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Abstract

Anomalies observed in reactor and accelerator neutrino oscillation experiments
may be resolved by the existence of light sterile neutrinos. These hypothetical
particles with a mass scale in the range of eV mix with the active neutrinos, dis-
torting their usual oscillation pattern. The KATRIN experiment aims to determine
the effective electron antineutrino mass, with an unprecedented sensitivity of
0.2 eV/c2. Being sensitive to these small neutrino masses, KATRIN can possibly
also resolve the anomalies in the oscillation sector. The two main topics of this
thesis are 1) the search for light sterile neutrinos in the very first tritium data
of the KATRIN experiment and 2) the investigation of the impact of an elevated
background on the KATRIN sensitivity to light sterile neutrinos.

Anomalien in Neutrino Oszillations Experimenten sind mit der Einführung von
leichten, hypothetischen Teilchen, die sterilen Neutrinos, zu erklären. Diese Teilchen
können das gewöhnliche Oszillationsverhalten von Neutrinos verzerren, indem sie dabei
auch teilnehmen. Das KATRIN Experiment ist geplant die Neutrinomasse mit einer
Sensitivität von 0.2 eV/c2 zu bestimmen. KATRIN kann also parallel zu der Neutrino-
masse Messungen auch möglicherweise diese Anomalien lösen. Die zwei Hauptthemen
dieser Arbeit sind 1) die Suche nach sterilen Neutrinos in den ersten Tritium Daten von
KATRIN und 2) die Untersuchung der Auswirkung von einer höheren Untergrundsrate
auf der Sensitivität von KATRIN bezüglich sterilen Neutrinos.

vii





Chapter 1

Neutrino Physics

1.1 Neutrino History

The neutrino is the lightest fermion and the only particle in the Standard Model of
particle physics (SM) that interacts only via the weak interaction. Its elusive nature
even nowadays troubles physicists as it still, some 90 years after its postulation by
W.Pauli, has some unknown properties.

1.1.1 Postulation and First Detection

In 1930, Pauli proposed in a letter the existence of an electromagnetically neutral
particle, which he called the "neutron" [1]. This particle had properties of both the
neutron and neutrino, but when J.Chadwick discovered the neutron in 1932 and
Fermi published his results on beta-decay, the difference between the two neutral
particles was made clear. Without the existence of the neutrino, the nuclear beta-
decay would just include the nucleus and the emitted electron, making it a two-
body problem. This means that the spectrum would effectively be just a sharp line
situated above the maximum (endpoint) energy the electron can get from the decay.
The observed spectrum was however a continuous one, which indicated a three-
body problem, or in other words, the existence of another particle. This particle
would have to be neutral and small compared to the nucleus or else it would have
been detected. Thus, the term "neutrino" was coined. It would be 24 years later
at the Savanah reactor river site, that the neutrino (actually electron-antineutrino)
was detected by F.Reines and C.Cowan [2].

1.1.2 Neutrinos in the Standard Model

In the years that followed, the neutrino was found to have different flavours (elec-
tron, muon and tau) and was finally added in the SM as a half-integer, neutral,
weakly interacting particle. It was established that the helicity of the neutrino was
always negative [3], implying not only that the neutrino has left-handed helicity,
but also that it is massless. In the case of massless particles, helicity takes the same
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Chapter 1 Neutrino Physics

Figure 1.1: The fermion sector of the SM. Neutrinos are the only fields with
only one (left) chirality state. Picture taken from [4].

meaning as chirality, meaning that in the case of neutrinos (antineutrinos) right-
chiral (left-chiral) fields are absent. The current knowledge of the fermion sector
in the SM is shown in figure 1.1.

1.1.3 Neutrino Oscillations

The SM could predict the interactions of neutrinos with great precision until the
observation of the so-called neutrino oscillations, where a neutrino produced as a
flavor state α has a probability of being detected at a later time at a state β. For
this oscillation to take place, the neutrino has to be produced as a definite flavor
state and propagate as a mass eigenstate. If neutrinos possess at their birth all three
mass eigenstates (which roughly correspond to their three flavors), then these states
propagate at different speeds 1, effectively changing the probability of which flavor
state the neutrino will later interact as.

The mixing of flavor and mass is dictated by the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrix, which is a unitary matrix, almost analog to the CKM-matrix
of quark mixing [5]. The mixing then takes the form,

1The correct way to phrase this would be that their phases evolve differently with time.
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1.2 Sterile Neutrinos


νe
νµ
ντ

 =


Ue1 Ue2 Ue3
Uµ1 Uµ2 Uµ3
Uτ1 Uτ2 Uτ3



ν1
ν2
ν3

 , (1.1)

where νe,µ,τ are the flavour eigenstates of the neutrino, ν1,2,3 the mass eigenstates
and U the PMNS matrix elements. U can be parametrized to depend on three
mixing angles and one phase factor. In case of a Majorana neutrino, two more
complex phases are added. Although we will work with an antineutrino, the PMNS
parametrization holds, with minor sign changes [6].

For a simplified case of two neutrino families, the oscillation probability is given
by,

P
(
νe→ νµ

)
= sin2 (2θ)sin2

(
1.27∆m2 L(km)

E(GeV )

)
, (1.2)

with θ the mixing angle, ∆m the difference of the mass eigenstates, L the distance
to the source, and E the neutrino energy. Neutrino oscillations helped explain the
solar neutrino problem, where the neutrino flux detected coming from the sun was
not the same as the one predicted by the SM.

Nowadays, neutrino oscillations is a well established fact, proven by a number of
experiments [7–10]. This means that neutrinos have a mass in contradiction to the
Standard Model, because a zero mass entails a zero oscillation probability. There
are many theorized mechanisms to generate a mass for the neutrinos, but here we
will show only the most prominent, which focuses on the existence of a so-called
"sterile" neutrino.

