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Abstract

The KArlsruhe TRItium Neutrino (KATRIN) experiment is designed to determine
the effective electron anti-neutrino mass with a sensitivity of 200 meV/c? (90% C.L.)
by the investigation of the kinematics of tritium beta decay in a direct and model
independent way.

The two main goals of this thesis are to provide an overview of systematic effects
and their importance at different stages of the KATRIN experiment. The second part
focuses on the analysis of the data obtained during the First Tritium Campaign in
May and June 2018. The analysis performed in this work focuses on a determination
of the column density, an important model parameter, from the data.






Chapter 1
Introduction

Since the neutrino was first postulated by Pauli in 1930 [1] and was detected for
the first time in 1953 by Reines and Cowan [2] it has always been an extremely
intriguing object of research. Over the course of the last decades the neutrino sector
became a very active field of physics and many properties of the neutrinos have
been studied in detail.

Neutrinos are electrically neutral and couple only to the weak interaction, which
makes their detection rather difficult. The known active neutrinos come in three
different flavors. One of their key characteristics is their ability to change flavor
between creation and detection. Those neutrino oscillations were experimentally
verified by the Super-Kamiokande experiment [3] and the SNO experiment [4].
The existence of such oscillations however requires the neutrinos to have a non-
vanishing mass, replacing the previous assumption of neutrinos beeing massless
particles.

Various oscillation experiments have determined the mass differences of the three
mass eigenstates of the neutrinos with high precision. However the total mass
scale is inaccessible by such experiments. Several different methods are currently
used by many experiments to investigate this open question. Currently the best
direct limits come from the Mainz neutrino mass experiment [5] and the Troitsk
nu-mass experiment [6] as well as a combined analysis [7] setting an upper limit of
my, <2.0eV (95 % C.L.).

The KATRIN experiment will improve this limit by one order of magnitude,
targeting a sensitivity of m, < 0.2 eV (90% C.L.) after a runtime of three years [8].

Chapter 2 will give a quick overview of neutrino physics, focusing on neutrino
oscillations and different methods to obtain the total mass scale. The third chapter
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introduces the KATRIN experiment with all its components and a brief explanation
of its measurement principle as well as a short introduction of the analysis software
tools used for this thesis and a short description of their underlying model. The
sensitivity studies in chapter 4 investigate the relevance of certain systematic uncer-
tainties during different stages of the KATRIN experiment. The subsequent chapter
presents fit results of First tritium data and their evolution over the time of the first
data taking phase. Chapter 6 will give a deeper look into the determination of the
column density of the KATRIN source. Finally this thesis will end in a Conclusion

and an Outlook.



Chapter 2
Neutrino physics

In the Standard Model neutrinos are part of the three lepton generations. Every
generation contains one electrically charged lepton and an electrically neutral corres-
ponding neutrino. There are electron-, muon- and tau-neutrinos. Following a recap
of their postulation and discovery a short introduction into neutrino oscillations
is given. As a last point of this chapter some methods for determining the total

neutrino mass are presented.

2.1 Discovery of Neutrinos

As physicists started to look deeper into radioactive processes they soon found some
oddities connected with the 3-decay, specifically concerning its spectral shape. At
that time the only measurable particles of this process were the decaying nucleus, its
daughter nucleus and the electron, making it a two-body decay. In that case though
the expected electron energy should, equally to the a- and y-decay, be monoenergetic
to comply with the rules of energy and momentum conservation. Contrary to
this expectation the 3-spectrum turned out to be continuous [9]. Furthermore
the description of the B-decay as a two-body decay led to violations of angular
momentum conservation.

Pauli solved all those problems by introducing a new neutral spin 1/2-particle
[1], fulfilling all the necessary properties. This particle, later labeled as neutrino by
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Enrico Fermi, shared the decay energy with the electron, explaining the continuous
spectrum.

n—p+e +7,
@.1)
p—on+te +u,

In the 3~ -decay there has to occur an anti-neutrino 7, for lepton number conser-
vation. In contrast the 3"-decay, which is energetically not allowed outside of a
nucleus, produces a neutrino.

Enrico Fermi delivered the first full theory of 3-decay in 1934 [10] which is still
valid within low energy limits. This theory was the foundation of the modern theory
of weak interaction.

In consequence of their color or electrical neutrality the proof of the neutrino’s ex-
istence was not an easy task. The predicted cross section of about o < 10~# cm? [11]]
that prevented the neutrino’s discovery up to that time was further on a challenging
endeavour for physicists.

The first neutrino was detected over twenty years after its postulation by Reines
and Cowan at the Savannah River Experiment [12]. They made use of the inverse
B-decay:

Vo+p—e +n (2.2)

To get enough events despite the extremely small cross section they placed their
detector close to one of the Savannah River Plant reactors which was used as a
strong electron antineutrino source. The detector was composed of two layers of
water with cadmium chloride and three layers of liquid scintillator. The incoming
antineutrinos react with the protons of the hydrogen. The resulting positron almost
immediately annihilates with an electron into two 511 keV photons, while the
neutron moderates for a few ps until it is captured by one of the cadmium nuclei.
The excited cadmium nucleus in turn deexcites releasing one or several gamma
rays with 9 MeV in total [12]. This characteristic signal was very convenient to
discriminate it from background. The measured cross section was in good agreement
with the predictions.



2.2 Neutrino oscillations

In 1962 the muon neutrino v, was found at the Brookhaven National Laboratory
[13]. When the tau lepton T was discovered in 1975 it was expected that a corres-
ponding neutrino should also exist. It took until 2001 for the tau neutrino v; to be
finally detected by the DONUT experiment [14], completing the picture of the three
lepton generations in the Standard Model. From the beginning it was already clear
that the neutrino mass must be very small, if not even zero and so in the Standard
Model the neutrinos are considered as massless particles. However the discovery
of neutrino oscillations as explained in 2.2 undeniably showed that neutrinos must

have a non-vanishing mass.

2.2 Neutrino oscillations

The first hint that led physicists into considering oscillating neutrinos was the so
called "solar neutrino problem". The Homestake experiment was the first one to
reveal this problem, followed by several others. The experiment’s goal was to
verify the theoretically predicted neutrino flux from the sun, but instead found
the rate to be too low, measuring only about 1/3 of the expected flux [15]. Rather
soon it became clear that no modifications of the solar model could explain those
results, leading the scientists to the possible explanation that the neutrinos must
have changed their flavour during propagation.

The neutrinos are created via the weak interaction as one of the flavour eigenstates
|ve) with « = e, 4, T. Those flavour eigenstates are in turn superpositions of the
three mass eigenstates |v;) withi = 1, 2, 3, related via the unitary PMNS (Pontecorvo
[16][17][18], Maki, Nakagawa and Sakata [19]) matrix U:

ve) = YU )

' (2.3)
lvi) = Zuzxi |Va)
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U,; are the matrix elements of the neutrino mixing matrix. For the three active

neutrinos the PMNS matrix can be parametrized as follows:

Ua Uep Ues
u=|u, U, ug
U U Uz
1 0 0 13 0 s;3-e°9 2 s;2 O
=10 ¢33 sy | X 0 1 0 X | =812 c1p O (2.4)
0 —sS»3 €23 —s13-e7% 0 13 0 0 1
1 0 0
x |0 v 0
0 0 e®

With the mixing angles s;; = sin 6;; and c;; = cos 6;; and the CP-violating phases
0 (Dirac phase) and a1, a; (Majorana phases). With this parametrization the matrix
can be split up in several matrices each containing one of the mixing angles.

For times t > 0, equation 2.3 has to be modified by the time evolution operator of

the mass eigenstates:

lva (£ > 0)) Z e Eity;) (2.5)

As long as at least two of the m; are different, the time evolution operator will
behave differently for those mass eigenstates, causing the neutrinos to change their
flavour over time. From this the probability to detect a neutrino of a certain flavour
which was created as a different flavour can be calculated. For simplicity only the

formula for a two flavour scenario is shown here:

. . Amlzj - L
Py,—vs(L, E) = sin”(20;;) sin . F (2.6)

From this equation it can be seen that with a known distance L of the detector

to the neutrino source and a known neutrino energy E the mass square differences

2

Amz =m; — m , defining the frequency of the oscillations, and the mixing angles

03, deﬁnmg the amplitude, can be measured.



2.3 Methods for neutrino mass determination

The neutrino oscillations were eventually verified by several experiments among
which two of the most important ones are the Sudbury Neutrino Observatory (SNO)
experiment and the Super-Kamiokande experiment. In 2001 the SNO experiment,
which was sensitive to all neutrino flavours, was measuring solar neutrinos and
found evidence for neutrino oscillations [20]. Giving a mass square difference of the
oscillations between electron and muon neutrinos, also called solar neutrino oscilla-
tions, of Am3, = Am?, ~7.37-107° eV? [21]]. The Super-Kamiokande experiment
was the first one to give clear evidence for neutrino oscillations in 1998 [3]. Giving
a mass square difference of the muon and tau neutrino oscillations, also called
atmospheric neutrino oscillations, of |Am3;| = |Am?2,,,,s| ~ 2.55- 1073 eV [21]].

As can be seen above the neutrino oscillation experiments only allow for mass
square differences to be measured, not the absolute mass scale of the neutrinos.
In principle there are three possibilities for the neutrino mass ordering. First of
all the quasi degenerate case, where m; ~ my ~ m3 ~ my, respectively Am? < m?.
The hierarchical case (Am? ~ m?) can be split up into two scenarios: The normal
hierarchy (m; < mp < m3) or the inverted hierarchy (m3 < my < mj). To determ-
ine the absolute neutrino mass scale different experimental strategies are needed,

introduced in 2.3.

2.3 Methods for neutrino mass determination

The neutrinos absolute mass is a crucial parameter for particle and astroparticle
physics as well as cosmology. The neutrinos have impact on many processes includ-
ing primordial nucleosynthesis and the structure formation in the universe and even
help to predict the further evolution of the universe. Those were just some of the
many reasons why it is important to find the neutrino mass. As already mentioned,
oscillation experiments can not get access to the absolute mass but rather mass
square differences, leading experimentalists to come up with alternative ideas.

2.3.1 Neutrino mass limits from cosmology

The deduction of the neutrino mass from cosmology or astro(particle) physics has
the downside of being model dependent. According to which model is being used,

the result of the neutrino mass can alter significantly. Also the uncertainty of other
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parameters of the model, which might be correlated with the neutrino mass can
enlarge the uncertainty of the result. The standard cosmological model is the ACDM
(Lambda cold dark matter) model, with A being the cosmological constant.

