The patch selection includes four steps (see [64] for more details):

1. The pixel-wise values for the magnetic eld in the analyzing planeB i, and
the retarding potential o set qU, are determined from Krypton calibration
measurements (see gure 4.4). The o set alters the retarding potentialqU,
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4.1 Data selection

KNM campaign(s) | Number of active pixels (pixel numbers)
1 117 (0-96, 101-109, 113-120, 131-133)
2 117 (0-96, 99, 101-109, 114-120, 131-133)
3-6 126 (0-99, 101-111, 114-122, 130-133, 143-144)
7 123 (0-99, 101-111, 114-116, 118-122, 131-133, 144)
8-9 125 (0-99, 101-111, 114-122, 131-133, 143-144)

Table 4.2: Number of active pixels and their pixel numbers for every KNM campaign
from 1 to 9.

which electrons have to overcome to get counted by the pixelgU! qU+ gl .
For the magnetic eld of the sourceBg (2.52T), the maximum magnetic eld
Bmax (4.24T) and the retarding energygU (18.6 keV), which is applied to the
MS, one value is used respectively for all pixels.

2. The simpli ed transmission function T (E)3, i.e. without scattering e ects and
synchrotron radiation losses (equation 2.12) is calculated for every pixel (see
gure 4.5).

3. For every transmission functionT (E), the energy E1-,, where T(E) reaches
the half of its maximum, is calculated (compare gure 4.5).

4. All pixels are sorted by their values forE -, and grouped into 14 patches (this
will be explained in more detail in the following). The results for the patch
selections of KNM7 and KNM8-9 are shown in gure 4.6.

The described procedure of the patch selection is well established since KNM3.
KNM3-SAP was the rst measurement campaign using the SAP setting as described
in section 2.3.3, which necessitated grouping pixels into patches for the neutrino
mass analysis. For the campaigns KNM3-5, it was decided to use 14 patches because
the pixels could then be distributed uniformly into patches with 9 pixels each. Since
KNM6 has the same pixel selection as KNM3-5 (see table 4.2), also for this campaign,
the same patch selection is used. However, this is no longer possible for the campaigns
KNM7-9 (see table 4.2). An adjustment of the last step (4.) of the patch selection
was made, where an additional criterion was introduced: To have enough statistics
in every patch, they must include at least 8 pixels. With this new criterion, the
sum of the patch-wise variances élzz has to be minimized. The results of the patch
selection for the campaigns KNM7 and KNM8-9 are shown in gure 4.6.

In the future, the plan is to optimize the patch selection process much further.
During this work, rst studies indicated that using a smaller number of patches,

3Here, the transmission function T depends only on the electron energyE , because the retarding
potential qU is xed.
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Chapter 4 Analysis of the 6th to 9th KATRIN campaings

Figure 4.3: Sketch of the FPD with its 148 pixels. The active pixel selections of the
KNM campaigns 3-9 are shown in colours. For KNM3-6, the data of the green, red
and blue pixels is used. For KNM7, only the green pixels are active. For KNM8-9,
the data of the green and red pixels is used. The white pixels are inactive for all of
the KNM3-9 campaigns. Provided by Jaroslav 'torek.

Figure 4.4: Pixel-wise values for the magnetic eld in the analyzing plané i, (blue)
and the retarding potential o set qU, (orange), which are determined from Krypton
calibration measurements for the campaign KNM7. A misalignment ofO(1 mm)
between the detector wafer and the beamline axis leads to the oscillatory pattern of

the parameter values [25].

44



	Abstract
	Neutrino Physics
	Discovery of the neutrino
	Neutrinos in the Standard Model
	Neutrino oscillations
	Determination of the absolute neutrino masses
	Cosmology
	Neutrinoless double -decay (0)
	Kinematics of the -decay


	The KATRIN Experiment
	Experimental setup
	Rear section
	Windowless gaseous tritium source
	Transport and pumping section
	Pre- and main spectrometer
	Detector section

	Modelling of the -decay spectrum
	Final states distribution
	Doppler effect
	Experimental response function
	Model of the expected rate

	Systematic uncertainties
	Source-related uncertainties
	Background-related uncertainties
	Electromagnetic-fields-related uncertainties
	Detector-related uncertainties
	FSD-related uncertainties

	Analysis strategies
	Maximum likelihood method
	Data combination
	Treatment of systematic effects
	Software

	Current KATRIN neutrino mass result

	Data Monitoring
	Analysis of the 6th to 9th KATRIN campaings
	Data selection
	-scan selection
	Pixel and patch selection

	Systematic input parameters
	Data quality
	Fit parameter stability
	Scanning directions

	Neutrino mass analysis
	Blinding strategy
	Sensitivity results


	Conclusion and Outlook
	Bibliography
	Appendix