To get a limit on the neutrino mass, the neutrino influence on processes like
structure formation or supernovae explosions as well as the cosmic microwave
background (CMB) are exploited. The experiments are typically sensitive to the sum

of the neutrino mass eigenstates m,_, = ) m;.

A more detailed description and currentl results can be found in [22] [21]. Usually
several data sets are combined to avoid correlations or constrain certain paramet-
ers. Depending on the model and the combined data sets, the results range from
Ym; <0.12eVto ) m; <0.73eV (95 % C.L.) [21].

1 1

2.3.2 Neutrino mass limits from neutrinoless double beta decay

The double beta decay (2vf33) can be described as a simultaneous decay of two
neutrons to two protons under radiation of two electrons and two neutrinos in the

same nucleus.

2n — 2p+2e +2v (2.7)

As this decay itself is a process of second order and very rare (half life of
10! - 10% yr), the choice of the source material for experimental use is crucial.
Elements for which a single beta decay is energetically forbidden are particularly
suitable. Now if the neutrino fulfills certain requirements then the extremely rare

neutrinoless double beta decay 0vf33 can occur:

2n — 2p +2e~ (2.8)

During this process a virtual neutrino is exchanged inside the nucleus. This means
that the neutrino would have to be a Majorana particle, that means it would be its
own antiparticle. Furthermore the neutrino must have a non-zero mass to enable
the helicity flip that is required for this process. The 0v@3-decay would also violate
the lepton number by AL = 2, which is forbidden in the Standard Model.

The energy of the 2v3-decay is shared between the two electrons and the two
neutrinos, leading to a continuous energy spectrum for the sum of the energy of the
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Figure 2.1: Spectrum of the 2vf3f3-decay (continuous part) and the Ovpp-decay (sharp
peak at the maximum energy). K, is the sum of the two electrons energy and Q is
the total energy of the decay. For better visibility the peak is extremely enlarged in
this image. Typical rates of about 10~ are shown in the inset. (Image taken from
[231])

two electrons. On the other hand no neutrinos leave the nucleus at the Ovpp-decay,
leading to a sharp peak at the maximum of the continuous spectrum, because the
electrons carry away the entire energy of the decay (neglecting the tiny part of
energy of the nucleus). The spectrum can be seen in fig.

The effective Majorana neutrino mass is accessible through the half life T; /, of the

decay.
(T5P) ™t o (mgg)? (2.9)
where mgg is the coherent sum of neutrino mass eigenstates.
m‘B[; = ’ Z Ufz mi] (210)
i

There are several disadvantages of those experiments. First of all, the Ovf33-decay
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is model dependent. If the neutrino is a Dirac particle, the Ov33-decay does not exist.
Moreover the coherent sum includes the Majorana phases «;, which can make the
sum very small or even make it vanish. Also the relation between Tl0 ;gﬁ and mgg
includes a complicated matrix element which is currently only known to a limited
precision.

Among others, the experiments EXO [24], GERDA [25], Majorana [26] and Cuore
[27] are trying to investigate the Ov3f3-decay. The currently best limits come from
KamLAND-Zen, using 136Xe and GERDA, using 76Ge. Depending on the matrix
element used for the calculation the effective Majorana neutrino masses upper limit

is between mgg < 61 - 165 meV [28].

2.3.3 Neutrino mass limits from single beta decay

The B-decay has played an important role in neutrino physics ever since considering
that inconsistencies in the 3-spectrum led to its postulation and the inverse 3-decay
eventually led to its discovery. What makes the single 3-decay so appealing for
neutrino mass experiments is the fact that they are completely model independent
as they are solely based on kinematics.

The information on the neutrino mass is contained in the endpoint region of the
B-spectrum. Looking at the 3-decay,

IN = 4N +e” +7, (2.11)

the decay energy is shared between the emitted electron and neutrino. If the
neutrino has a mass of zero, then the maximum energy the electron can have is
the Endpoint energy Ey. In that case the electron gets the entire available energy.
However, if the neutrino has a non zero mass then at least the energy it takes to
create the neutrino, namely the energy corresponding to its rest mass, must be
substracted from Ey. This can be seen in fig.

10
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Figure 2.2: Spectrum of the single 3-decay for m, = 0 eV (red) and m, = 1 eV (blue).
Here it can be seen, that the impact of the neutrino mass is indeed very tiny and
most prominent at the endpoint of the spectrum, where in the case of tritium only
about 10713 of all decay electrons end up. (Image taken from [29])

One of the many difficulties is the requirement of a precise knowledge of the
spectrum. The differential spectrum is obtained by the Fermi theory.

dN
q —C FZE)-p-(E+me)-(Eo—E) (2.12)

-\/(EO—E)Z—mfg@(EO—E—mﬁ)

with F(Z, E) being the Fermi function, taking into account Coulomb interactions
between daugher nucleus and electron, p being the momentum, m, the mass and
E the kinetic energy of the electron. Ey is the endpoint of the spectrum assuming a
neutrino mass of zero mg = 0. The constant C:

G2 cos(6c) | M2
273

contains the Fermi constant Gr, the Cabibbo angle 8- and the matrix transition

C= (2.13)

element M. One important thing to mention here is that in principle the spectrum
is a superposition of three different spectra corresponding to the three different
mass eigenstates with the amplitude of each single spectrum corresponding to

11
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the squared mixing element |U,;|? of the respective mass eigenstate to the electron
neutrino. With today’s state-of-the-art experiments however the energy resolution
is not high enough to actually distinguish between the different spectra and so what
is measured is the effective electron antineutrino mass mg which is an incoherent

sum of the mass eigenstates.

mg =Y |Uei[*m? (2.14)
i

Typical elements that are used for single $-decay experiments are Holmium
(HOLMES experiment [30] and ECHo experiment [31] via electron capture),
Rhenium (Milano experiment [32] and MARE experiment [33]) and Tritium (Project
8 [34] and the KATRIN experiment [8]]). In the following the focus will be put on
tritium and the KATRIN experiment.

Tritium has a lot of advantages that make it an excellent choice for 3-decay ex-
periments. First of all it has one of the lowest endpoints of Ey ~ 18.6 keV, which
is necessary for getting a high enough count rate near the endpoint. For the same
reason its low half life of only T, = 12.3 yr is also advantageous because the need
for a huge amount of source material gets mitigated. Furthermore hydrogen is
a very well-known element when it comes to theoretical description. Most of it
can easily be transferred to tritium *H respectively to the tritium molecule T,. The
tritium (-decay is a superallowed decay and the energy independent transition
matrix element | M| is very easy to calculate. At last the low nuclear charge of
Z=1(H) and Z =2 (*He ") makes calculations generally easier, for example the
Fermi function or other quantum mechanical corrections. Also the probability of
scattering of the emitted electrons within the source is lower than for nuclei with a
higher Z.

Unfortunately it is not straightforward to use atomic Tritium. Instead molecular
Tritium is utilized.

T» — 3HeT" +e™ + 17, (2.15)

With tritium in its molecular form however arise new difficulties such as the
distribution of its final states. Not only can the daughter molecule be electronically

excited, it can also have rotational and vibrational excitations. Those final states have

12
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to be considered in the differential spectrum and equation 2.12 has to be modified in

the following way:

(:11;] IC-F(Z,E)~p- (E—f—me) 'ZPf(Eo—E—Vf)
f (2.16)

‘\/(Eo—E—Vf)z—mé~®(E0—E—Vf—m5)

with Py being the probabilities of the final states and V; the respective energies.

The KATRIN experiment, like its predecessor experiments in Mainz [5] and Troitsk
[6], makes use of the MAC-E filter principle, which will be explained in more detail
in the next chapter. The currently best direct limit from single 3-decay experiments
comes from a combined analysis of the Mainz and Troitsk neutrino mass experiments

and is given by mg <2.0 eV (95 % C.L.) on the neutrino mass [7].

13






Chapter 3

The KATRIN experiment

The KArlsruhe TRItium Neutrino (KATRIN) experiment aims to reach a sensitivity
of 200 meV/c? (90% C.L.) on the effective electron anti-neutrino mass. For this
ambitious goal it is inevitable to make use of state-of-the-art technology as well as
an excellent knowledge of the underlying physical model and all the experimental
systematic uncertainties. In the following the experimental setup and the measure-
ment principle will be explained. All numbers used in this chapter are just KATRIN
design values and may be different to the values actually used during early data

taking.

3.1 Setup

The whole 70m long experimental setup can be seen in fig. startig with the rear
section and the Windowless Gaseous Tritium Source (WGTS) over the transport
section with Differential Pumping Section (DPS) and Cryogenic Pumping Section
(CPS) and the spectrometer section including the Pre Spectrometer (PS) and the
Main Spectrometer (MS) and finally ending with the Focal Plane Detector (FPD).

3.1.1 Rear section

The main task of the rear section is monitoring and calibration. It controls the electric
potential of the source gas and monitors the source gas activity. Later there will also
be an angular selective electron gun (E-gun) for monitoring the column density of
the source gas by considering scattering at different energies. This E-gun was not
yet available for the first data taking phase. Fot that reason it was necessary to look

15
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a) b)

Figure 3.1: All components of the KATRIN experiment setup. a) Rear section, b)
Windowless Gaseous Tritium Source WGTS, ¢) Differential Pumping Section DPS,
d) Cryogenic Pumping Section CPS, e) Pre Spectrometer PS, f) Main Spectrometer
MS, g) Focal Plane Detector FPD.

for alternative ways to determine the column density. This topic is addressed in
chapter 6.

3.1.2 Windowless gaseous Tritium source

The source of the KATRIN experiment is a Windowless Gaseous Tritium Source
(WGTS). The tube containing the gas is 10 m long and has a diameter of 90 mm. To
prevent energy loss due to scattering on any solid material the source was designed
to be windowless. This in turn calls for pumping of the outgoing gas on both
sides of the source tube. The pumped gas is fed back into the source through the
inner loop system in order to obtain constant conditions inside the source regarding
density and gas composition. The column density is kept at a constant level of
pd = 5-10'7 ecm~2. This number is a trade-off between high luminosity and reduced
scattering probability of the emitted electrons with the remaining source gas. It
corresponds to about 10!! decays per second with isotropical angular distribution.
Furhermore the gas is constantly cooled to a stable temperature of 30 K to keep
energy smearing by the thermal Doppler effect to a minimum. The gas itself has
a very high purity of 95% T, and only small amounts of other isotopologues DT
and HT as well as tiny amounts of D, or Hy. The whole WGTS is set on a magnetic
field of 3.6 T which causes the electrons emitted in forward direction to move with a
cyclotron motion around the magnetic field lines in the direction of the spectrometer
section. Altogether the source is constructed in a way to ensure maximal luminosity

with minimal systematic effects. Keeping the source gas at a very high stability is

16



3.1 Setup

also one key property since even small fluctuations have huge impact on the signal
that KATRIN is looking for.

3.1.3 Differential pumping section

The purpose of the transport section is the reduction of residual gas coming from the
windowless source by a factor of 10! to prevent any gas entering the spectrometer
section and the adiabatic guidance of electrons to the spectrometer. The adiabatic
guidance is part of the MAC-E filter principle, which will be explained later. The
first part of the transport section is the differential pumping section (DPS). The DPS
consists of 5 parts that are tilted with respect to each other by 20°. While the electrons
are guided through the DPS via magnetic fields, the neutral gas molecules collide
with the walls and are eventually pumped out by one of the four Turbomolecular
Pumps (TMP) sitting between the beamtube elements. Positive ions are in principle
also following the magnetic field lines just like the electrons, but they are trapped
inside the DPS from both sides. On the source side they get repelled by the gas
pressure while a slightly more positive potential on the other side stops them from
escaping the DPS. In the end the ions are removed by the F x B -drift of an electric
dipole. The DPS reduces the tritium flow by a factor of 10”.

3.1.4 Cryogenic pumping section

The cryogenic pumping section (CPS) has the task to remove any residual traces of
gas that made it through the DPS. Its tube elements, which are also tilted by 20°, are
cooled down to a temperature of just a few Kelvin above absolute zero. They are
covered with Argon frost that passively adsorbs the remaining gas molecules when
they hit the walls of the CPS. The CPS reduces the tritium flow by another factor of

107 so that after the whole transport section a reduction factor of 10 is achieved.

3.1.5 Pre spectrometer

Before the electrons coming from the transport section can enter the main spectro-
meter they first have to pass the pre spectrometer. The pre spectrometer is set on a
retarding potential of 18.3 keV, reflecting all electrons that have less energy than at

least 300 eV below the maximally reachable endpoint energy Eg. The first reason

17
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for this is that electrons can ionize rest gas in the main spectrometer which leads to
unwanted background. The second reason is that a high electron density in the front
part of the main spectrometer can influence the retarding potential and thus disturb
the high-precision 3-spectroscopy of the endpoint region. After the pre spectrometer
only about 10° electrons per second enter the main spectrometer. Both the pre and
the main spectrometer work with the Magnetic-Adiabatic-Collimation combined
with an Electrostatic (MAC-E) filter principle, which will be explained in more detail

in section 3.2.

3.1.6 Main spectrometer

In the main spectrometer the electrons get analyzed by an ultra stable retarding
potential that scans a range around the endpoint region of the spectrum in order
to perform an integral measurement. The whole vessel has a length of almost 24 m
and a diameter of 10 m. The size is necessary to ensure the electrons adiabatic
motion and to prevent the signal electrons from hitting the walls as the magnetic
flux tube widens with the decreasing magnetic field inside the main spectrometer.
The magnetic field has to be decreased by four orders of magnitude within the
spectrometer following the MAC-E filter principle which will be introduced in
section 3.2. By using this measurement principle the KATRIN spectrometer reaches
an excellent energy resolution of AE = 0.93 eV at an electron energy of 18.6 keV.
To counter background coming from electrons interacting with gas molecules the
spectrometer is connected to a vacuum system providing a pressure in the range
of only 107! mbar. This ultra high vacuum is the same as on the moon’s surface.
Further background can occur in the form of electrons from the vessel walls. Those
electrons get reflected by the inner electrode system. This system consists of thin
wires placed in a short distance to the spectrometer walls that also allow for fine
tuning of the electric field inside the spectrometer. The huge aircoil system around
the main spectrometer vessel compensates for the earth magnetic field.

3.1.7 Focal plane detector

The electrons that make it through the voltage barrier of the main spectrometer will
be re-accelerated and eventually be counted by the focal plane detector (FPD). The
re-acceleration helps to discriminate the signal electrons from background. Only

18
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Figure 3.2: The FPD and its 148 pixels. The bullseye has 4 pixels and the 12 rings
have 12 pixels each. Every pixel has the same area. [35]

about one electron per second will hit the silicon detector that has a diameter of
90 mm. The detector is divided into 148 pixels of equal area to provide good spatial
resolution. Fig. 3.2|shows the detector layout.

The segmentation into pixels allows for a precise mapping of inhomogenities in
the retarding potential and magnetic fields of the experimental setup by measuring
an independent 3-spectrum in each pixel.

Due to the very low count rate per pixel in the signal region there is need for an
extremely low background. Therefore the detector system has active and passive
shieldings against cosmic background. Moreover the energy resolution of about
1 keV is used for further background discrimination. Although there is a very low
count rate per pixel in the signal region, the detector is also able to handle higher

rates for calibration measurements.

3.2 Measurement principle of the MAC-E Filter

The electrons are emitted isotropically in the WGTS. Electrons that are emitted in
forward direction will be guided in the direction of the spectrometers by magnetic
fields. However, the electrons that are not emitted with an angle of 6 = 0° to the

magnetic field lines will be forced on a cyclotron motion around the magnetic field
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electrode structure Binin
for retarding potential

superconducting

minimum magnetic field

f - magnetic field lines
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momentum of an electron relative to the magnetic field direction without retarding potential

Figure 3.3: The MAC-E Filter principle. By reducing the magnetic field by four
orders of magnitude, the transversal part of the electrons energy gets transformed
into parallel energy. The maximal transversal energy that electrons still can have at
the analyzing plane determines the energy resolution of the spectrometer. (Image
taken from [36])

lines. This means that the electrons energy can be split into a parallel and transversal
part with respect to the magnetic field lines.

Exin = EH +E; (3.1)

The spectrometer works as a high-pass filter. Only the electrons that have a
higher energy than the retarding potential can pass. In the analyzing plane however
only the parallel part E| is analyzed by the electrostatic filter. Consequently the
transversal part E | needs to be transformed into E|| to achieve both high count rates
and a good energy resolution. This can be realized by making use of the MAC-E
filter principle, which can be explained with fig.

The magnetic field has to be reduced by four orders of magnitude from the
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entrance of the spectrometer to the analyzing plane. This has to happen adiabatic-

ally to ensure that the magnetic moment y is conserved, hence the big size of the

spectrometer.

% = u = const. (3.2)
From equation 3.2 it can be seen that by reducing the magnetic field, the trans-

versal energy E | gets reduced simultaneously. This can only be done to some extent,

since the magnetic flux (eq. 3.3) is constant at all times.
%
b= / ? d A = const. = 191 Tem? (3.3)
A

Consequently, lowering the magnetic fields increases the size of the flux tube.
That size is limited by the diameter of the spectrometer vessel. As a result of this,
there is a maximal transversal energy, that can not be transformed. This energy
determines the energy resolution of the spectrometer by:

Bmin

Bmax

AE = E (3.4)

For electrons with an energy close to the endpoint the resolution is AE = 0.93 eV.
As can be seen in fig. after the analyzing plane the magnetic field increases
again up to the maximal magnetic field B,y at the pinch magnet between main
spectrometer and the detector. The same maximal magnetic field is applied at the
entrance of the main spectrometer. When the magnetic field becomes higher than
in the source it causes the transversal energy to increase above its initial value.
The moment the angle exceeds 90°, the electrons are reflected by the magnets and
return to the source. This is known as a magnetic mirror. Since the magnetic
field at the pinch magnet is higher than the one in the source, where the electrons
are emitted, not all electrons emitted in forward direction can reach the detector,
even if they had enough energy to overcome the retarding potential in the main
spectrometer. The point in doing this is that electrons with a larger starting angle
will perform the cyclotron motion with a bigger radius, effectively lengthening the
electron’s path through the source. This in turn increases the probability of the
electron being scattered and the amount of energy loss via synchrotron radiation.
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Theoretical Beta Spectrum  x  Response function — Integrated Spectrum
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Figure 3.4: The differential spectrum of the electrons emitted in the source gets con-
voluted with the experimental response function to create the integrated spectrum

The magnetic fields are set in a way to only allow electrons up to a maximal starting

angle 6,,,x >~ 51° to be measured.

B . Bs \ i 3.6T\ .
010 = arcsin ( Bmax) = arcsin ( T ) = 50.77 (3.5)

With Bg being the magnetic field in the source. All electrons that are emitted

under 6 > 6,4, get reflected by By

3.3 Modeling of the Spectrum

The underlying model that is used to simulate the measured spectrum can be split
in three parts, as illustrated in fig.
The first part is the differential beta decay spectrum as introduced in chapter

2.3 (eq. 2.16). The second part is the response function of the experiment which
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normalized transmission function T(E,qU,)
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AE = 0;93 eV ‘
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Figure 3.5: The transmission function is a transmission probability for electrons of a
certain energy to overcome the retarding potential in the analyzing plane. (Slightly
changed image from [37])

describes effects of the source and the spectrometer. The spectrometer properties are
represented by the transmission function (normalized):

0 E-qU<0
1—./1 - EzqUBs 2
T(E,qU) = V1= 0<E—qU < AE (3.6)
q = q
1_ 1_Bmfzx
1 E—qU > AE

With Bs being the source magnetic field and B4 being the magnetic field of
the analyzing plane. It is the transmission probability for electrons of a certain
surplus energy E — qU and any starting angle related to Bs/ B4 for a given retarding
potential gU. The transmission function is illustrated in fig.

As already mentioned in the section about the MAC-E Filter, electrons are emitted
isotropically in the source. Electrons that are emitted under a starting angle of
6 = 0° need at least the energy that is set by the retarding potential to be able
to pass the analyzing plane. Electrons with a starting angle 8 > 0° will have a
finite amount of transversal energy that is not seen by the analyzing plane. Those
electrons need some surplus energy to be able to overcome the potential which

23



Chapter 3 The KATRIN experiment
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Figure 3.6: The response function of the KATRIN experiment. About 41% of electrons
leave the source unscattered. As those electrons have not suffered energy loss
through scattering they just follow the transmission function shown in the inset. The
mean energy loss of inelastic scattering is about 13 eV. That is where the response
function has its second step that corresponds to electrons that have scattered once
before leaving the source. (Image taken from [38])

peaks at AE = 0.93 eV for electrons that are emitted under the maximal starting
angle 0,4y
The Response function is a convolution of spectrometer properties, namely the

transmission function T (E, gU) and source properties like scattering.

E—qU

R(E, qU) = / T(E —¢,qU) - (Pod(€) + Pif(e) + Pa(f @ f)(€) +..)de  (3.7)
e=0

Here the P; are the scattering probabilities for i'th scattering and f(€) is the energy
loss function, describing the probability of loosing a certain amount of energy €
during a scattering. This leads to an actual transmission probability as a function of
starting energy. The response function is shown in fig.

At last the third part in fig. 3.4{shows the integrated spectrum which is eventually
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Figure 3.7: The integrated spectrum is a convolution of the differential spectrum and

the response function.

measured by the detector. It is a convolution of the differential spectrum (eq. 2.16)
and the response function (eq. 3.7).

Eg
dN(qU) = N - [ SE(Bo,m) - R(E,qU) dE (338)
qu

where N is a normalization that consists of the maximal starting angle of electrons
Omax, the tritium purity in the source Nt and the efficiency € of the detector. A
simulated integral spectrum can be seen in fig.

At last the model has to take into account pixel dependent effects. Those effects
include inhomogenities in the retarding potential and the magnetic fields as well as
gas properties in the source such as temperature, density and velocity asymmetries.
Also the background is different for all pixels. Consequently every pixel can be
modeled with its own differential spectrum and response function. Fig. 3.8[shows

an example what a pixel dependent magnetic field can look like.
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Figure 3.8: Example of a pixel dependent magnetic field.

3.4 Analysis Software tools

The KATRIN collaboration has very sophisticated and advanced software tools to
model and fit the data available.

3.4.1 SSC and KaFit

The official software of the KATRIN collaboration is the Source and Spectrum
Calculation (SSC) written in C++ [39][40]. It is based on the previously described
model in chapter 3.3, which is just a basic description with no mention of any
corrections or details. SSC includes all known theoretical and experimental effects
in detail. The effects can be turned on and off individually which makes it possible
to examine their influence on the spectrum and the fitting parameters one by one as
explained in further detail in the next chapter. SSC provides the theoretical spectrum
normalized to one second. In order to actually simulate data the measuring time
distribution (MTD) is needed. The MTD contains the retarding potentials at which
the measurement takes place and the time intervals spent at each potential. The
theoretical spectrum gets combined with the MTD by the attending framework
KaFit, which can also perform a poissonian randomization of the simulated rates.
While SSC provides the theoretical spectrum, KaFit is used as a fitting tool. KaFit

can read in data and minimizes a negative log-likelihood with respect to the four
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parameters endpoint Eo, neutrino mass squared 2, signal rate Rg;q and background

rate Rpg as highlighted in equation 3.9:

Ep
dN(qU) = Rgjq - / %(EO, m;) - R(E,qU) dE + Rp, (3.9)

qu
The likelihood is minimized by the classical minimizer Minuit but KaFit can also
perform a Bayesian analysis by using Monte Carlo Markov Chains. SSC and KaFit
are under constant improvement and optimization by the collaboration. Within the
frame of this thesis SSC and KaFit were mainly used for sensitivity studies and the

study of systematic effects as elucidated in the next chapter.

3.4.2 Fitrium

Fitrium [41] is a new C++ code describing the integrated spectrum of the KATRIN
experiment. It is designed to work fast and can handle many free parameters.
For this purpose it uses caching mechanisms and is parallelizable. In Fitrium it
is possible to treat control parameters such as the different magnetic fields or the
column density as fit parameters and to apply pull terms to the likelihood for all fit
parameters. It is also possible to switch from a poissonian to a gaussian likelihood
in order to treat systematic effects by using covariance matrices describing the
uncertainties of control parameters. Besides systematic effects like the doppler effect,
Fitrium also includes energy dependent effects like an energy dependent inelastic
cross section and an energy dependent detector efficiency which were implemented
in the frame of this thesis. Within the frame of this thesis Fitrium was used for
accuracy studies shown in the next chapter, for the analysis of the First Tritium data
shown in chapter 5 and the column density determination in chapter 6.
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Chapter 4
Sensitivity studies

After a short overview of how the sensitivity is calculated this chapter contains a
table of some selected systematic effects and their impact on the neutrino mass fit
results as well as a short explanation of how the size of those effects can be obtained.
The main purpose of this chapter is to investigate the importance of effects at differ-
ent stages of the KATRIN experiment. As measurement time passes the statistical
uncertainty gets smaller and consequently the treatment of systematic effects gets
more important. In the conclusion of this chapter the results are summarized.

The sensitivity on the neutrino mass in the KATRIN experiment is defined in
the following way. Assuming a gaussian distribution of the estimates of m2 the

sensitivity is determined by the total uncertainty oy,

S, (90% C.L.) = /1.645 - 0porar 4.1)

with the total error composed of statistical and systematic uncertainties:

— 2 2
Utotul - Ustat + Usyst (4'2)

The statistical uncertainty oy,; decreases with measurement time. The size of the
statistical uncertainty depends on the measuring time distribution (MTD), especially
regarding the size of the measurement interval, and of the background rate of the
experiment. The statistical uncertainty gets better with an increasing measurement
interval and worse with an increasing background rate. The sensitivity of the KAT-
RIN experiment as a function of total measuring time is limited by the value of the
systematic uncertainty. Using the values of the KATRIN design report the statistical
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uncertainty gets small enough to approach the value of the systematic uncertainty
asymptotically after three years of measuring time, leading to the final sensitivity.
With the originally assumed values of the MTD and a background of 10 mcps the
statistial uncertainty after three years was determined to be ;s = 0.0166 eV2 [39].
Even though the quadratic sum of all known systematic errors is smaller than this,
the systematic budget is chosen to be in the same order as the statistical error so
that unidentified effects can be included, giving oyt = 0.017 eV2. Plugging those
numbers in equations 4.2 and 4.1 gives a sensitivity of S;,,(90% C.L.) = 198 meV. This
number can be interpreted as an upper limit on the neutrino mass in case KATRIN
does not find the neutrino mass. At the same time a neutrino mass of m, = 350 meV

can be measured at a level of 5¢.

4.1 Table of Systematics

The systematic shift of the neutrino mass induced by neglecting a single effect can be
obtained in the following way. Two spectra need to be created, one of them including
an effect and the other one neglecting it. Otherwise both spectra need to be identical.
The neutrino mass is set to zero in both spectra. The spectrum including the effect
is combined with a MTD to generate some data without statistical fluctuations.
The generated data get fitted to the spectrum neglecting the effect. If the effect in
question has influence on the shape of the spectrum in a way that it can mimic or
shift a neutrino mass signal, then a fit based on a model neglecting that effect should
return a certain non-zero value for the squared neutrino mass even though it was
set to zero in the generated data. The size of the result determines the systematic
shift of the squared neutrino mass produced by this effect. Note that this procedure
just states the shift of the squared neutrino mass if the effect is completely neglected
and does not make any statement on the uncertainty by an imprecise knowledge of
the effect.

In the end all systematic uncertainties get added quadratically to give the total
systematic uncertainty os,s;. This holds only if the systematic effects are uncorrelated.
Table4.1| contains an overview over some of the most important systematic effects

and their corresponding shifts of the squared neutrino mass. The systematic effects
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included in table 4.1] are [40]:

* Doppler effect: There are two sources of the doppler effect. The first doppler
effect comes from the bulk velocity of the gas flow. The gas is pumped into the
WGTS at the middle of the tube and flows to both ends, where it is pumped
out. The doppler effect coming from this motion of the gas is tiny as the
velocity of the gas is very small. The second and more important doppler
effect comes from the thermal motion of the gas molecules. Even though the
source gas is cooled down to a temperature of only 30 K, the tritium molecules
still have enough energy to produce a considerable doppler effect. In SSC this
effect can be incorporated in two different ways. In the first way the doppler
effect is included in the final states distribution (FSD) by a broadening of the
distribution. This way only the thermal effect can be included. If the doppler
effect coming from the bulk velocity also needs to be included there is also
the way to directly incorporate both doppler effects (thermal and bulk) in
the calculation of the integrated rate by convoluting the differential spectrum
with a broadening kernel. Both ways are represented in table 4.1|and produce
nearly the same shift of the squared neutrino mass if neglected.

* Relativistic corrections on Transmission function: The transmission function
contains the relativistic gamma factor -y as can be seen in the equation for the
transmission function (eq. 3.6). Neglecting this factor leads to a shift of the

squared neutrino mass.

* Detailed magnetic field inside WGTS: The magnetic field inside the WGTS
is not completely constant. There is a magnetic field profile along the z axis
of the source. Small deviations of the magnetic field at the pump ports are
present that induce a small shift of the squared neutrino mass if neglected.

* WGTS Segmentation: SSC can divide the WGTS into slices in order to prop-
erly take effects with a z-dependence into account. Dividing the WGTS into
slices for generating data, but setting only one slice in the model that is used
for fitting does not produce any noticable shift on the fit parameters by its

own. Only after z-dependent effects like the detailed magnetic field are active
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32

in both spectra (generated data spectrum and model spectrum) a shift of the

squared neutrino mass can be seen.

Detailed Transmission function for zero Scatterings: Electrons are emitted
isotropically in the source. For the standard transmission function the assump-
tion is made that the distribution of electrons between a starting angle of 6 = 0°
and 6, is isotropic. In reality electrons with smaller starting angles have a
higher chance of leaving the source without scattering while electrons with
higher starting angles are more likely to scatter off gas molecules because of
their longer path inside the source gas. After scattering some of the electrons
do not have enough energy to overcome the retarding potential anymore.
Consequently the angular distribution of electrons leaving the source is not
isotropic anymore. There is an angular distribution of electrons having un-
dergone a specific number i of scatterings and a corresponding transmission
function T/ (E, gU) for every number of scatterings. The detailed transmis-
sion function for zero scatterings T (E, qU) has by far the biggest influence.
T (E, qU) is used in the generated data. Higher numbers of scatterings are
calculated with the standard transmission function. Neglecting this effect and
fitting only with the standard transmission function leads to the shift of the
squared neutrino mass shown in table

1D Gasdynamics: The source gas dynamics can be modeled including temper-
ature, velocity and density asymmetries. Neglecting these and instead using
constant averaged values of those parameters for fitting leads to a systematic
shift of the squared neutrino mass.

Radiative corrections: The radiative correction factor describes electromag-
netic effects including virtual and real photons. Of all theoretical corrections

this effect produces the highest shift of the squared neutrino mass if neglected.

Energyloss due to Synchrotron radiation: Electrons with a starting angle
8 > 0° will perform a cylotron motion around the magnetic field lines and
thereby lose energy via synchrotron radiation. The higher the starting angle,
the more energy is lost via this effect. Electrons with a starting angle of zero do
not emit synchrotron radiation. The neglect of this effect produces the highest
shift of the squared neutrino mass of all effects listed in table



4.2 Analysis model at different stages of the KATRIN experiment

Table 4.1: Table of systematic effects and their corresponding shift on the squared

neutrino mass [40].

: 2
Effect Description Shift of An,
in 1073 eV?2
Doppler effect broadening FSD -18
Doppler effect calculated in integral 174
(thermal and bulk)
Relativistic corrections on 5.6
Transmission function '
Detailed magnetic field mag. field profile along z axis 1.9
inside WGTS
WGTS 1 Slice for analysis (100 Slices in Simulation) 0.005
WGTS 1 Slice for analysis (100 in Sim., both with -4.5
detailed magnetic field)
Detailed Transmission function taking non-isotropic dist. of e~ 121
for zero Scatterings after scattering into account .
1D Gasdynamics including Temperature, velocity 33
and density asymmetry
Radiative corrections -1.97
Energyloss due to Synchrotron 314

radiation

4.2 Analysis model at different stages of the KATRIN

experiment

For data being analyzed at earlier times than the full three years, there are different

constraints on the analysis model. Usually the systematic uncertainty is chosen to

be on the same level as the statistical uncertainty and therefore the model can be

adjusted to fit the required level of uncertainty for different times.

!
Ostat = UOsyst

(4.3)
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This allows neglecting certain computationally expensive effects in an early ana-
lysis and leads to more loose boundaries on the accuracy of some parameters.

As mentioned above, the statistical uncertainties are strongly dependent on the
measuring time distribution and the background. In order to predict a value of the
uncertainty for different times during the measurement phase, the settings chosen
for the simulation have to correspond as close as possible to the real settings.

At this point it is very important to make it clear that the statistical uncertainty
is different to the originally calculated value of ot = 0.0166 eV? after three years.
The main reason for this is the fact that during background measurements the
background rate turned out to be higher than expected. This caused a significant
increase of the statistical uncertainty and thereby a worsening of the sensitivity.
To counter this the magnetic field settings were slightly changed. The magnetic
field at the analyzing plane was chosen to be larger than the original value of
B4 =3-10"*T =3 G. This way the magnetic flux tube radius was decreased. As
a consequence a lower number of background electrons originating from inside
the spectrometer could reach the detector. On the other hand the resolution of
the spectrometer was worsened as can be seen in equation 3.4. Simulations where
both effects were balanced against each other revealed that the best sensitivity can
be achieved by setting the magnetic field B4 = 9 G [42]. For technical reasons all
magnetic fields of the entire setup were lowered by 30% leading to the values of the
magnetic fields that are shown in the tables4.2/and An additional point is the
fact that the MTD has a significant influence on the statistical uncertainty as well.
For the studies that are presented in this chapter a flat time distribution with a range
of 60 eV below the endpoint was used (see table [A.2).

The evolution of the statistical uncertainty as a function of measuring time can be
seen in fig. 4.1 while the evolution of the sensitivity as a function of time is shown
in fig. setting Osiat = Ogyst at all times.

In the following the measurement will be divided into three sections: the low
statistics measurement, the time after which the sensitivity on the neutrino mass
reaches 1eV and the full three years measurement. For each of those areas the
settings can slightly differ, depending on the anterior results and information gained

during earlier measurements.
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Figure 4.1: The statistical uncertainty oy, as a function of measuring time assuming
a magnetic field of 9 G at the analyzing plane and a background rate of 225 mcps.
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Figure 4.2: Sensitivity as a function of time, assuming os;,r = 0syst at all times.
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Table 4.2: Settings used for beforehand simulations of the low statistics measurement.

Parameter Value
Column density 2.5.102! %
Bsource 252T
Binax 42T
Bana 6-1074T
Bg 225 mcps
Tritium purity 0.01
WGTS Temperature 30K

4.2.1 Low statistics measurement

The simulations of this segment were performed before the First Tritium campaign
but were inspired by it. Table |4.2| shows the settings that were assumed for the
simulations. The MTD used for the simulations can be found in table in the
appendix.

With a total measuring time of 7 days KaFit calculates the statistical uncertainty
to be 0yt = 10.41 eV2. That means, setting the systematic uncertainty to the
same value and using equations 4.1 and 4.2, the sensitivity on the neutrino mass is
Sm,(90% C.L.) =4.921 eV.

4.2.2 Sensitivity of 1eV

Once the main measurement phase starts, the source will have its full activity.
For the estimation of the statistical uncertainty a flat time distribution is assumed
covering the range [Ep - 60 eV, Ep + 5.0 eV]. The settings and time distributions for
the simulations are shown in the tables [4.3| (settings) and (MTD).

For those settings the statistical uncertainty reaches the value oy = 0.4299 eV?
after about 0.265 months (~ 8.08 days) runtime, which corresponds to a sensitivity
of 511,(90 % C.L.) = 1 eV (setting 0stat = Tsyst)-
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Table 4.3: Settings used for simulations of the full measurement phase

Parameter Value
Column density 5. 102! iz
m
BSource 252T
Binax 42T
Bana 6-1074T
Bg 250 mcps
Tritium purity 0.95
WGTS Temperature 30K

4.2.3 Full measuring time

The KATRIN experiment will run for five calendar years including offline time
for maintenance. The full run-time will be three years. For simulations the same
settings as in section 4.2.2 are assumed. Here KaFit gives a statistical uncertainty
of gt = 0.0368 €V? after three years. As a short reminder, this value differs from
the originally calculated value of oy, = 0.0166 eV2 because the magnetic fields are
different to the originally planned ones as explained above.

In fig. it can be seen that after three years of measurement a sensitivity of
Sim,(90% C.L.) = 293 meV can be achieved (setting o5t = 0sys¢). Holding onto the
original systematic budget of vy = 0.017 eV? the sensitivity can be enhanced to a
value of S,,,(90% C.L.) = 258 meV. Further improvement of the sensitivity can be
reached by optimizing the MTD. For the studies in this chapter a simple flat time
distribution was chosen.

4.3 Evaluation

Eventually the size of the systematic effects is compared to the statistical uncertainty
at the different stages to justify a possible neglect of computationally expensive
effects in the analysis. Table [4.4]is showing the size of the three systematic effects of
table 4.1 with the biggest shifts relative to the size of the statistical uncertainty at
different stages of the experiment. Those effects are the doppler effect, the synchro-

tron radiation and the transmission function for non-isotropic angular distribution
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of electrons. The portions shown in table 4.4/ come from a direct comparison of the
shift of a single effect and the statistical uncertainty at the three stages. For getting
the total systematic uncertainty those values need to be added in quadrature:

2 _ 2 2 2
Usyst.,total - Usyst.l + Usyst.Z + Usyst.3 + .. (4-4)

That means that for getting the portion of one of the systematic effects compared
to the systematic budget the values in table 4.4 need to be squared. Corresponding
to this fig. 4.3|shows the time at which the different individual effects reach 10% of
the statistical uncertainty. From this it can be seen that neither for the low statistics
measurement nor for the time at which the sensitivity reaches 1 eV during the
full measurement any of the systematics of table |4.1| gets bigger than 10 % of the
statistical uncertainty. Especially for the low statistics data all effects individually
have very small impact due to the high statistical uncertainty and can in principle
be neglected regarding a neutrino mass measurement. Because of the low sensitivity
on the neutrino mass however it will not be considered as a fit parameter during the
First Tritium campaign.

Table[d.5[shows the necessary accuracy on some of the parameters to not contribute

more than 10% to the systematic budget: Amﬁ é 0.1 ostat. This was done by varying
the value of a parameter in small steps in the generated data spectra. Then those
spectra were fitted with a fixed value of the parameter in question. That way the
systematic shift can be plotted as a function of relative offset of a parameter. Fig. [4.4]
shows this plot exemplary for the column density. If the model spectrum that is
used for fitting data takes a wrong value for the column density, deviating by x%
from the true value, the squared neutrino mass will be shifted by y(x) eV

The values of the precision requirements after 3 years of measurement in table
are remarkably small. Especially the required 0.016% precision on the column
density can very likely not be reached. The KATRIN design report states an uncer-
tainty of 0.1% on the column density. That is one order of magnitude bigger than
the 0.016% that are needed. With an uncertainty of 0.1% on the column density the
neutrino mass shift would take up about Am? = 0.022 eV? which is about 60% of
the systematic budget. This is caused by the choice of the measuring time distribu-
tion. The size of systematic shifts is dependent on the MTD. Using an optimized

MTD and a range of 30 eV the design report value of an uncertainty of 0.1% on the
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Table 4.4: Portion of individual systematic effects at different stages of the KATRIN
experiment. The portion of an effect at the different stages shows how big the shift
of the squared neutrino mass would be relative to the statistical uncertainty if the
corresponding effect is neglected. It can be seen that the effects get more influence
as the statistical uncertainty decreases. Stage A:Low Statistics, 0y = 10.41 evV?,
Stage B: 1eV Sensitivity, oy, = 0.4299 eV?, Stage C: 3 Years, 0yt = 0.0368 eV?

Stage Stage A Stage B Stage C
Effect SysAt'r:? ift Portion (%)
v
in 1072 eV?
transmission
function 12.1 2.8 329
with
non-isotropic
angular dist.
syncrotron -31.4 7.3 85.3
radiation
thermal -18 42 48.9
doppler effect

Table 4.5: Restrictions on the accuracy of parameters at different stages of the
KATRIN experiment. Stage A: Low Statistics, ogq = 10.41 eV?, Stage B: 1eV Sens-
itivity, ossar = 0.4299 eV?, Stage C: 3 Years, 054t = 0.0368 eV2. The parameters have
to be known within those limits in order to keep the shift of the squared neutrino
mass created by an individual parameter below 10% of the total systematic budget,

!
so the targeted accuracy is Am? < 0.1 0y, The systematic budget is given by the
statistical uncertainty at different times. The MTD for the 1eV Sensitivity and the 3
years measurement simulations was flat in a range of 60 eV below the endpoint.

Stage Stage A Stage B Stage C
Parameter Accuracy (%)
Column density —0.49/ +0.43 —0.20/ +0.18 —0.016/ + 0.016
Bsource —1.53/ +1.31 —0.69/ 4+ 0.61 —0.061/ + 0.058
Biiax —1.24/ +1.48 —0.50/ +0.57 —0.047/ + 0.050
Bana ~ +40 —-1.71/ 4+ 1.55 —0.14/ 4+ 0.14
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Figure 4.3: The statistical uncertainty o, as a function of measuring time. The graph
shows at which times a systematic effect reaches 10% of the statistical uncertainty.

column density in order to keep the systematic shift at about 10% of the statistical
uncertainty can be reproduced, while for a flat distribution in the range of 30 eV the
requirement gets more stringent to about 0.08%. Compared to the requirement of
0.016% using a flat distribution in a range of 60 eV or 0.019% using an optimized
MTD in a range of 60 eV this is a significant improvement.
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Figure 4.4: Systematic shift of the squared neutrino mass as a function of the of the
column density offset. The x-axis is the relative deviance of the column density
from the model value. The y-axis is the shift of the squared neutrino mass if the
wrong model value is used for fitting. By setting a limit for a maximally allowed
neutrino mass shift the accuracy at which the column density needs to be known
can be determined.
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Chapter 5
First Tritium data

This chapter serves as an overview of the methods that are used to analyze the data
and to present a first look at the data. In the end of May and early June 2018 KATRIN
took first data with tritium during two separate campaigns, namely the Very First
Tritium and the First Tritium campaign. Besides testing the whole data processing
and analysis chain one goal was also to gain first results of the fitting parameters.
One big endeavor of the First Tritium campaign was to check stability conditions.
As shown in table4.5|it is of utmost importance to keep the control parameters of
the system stable and to have low uncertainties on the control parameters in order

to reduce systematic effects.

5.1 First look at the data

As demonstrated in section 4.2.1 the sensitivity on the neutrino mass is rather limited
for First Tritium. For this reason the neutrino mass was fixed to zero and the focus
was on the other fit parameters endpoint, signal rate and background rate. The
actual observable in KATRIN is a so-called effective endpoint, which is related to
the true endpoint by an additional factor. This factor is given by the difference of
the work functions of the source and the spectrometer and tritium plasma effects in

the source. This applies to all endpoint results shown in this chapter.

5.1.1 Very First Tritium

During May 2018 tritium was fed into the WGTS for the very first time. Because of
the low tritium density it is not possible to have a stable amount of T, molecules
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so instead only DT molecules were used as source material. The campaign consists
of eight tritium scans that can be separated into different categories. The first four
scans were performed with a tritium purity of 0.9%, the other four scans with a
purity of 1.2%. For each of those two sets respectively the first two scans had stable
conditions while during the latter two some parameters related to the gas pressure
were declining. The reason for this is that during Very First Tritium the gas was
not actually circulated in the inner loop system. Instead gas containers, so-called
gas mice, were attached to the WGTS. The gas was fed into the source and steadily
pumped out at the two open ends of the WGTS without being fed back into the
source. As a result the gas density, pressure and composition could be held at a
constant level for the time of about two runs. After that those parameters started to
decline. A final separation can be made by looking at the scan direction. For each
block of stable and unstable runs, each consisting of two runs respectively, there
is one scan up and one scan down. The scan direction is defined by the order of
retarding potentials. A scan starting at a retarding potential below the endpoint and
then subsequently going towards the endpoint, thereby decreasing the measured
rate until it exceeds the endpoint is called "scan up’. Starting above the endpoint
and going down, thereby increasing the count rate is called 'scan down’. In both
cases there are measuring points above the endpoint, where no electrons originating
from tritium B-decay are expected. Those points are important for the determination
of the background rate. The runs of the Very First Tritium campaign are shown in
table

The plots in fig. [5.1] and [5.2] are showing the fits and residuals of the very first
scan (run 40257) with tritium. This run was a scan down and had stable conditions
and a tritium purity of 0.9%. In fig. |5.1]only data inside a range of 200 eV below the
endpoint was considered. Fig. 5.2|shows the fit of the full measured range down
to 2 keV below the endpoint. Looking at the residuals of the fits it can be seen that
even though there is only very limited statistics the model works very well with the
given data.

Because of the low statistics collected within those very first measurements, the
purpose was more to test the whole data processing and data analysis chain than
to actually gain meaningful results of the fitting parameters. The fits that were
performed serve as a comparison between the different fitters and the fitting ranges.
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5.1 First look at the data

Table 5.1: Overview of the runs in Very First Tritium. The runs can be divided by
tritium purity, stability and scanning direction.

Run number DT (%) stability Scan direction
40257 0.9 stable down
40258 0.9 stable up
40259 0.9 instable down
40260 0.9 instable up
40263 1.2 stable down
40264 1.2 stable up
40265 1.2 instable down
40266 1.2 instable up
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Figure 5.1: Fit of the very first scan with tritium (40257). For the fit only the data in
the last 200 eV below the endpoint are considered.
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Figure 5.2: Fit of the very first scan with tritium (40257). For this fit the entire
measured range of 2 keV below the endpoint was considered.

Tables 5.2 and [5.3| show the results of run 40257 and run 40263 of the Very First
Tritium campaign, performed with Fitrium. Run 40263 was a scan down with stable
conditions and a tritium purity of 1.2%.

5.1.2 First Tritium

After some preparations the First Tritium campaign followed in the first half of June
2018. This campaign consists of many scans with tritium that can be divided into
different categories shown in table Those runs are just the standard scans. Not
shown in the table are special runs used as stability-, background- or sterile neutrino
measurements.
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Table 5.2: Fit results of the runs 40257 and 40263. Both fits were performed using
only the data of the last 200 eV below the endpoint.

Run number Eo (eV) Norm Bg (mcps) x?/ndof
40257 185751 £1.5  0.93 £0.04 380 +22 -21 21.047/15
40263 18573.0 £1.2  1.03 £ 0.04 409 £ 22 15.041/15

Table 5.3: Fit results of the runs 40257 and 40263. Both fits were performed using the
full measured range of 2 keV below the endpoint.

Run number Eg (eV) Norm Bg (mcps) x%/ndof
40257 18573.3 + 0.4 0.997 + 0.001 387 + 20 30.713/23
40263 185734+ 0.3 1.011 + 0.001 408 +21 -20 26.288/23

Table 5.4: Overview of the runs in First Tritium. The runs can be divided by run
duration, column density pd and scanning direction.

Run numbers  Run time (h) pd (10 relative pd ~ Scan direction
1/m?) (%)
40531 - 40543 1 4.45 100 up/down
40603 - 40613 1 4.45 100 up/down
40667 - 40693 3 4.45 100 up/down
40763 - 40766 1 2.14 ~47 up/down
40794 - 40805 1 1.08 ~23 up/down
40926 - 40935 1 3.20 ~70 up/down
40976 - 40998 1 4.45 100 up/down
41001 - 41031 1 445 100 up/down/
random
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The 27 runs with a total measuring time of 3h each at full column density are

mainly used for fit parameter determination. The runs with reduced column density

and the runs with a random scan direction were mainly performed in order to

investigate systematic effects.
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There are different types of fits that are defined in the following way:

* Uniform fit: In a uniform fit the statistics of all 148 pixels are combined by

treating the whole detector as one big pixel. For performing a uniform fit only
one single model is used. All pixel dependent parameters get averaged over
the whole detector and get incorporated in the model as a single value. The
counts of all pixels get summed up for each retarding potential. The uniform
fit allows to exclude pixels. In this case the excluded pixels are ignored and
the parameters get averaged over the remaining pixels.

Single Pixel fit: In a single pixel fit only the counts of a pixel at different
retarding potentials are used and fitted to a model corresponding to this pixel.
Fitrium allows to set ranges of pixels or exclude certain pixels from a fit. If a fit
is performed, only the selected pixels are fitted and the fit results are obtained
for every single pixel individually.

Multi Pixel fit: The multi pixel fit is similar to the single pixel fit. Only
a selected set of pixels is fitted. The fit parameters are divided into pixel
dependent and physical parameters. The signal rate and the background rate
can be different from pixel to pixel. That is why those parameters are fitted
independently for every pixel. Physical quantities like the endpoint and the
neutrino mass should be the same for every pixel or respectively the spectrum
of each pixel. So instead of using an independent model for each pixel with 4
fit parameters, the likelihood will be minimized with respect to the two pixel
dependent parameters background and signal rate and one common endpoint
and neutrino mass.

Combined fit: A combined fit can be performed for a selected set of runs.
This can be done for either of the three fitting types above. A combined fit
averages the control parameters over the selected set of runs and uses this
number to create one single model. Of course this can only be done if the

control parameters are stable within those runs. All runs are fitted with one
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common model, so if in one of the runs one parameter differs too much from
the others, the averaged value will be influenced and the selected block of
runs is fitted with a wrong model, which leads to systematic errors on the fit
parameters. Besides the requirement of stability of the control parameters,
the precision of the retarding potential is also an issue. During runs with the
same MTD, the voltage is set on the same retarding potentials. In reality the
voltage is usually not hitting the exact same voltage between runs. Around
each measuring potential is a very small spread of voltages. In a combined fit
all voltages are treated as several measuring points. Some of them are even

less than 1 mV away from each other.

¢ Stacked fit: A stacked fit is basically the same as a combined fit with one
difference. As explained above the spread of voltages around each of the
retarding potentials is usually very small. If the spread around the mean value
of the voltage is small enough, the runs can be stacked. That means the counts
of all runs are summed up at each mean retarding potential and are then fitted
with a common model. A spread can be considered as small enough if the
systematic error that is induced by averaging the voltages is not significant
with respect to the total systematic budget.

The fits of Very First Tritium data in fig. [5.T|and 5.2l were examples of uniform fits.
A combined uniform fit of the runs 40531 to 40693 can be seen in fig. In all fits
the pixels of the outer two rings of the detector are excluded since they did not show
a significant count rate, assumingly the electrons created near the source walls are
blocked somewhere along the 70 m long beam line. Also a small number of pixels
on one side of the detector are excluded which were covered by the Forward Beam
Monitor (FBM) that is positioned at the end of the transport section and is used for

monitoring the rate stability.

5.1.3 Correlations

Parameters for which correlations might be expected include the normalization,
the endpoint, the column density and the tritium purity. The tritium purity or DT-
concentration directly influences the signal rate, which in turn can have influence

on the endpoint of the spectrum. The influence of the column density is more subtle.

49



Chapter 5 First Tritium data

80 100000
— Fitresult — Fitresult
70 I I Measurement ¥ I Measurement
80000

60000

40000

w
S

Count rate [cps]
IS
S

Count rate [cps]

20000

0 0

w
w

N
|
|
|

-l
|
|
|
|
.
|
|
|

o
|
|
|
1
|
|
|
|
|
|
|
|

o
|

Norm. residuals
Norm. residuals

W N = O W

. H
18400 18450 18500 18550 18600 7000 17500 18000
Retarding energy [eV] Retarding energy [eV]

(a) 200 eV. (b) Full range.

Figure 5.3: Fit of the data of (a) the first 200 eV and (b) the full range of all tritium
scans within the range of runs 40531 to 40693 combined. The control parameters of
all pixels and all runs are averaged to one single model that is used for fitting all the
data.

The higher the column density, the more decays happen in a source segment but
simultaneously the scattering probability increases. This mainly effects the response
function. The shape of the response function in turn has a very high influence on
the final spectrum shape. Fig. [5.4/to[5.8/ show the plots of the correlations that are
investigated. For those plots all runs of first tritium are used. It has to be considered
that the number of data points is limited in First Tritium and therefore it is rather
difficult to draw meaningful conclusions from: it.

There seem to be no correlations except between the normalization and the DT
concentration. The anticorrelation between them shows up when looking only at
the runs that were performed at 100% column density (fig. [5.8), but the structure
can already be seen in the plot including all runs (fig. [5.7). The determination of the
DT concentration is based on Laser Raman Spectroscopy [43] and an updated de-
termination of the DT concentrations of all runs is work in progress. The correlation
might disappear with the updated values of the gas compositions.
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Figure 5.4: Correlation plot of the normalization and the endpoint. They seem rather

uncorrelated with each other.
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Figure 5.6: Correlation plot of the normalization and the column density. There is
no correlation visible.
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5.2 Parameter evolution

Another way of detecting system instabilities or revealing scans that show salient
behaviour is to check the overall evolution of the fit parameters over all runs. This
has been done for all small range (200 eV below endpoint) and full range fits
(2 keV). Fig.[5.9to show the fit parameter evolution of the uniform fit results
of both fitting ranges. Table 5.5 summarizes the mean fit results and their standard

deviation.

Table 5.5: Mean of the fit results of all runs in two different ranges (small range =
200 eV below endpoint, full range = 2 keV below endpoint).

Fitting range Ep (eV) Norm Bg (mcps)
small range 18573.8 = 0.9 1.13 = 0.03 395 =18
full range 18573.7 £ 0.2 1.142 £+ 0.011 395 + 16
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Figure 5.9: Evolution of the fit result of the endpoint over all uniform fits. (a) small
range and (b) full range. The fit results look very stable in both ranges.

54



5.2 Parameter evolution

| - - Mean: 1.13 +/- o.o3|

Norm

1.00 | 1

0.95

(a) Evolution
endpoint).

1.18 [ T T

| - - Mean: 1.142 +/- 0.011

1.16 | [y s ¢ 8 ¢ s i

Norm
L2
o
o
o
o
-
o4
of
o

1144 LT
113} +

112} #% L |

1.1 e

endpoint).

Figure 5.10: Evolution of the fit result of the normalization over all uniform fits. (a)
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Including systematic effects increases the error bars and gives a similar picture as in
the short range.
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(b) Evolution of the background fit results over all runs in the full range (2 keV below
(a) small range and (b) full range. The fit results look very stable in both ranges.
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The plots show the stability of the fit parameters over all runs within their standard
deviation. In the range of the runs 40763 to 40935 some fluctuations and larger error
bars can be seen especially for the endpoint and normalization fit results. This is the
range of runs that were performed with a lower column density. The spread of the
fit results of the normalization in the full range (fig. is a consequence of the
fit using statistics only. Including systematic effects, especially the fluctuations of
the DT concentration, increases the error bars and creates a similar picture as in the
short range. The mean fit results displayed in the plots and summarized in table
show very good agreement between the two fitting ranges.

57






Chapter 6
Column density determination

In the first part of this chapter different methods that are used to determine the
column density are presented and some results are shown. Afterwards some sys-
tematic effects that affect the column density are presented. The column density
has direct influence on the scattering probabilities P; in equation 3.7 an thus has
direct influence on the response function. The column density is a critical parameter
regarding the systematic uncertainty since even small changes in the response func-
tion have significant impact on the shape of the integrated spectrum. As shown in
table 4.5 the column density has to be known to a very precise level at all stages of
the experiment. For this reason the KATRIN experiment uses an angular selective
electron gun (in the following called e-gun). The e-gun can produce mono-energetic
electron beams that can be emitted under different angles from the rear side of
the WGTS. With the knowlegde of energy as well as starting angle of the electrons
the response function and the column density can be determined to a very high
precision.

The e-gun was very recently successfully installed and can be used for future
measurements to determine the column density. However the e-gun was not yet
available during the First Tritium campaign. The uncertainty of the column density
is a non negligible contributor to the systematic uncertainty of First Tritium fit
results. For this reason other ways of determining the column density were needed.

There are two different approaches to determining the column density. The first
approach is a direct calculation from other control parameters related to the column
density such as the buffer vessel pressure or the throughput of the source gas [44].
The calculated values are also the ones that are used in the run summary. A run

summary is a file containing all necessary information about a run, including the
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Figure 6.1: The evolution of the normalization over all runs, using a wrong value
for the column density. The percentage indicates the column density relative to
the standard value used during First tritium. This is an example of how checking
the stability of the fit parameters can reveal issues that will eventually lead to an
improvement of the model.

values of control parameters as well as the MTD and counts per pixel. The other
approach is to try to get information directly from the data by considering the
column density not as a control parameter but as an observable. In the end both
ways can be compared and verified if they yield the same results.

The calculated values of the column density were updated several times. The
first calculations, using the buffervessel pressure turned out to not give the correct
results. This could be seen well in the evolution of the fit parameters, especially
in the endpoint and the normalization. Fig. shows the evolution of the fitted
normalization using the incorrect value of the column density for the fitting model.

This example shows how checking the stability of parameters can help detecting
errors in the modeling or fitting of the data. The updated calculations of the column
density lead to a stable value of the normalization like it is shown in fig.

Additionally this shows that the calculations of the column density are not ne-
cessarily completely correct and a different method to obtain the column density is
needed.
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6.1 Methods to obtain information from the data

The focus in this thesis lies on the determination using data. This can be done
in two different manners. First by setting the column density as a fit parameter.
To be more specific the actual fit parameter is the product of the column density
and the scattering cross section. This product goes into the scattering probabilities
and can be fitted. At the time those studies were done this was computationaly
very time consuming since the response function had to be exactly calculated at
every point. Furthermore the minimization with respect to the column density was
solely based on function evalutations. Today the fit makes use of the analytical
derivative of the column density which is much faster. The other way is to perform a
manual fit by scanning the parameter space by performing several fits with different
column densities and finding a minimum in the negative log-likelihood of the fit.
The advantage of this method is that it was considerably faster than a fit at that time
because the response function can be approximated. As a verification a comparison
of both methods yields the same result within their uncertainty.

6.1.1 Scan results compared to calculations

Comparing the results of the scans or respectively the fits of the column density to
the calculated values shows some discrepancies that can be seen in fig.

The scans for this plot were all performed with the full range and no systematics.
As will be shown in the next section, the result of the fits and scans is very range de-
pendent. Using the full range for fitting the column density gives values lower than
the calculated ones, fitting in the short range results in higher values. This is not yet
fully understood and gives a hint that the model that is used is imperfect, especially
in the region deep in the spectrum some approximations are made. However by
including systematic effects (sec. 6.2) this behaviour gets damped.

6.1.2 Scan results compared to calculations at reduced column density

After the block of 3h runs the column density was lowered to ~ 47%, then to
~ 23% and after that increased to ~ 70% and eventually increased back to 100% (see
table 5.4). Fig. [6.3to[6.5]are showing the column density scans for all runs of each
block combined.
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Figure 6.2: The scan results of the column density (green) of all 3h runs and their
mean value (red). The blue values are the calculated values in the run summary.
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Figure 6.3: Column density scan of the runs 40763 to 40766 combined. This block of
runs was performed with about 47% of the standard column density.
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Figure 6.4: Column density scan of the runs 40794 to 40805 combined. This block of
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Figure 6.5: Column density scan of the runs 40926 to 40935 combined. This block of
runs was performed with about 70% of the standard column density.
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Table 6.1: Comparison of the scan results with the calculated values reveals that
for the scans with reduced column density the results are in very good agreement
within their uncertainties.

47% pd 23% od 70% pd
(10! 1/m?) (1021 1/m?) (10! 1/m?)
Scan result 2.09 £0.22 0.95 £ 0.20 3.07 £0.11
Calculation 2.14 £0.21 1.08 4 0.11 3.20 £ 0.32

Table contains the scan results and the calculated values of the run summary

for comparison. They are in very good agreement within their uncertainties.

6.2 Systematic uncertainties

Looking at fits of the column density using different fitting ranges it becomes
apparent that there is a strong range dependence of the result. For this study only
the 3h runs are used. The column density is fitted individually for every run in 6
different ranges: -1600 eV, -1000 eV, -600 eV, -400 eV, -300 eV and -200 eV below
the endpoint. Then the mean of all fit results at every fitting range is taken. In
fig. some selected individual runs can be seen. Most of them already show a
general upward trend of the fit result of the column density with decreasing fitting
range. Fig. |6.7|contains the distribution of fit results of all 3h runs at each of the six
fitting ranges. Here the increase of the fit result can clearly be seen. The result also
exceeds the calculated value of 4.45 -10*! 1/m? already in the -1000 eV range. In the
following some systematic effects were implemented into Fitrium step by step to
check their influence on the fit results of the column density. Those effects include
an energy dependent inelastic cross section, an energy dependent detector efficiency
and fluctuations of the DT concentration.

6.2.1 Energy dependent cross section

During the full 3 year KATRIN measurement phase the measuring time distributions
cover just a small range below the endpoint down to maximally -60 eV below the
endpoint. In this energy range the inelastic cross section of electrons scattering off

source gas is approximately constant which is used in the model for calculating the
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Figure 6.6: Some of the individual runs and their fit results of the column density in
1/m? at the six different fitting ranges -1600 eV, -1000 eV, -600 eV, -400 eV, -300 eV
and -200 eV below the endpoint. Most of the runs already show a general upward
trend with a decreasing fitting range.

65



Chapter 6 Column density determination

[-- Mean: (4.66 +/-0.05) 10|

o s, o s.
a 3 3 -
(;w/1) AjIsuaq@ uwinjod
[+ ]
i ]
[l & ]
©
[ ]
L= 1
L : ]
o :
R H H H ;i H
© < N e e © N
§ F ¥ 0§ 2] = P

(;w/1) A&jIsua@ uwinjo)

(b) -1000 eV below endpoint.

(a) -1600 eV below endpoint.

[ Mean: @94 +/-0.12) 107 |

S it i e e | i T e

B e ek et

1
5
O
9
S n e n < n o n o
22 2 2 3 3 3 3 3
(;w/1) AjIsua@ uwn|od
HE
-
L=
2
HE
Nl
L+ |
e |
=
i
L €
©
H o
L=
v,
1
I
5
3
3
e n 4 v e n e
e a a ¢ $ - a

(;w/1) AjIsua@ uwn|od

(d) -400 eV below endpoint.

Mean: (5.54 +/- 0.31) -10%

s 7 s s
(;w/1) AjIsua@ uwn|od

[Jl_ .
N o = © %« o o <
N2 8 8 38 8 § o3

(;w/1) Aysua@ uwinjod

= 5l

g z|

o S|

= 3| 1

s gl

2 5| B

] s | —

p—

= " | ]

- 3

V .

> .

o

o

i

~~

|9}

N
: —

-200 eV below endpoint.

()

ibution of fit results of all 3h runs at each of the six different fitting

ranges. The increase of the value of the fit result with decreas

300 eV below endpoint.

(e)

Figure 6.7: Distr

ing data range can

clearly be seen.

66



6.2 Systematic uncertainties

scattering probabilities. By going deeper into the spectrum however the effect of a
non constant cross section becomes noticable. The full equation for the total inelastic
cross section oy, for collisions of Hy with fast charged particles was calculated in

[45]. In the case of a relativistic incident particle it results in:

Arta3z? p?
Ot = [1.5487 In < . ﬂ2> + (17.4615i0.0434)} ©.1)

With the Bohr radius ag, the Rydberg energy R, the charge of the incident particle z
(=1 for electrons), the kinetic energy of the electron E and the velocity of the electron
B = % The energy dependence of the cross section can be seen in fig. (6.8 together
with a comparison to the constant value that was previously used in the model. The
green area indicates the typical range in which measurements will be performed
during the standard neutrino mass measurements. In this range the cross section
can be approximated as a constant value.

The influence on the fit result of the column density in the different ranges can
be seen in fig. The result of the column density gets increased in the larger
titting ranges, flattening the whole structure slightly. The result is still very range

dependent and more systematic effects need to be added.

6.2.2 Energy dependent detector efficiency

Another systematic effect arises from the energy dependence of the detector effi-
ciency that was not used in the model prior to First Tritium as the effect is very small
in the usual measuring range which can be seen in fig. There are three energy
dependent effects influencing the detector efficiency. The smallest efficiency loss
comes from pile-up in the detector. Another efficiency loss is caused by backscatter-
ing of electrons. Finally the choice of the region of interest influences the detector
efficiency [46]. The function for the energy dependence in fig. |6.9|comes from a fit of
empirical data.

Including this effect in the fits of the column density improves the result especially
deeper in the spectrum, which can be seen in fig. But the range dependence
is still present and the fit results are now all above the calculated value. Further

systematic effects need to be included. In the next steps covariance matrices will
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Figure 6.8: Energy dependent total inelastic cross section (blue) together with the
previously used constant value (red). Within the typical measuring range (green)
the approximation to a constant value is accurate enough, differing only by 0.4% at
60 eV below the endpoint.

be used to describe fluctuations of the tritium purity and put uncertainties on the
magnetic fields and the description of the final states.

6.2.3 Tritium purity fluctuations

The DT concentration of the source was very stable, fluctuating only within an un-
certainty of about 0.1% [47]. These fluctuations were incorporated into a chi-squared
fit via a fractional covariance matrix that was added to the statistical uncertainty
matrix. The DT fluctuation matrix can be seen in fig. The tritium fluctuations
are uncorrelated between the measuring points leading to the matrix just having
entries on the diagonal elements.

The effect on the fitting results is minor, as can be seen in fig. Adding
covariance matrices with uncertainties for the magnetic fields and the description of

the FSD might improve the results. The ongoing measurements with the electron
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Figure 6.9: Energy dependence of the detector efficiency. In the usual measuring
range this effect can be safely neglected. By going deeper in the spectrum the effect
becomes noticable.

gun will also bring new insights into this issue. The results of the column density
measurement can be compared with the calculated values and might hereby clarify
the difference between fit values und calculated values.
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Chapter 7
Conclusions and Outlook

The discovery of neutrino oscillations proved that neutrinos are not massless
particles. The current best upper limit for the neutrino mass is at 2 eV/c? [7]. The
KArlsruhe TRItium Neutrino (KATRIN) experiment targets to push this limit down
by one order of magnitude by a model independent investigation of tritium beta
decay. For this ambitious goal to be achieved it is of enormous importance to keep

the systematic uncertainty as low as possible.

In the first part of this thesis the sensitivity on the squared neutrino mass was
examined at different stages of the KATRIN experiment. The three stages that
were investigated were the low statistics measurement, the moment at which the

sensitivity reaches 1 eV and the full measuring time of 3 years.

A description of all systematic effects that were investigated and their shift of
the squared neutrino mass if they are neglected was given. The three systematic
effects that create the biggest shifts of the squared neutrino mass if neglected are
synchrotron radiation, the thermal doppler effect and a detailed description of
the transmission function using a non-isotropic angular distribution of electrons.
The shifts of those three effects were compared to the statistical uncertainty at
each of the three stages respectively. The outcome shows that for First Tritium the
systematic effects have only tiny influence since this measurement is completely
dominated by the statistical uncertainty with a rough sensitivity of only 5 eV/c?
on the neutrino mass. Once the main measurement phase starts the sensitivity of
1 eV is reached after just a bit more than one week of full measuring time. None
of the systematic effects has reached a size of 10% of the statistical uncertainty at
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that time if considered individually, but the effect coming from the synchrotron
radiation reaches this level after about half a month, followed by the doppler effect,
which reaches 10% of the statistical uncertainty after about one and a half months
of measuring time (see fig. f.3]and tab. [£.4). For the analysis of the data after the
full measuring time of 3 years the statistical uncertainty is quite low (s = 0.0368
eV? using a flat MTD in a 60 eV range) and even small effects have influence on the

neutrino mass.

As a next step the influence of uncertainties of the control parameters of the
experiment were investigated. An accuracy limit for the magnetic fields and the
column density could be determined for the three stages of the experiment. The
outcome has shown that the required accuracy on the control parameters after three
years of measuring time is too stringent if the squared neutrino mass shift induced
by the uncertainty of the control parameters is supposed to stay smaller than 10%
of the systematic budget. This can be explained by the choice of the measuring
time distribution. Taking the column density as an example it was shown that
reducing the measuring range from 60 eV to 30 eV below the endpoint decreases the
systematic shift significantly. On top of this the measuring time distribution was
chosen to be flat for the simulations. Using an optimized MTD improves the result
further and the accuracy requirement of the Design Report can be validated.

The second part of this thesis is concerned with the data obtained during the First
Tritium campaign. The different methods of fitting were listed and explained. A first
look at the data was given, showing fits and results of the Very First Tritium and the
First Tritium campaign. It was also shown that there are no correlations between the
considered parameters except for the correlation between the normalization and the
DT concentration, which could disappear with the new updated run summaries. At
last the evolution of the fit parameters over all runs were displayed, showing the

stability of the parameters.
Especially the determination of the column density is very important for the First

Tritium measurements since the electron gun was not available during this time.

The methods that are used to obtain information on the column density from the
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data were introduced and the results were compared with the values that were
calculated from control parameters that are related to the column density. The
comparison shows that only for the runs that were performed at reduced column
density the results agree with each other. For the other runs the fitted values were
higher than the calculated ones.

Furthermore the fit results showed a strong dependence on the fitting range. This
behaviour was expected to be related to systematic effects and an imperfection of
the model. Step by step systematic effects were included in the fit. The outcome
shows that adding the energy dependent systematic effects of an energy dependent
inelastic cross section and an energy dependent detector efficiency reduces the range
dependence but it does not disappear completely. Moreover the difference between
the calculated values and the fit results remains. In the next steps more systematic
effects will be included via a covariance matrix. The ongoing measurements with

the electron gun will additionally help resolving this issue.
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Appendix A Measuring time distribution tables

Table A.1: Presumed measuring time distribution of the low statistics simulations in
the last 200 eV below the endpoint.

Retarding energy qU (eV) fraction of measuring time
18375 0.015873
18400 0.015873
18425 0.015873
18450 0.015873
18475 0.047619
18485 0.047619
18495 0.047619
18505 0.047619
18515 0.047619
18525 0.047619
18535 0.047619
18545 0.047619
18555 0.063492
18565 0.063492
18575 0.079365
18585 0.079365
18595 0.079365
18605 0.079365
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Table A.2: Assumed flat MTD settings for the simulations of the full measurement
phase. Shown in the table are all measuring points. The fraction of measuring time
was 0.015873 at every point.

Retarding energy qU (eV) Retarding energy qU (eV)
-60.0 -10.0
-57.5 -9.0
-55.0 -8.0
-52.5 -7.75
-50.0 -7.5
-47.5 -7.25
-45.0 -7.0
-42.5 -6.75
-40.0 -6.5
-37.5 -6.25
-35.0 -6.0
-32.5 -5.75
-30.0 -5.5
-29.0 -5.25
-28.0 -5.0
-27.0 -4.75
-26.0 -4.5
-25.0 -4.25
-24.0 -4.0
-23.0 -3.75
-22.0 -3.5
-21.0 -3.25
-20.0 -3.0
-19.0 -2.0
-18.0 -1.0
-17.0 0.0
-16.0 1.0
-15.0 2.0
-14.0 3.0
-13.0 4.0
-12.0 5.0
-11.0 -
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