1.2 Sterile Neutrinos

The most intuitive way to include a neutrino mass in the SM is to include additional
neutrino singlet fields with right-handed chirality, νR. Then, a mass for the neut-
rinos can be generated through the Higgs mechanism. This right-handed neutrino
would only interact gravitationally, as the weak interaction only couples to left-
handed fields. Thus right-handed neutrinos are commonly refered to as "sterile".

The only way for this neutrino to take part in any SM process is through mixing
with the active neutrinos. In this case, the PMNS matrix can be extended to a 4x4
matrix 2,

2In theory the number of the additional degrees of freedom is not constrained and we could have a
(3+N)x(3+N) matrix. Here we just consider the minimal case of one sterile neutrino.
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Chapter 1 Neutrino Physics


νe
νµ
ντ
νs

 =


Ue1 Ue2 Ue3 Ue4
Uµ1 Uµ2 Uµ3 Uµ4
Uτ1 Uτ2 Uτ3 Uτ4
Us1 Us2 Us3 Us4



ν1
ν2
ν3
ν4

 , (1.3)

where νs is the "flavor" eigenstate corresponding to the right-chiral SM singlet
νR, and ν4 the corresponding mass eigenstate.

1.2.1 Theoretical Aspects of Sterile Neutrinos

With the addition of a right-handed neutrino field, neutrinos, as the other fermi-
ons, could get their mass with the Higgs mechanism. The most general renormal-
izable mass terms are

Lmass = −Y νij L̄
iH̃ν

j
R − iMij

(
νiR

)c
ν
j
R + h.c. , (1.4)

in matrix notation. Here, L denotes the Lagrangian, Y the Yukawa couplings, Li

the lepton doublet (νiL iL)T , with i running through the lepton flavours e,µ,τ , H
the Higgs doublet, Mij a Majorana mass matrix, and h.c. the hermitian conjugate
of the expression. A Majorana mass term implies that neutrinos do not have any
quantum numbers at all (and neutrinos would be their own antiparticle, hence
lepton number would be violated). We make a distinction by refering to masses
arising from the Higgs term as Dirac masses.

After spontaneous symmetry breaking, the Higgs gets a vacuum expectation
value and the Dirac mass term can be written as

LDirac =
v
√

2
Y νij ν̄iLν

j
R , (1.5)

where v is the Higgs vacuum expectation value. Through a basis and slight nota-
tion transformation, the mass terms for one generation can take a simple form,

Lν,mass = −mψ̄LψR −
M
2
ψ̄RψR , (1.6)

with m being now the Dirac mass, and ψ a spinor containing the νL,νR fields.
Then, the physical masses m1,2 are a linear combination of m and M. For a more
thorough explanation, the reader is advised to look into [11].

Here, we see that if neutrinos were Dirac particles, M would vanish, leaving
one degenerate physical mass m1,2 = m. For equation 1.3 to hold however, and
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1.2 Sterile Neutrinos

sterile neutrino mass eigenstates to be distinguishable from the active neutrino
mass eigenstates, neutrinos have to have both Dirac and Majorana masses 3.

This thesis will focus in the case where the Majorana part shares the same scale as
the Dirac part. In this case, the mixing between the two is maximal, and additional
mass eigenstates can extend the PMNS matrix and allow for neutrino oscillations
from and to the sterile state.

1.2.2 Experimental Aspects of Sterile Neutrinos

As stated above, if neutrinos have both Dirac and Majorana masses, active neutri-
nos would be able to mix with the steriles. Due to their mass scale being quasi-
free, sterile neutrinos offer a rich phenomenology. Very heavy (∼ 1018 GeV) sterile
neutrinos could help solve the matter-antimatter asymmetry in the early Universe
through a mechanism called leptogenesis. keV-scale sterile neutrinos could explain
a big portion of the Dark Matter. Finally, eV-scale sterile neutrinos could produce
visible differences in the oscillation patterns of neutrinos. We opt to focus in the
latter, as light sterile neutrinos have the relevant mass scale to produce visible ef-
fects in KATRIN.

1.2.2.1 Short Baseline Oscillation Anomaly

The first hint of the existence of a sterile neutrino came from the Liquid Scintilla-
tion Neutrino Detector (LSND) experiment [10]. In this experiment, protons with
an energy of ∼800 MeV were shot at a carbon target, producing pions, which in
turn decayed to muons and neutrinos. The LSND experiment is classified as an
appearance experiment, because it is searching for an excess of ν̄e events, oscillating
from ν̄µ. The beam was directed at liquid scintillation tank, where the neutrinos
would interact via leptonic and semi-leptonic processes and inverse β-decay. The
accelerated particles were then detected from the Cherenkov radiation they pro-
duced.

The results from LSND helped confirm the fact that neutrinos oscillate. How-
ever its findings indicated a mass difference of 0.2-10 eV2 in contradiction to the
now well known differences of ∆m2

12 = 10−3 eV2 and |∆m2
13| = 10−5 eV2 [12]. This

mass difference hinted at the existence of a heavier mass eigenstate, which could
be associated with a sterile neutrino in the eV range.

This result was challenged by other similar experiments, being in part confirmed
by MiniBoone [13], but also disproven by KARMEN and MINOS [14, 15]. This con-
troversy is still an open issue, as MINOS and MINOS+ were disappearance experi-

3In the general topic of neutrino oscillations, the term "sterile neutrino" can also be given to particles
that mix with the active neutrinos, but are not necessarily right-handed neutrinos. In that case,
there are other mass generation mechanisms that will not be discussed in this thesis.

5



Chapter 1 Neutrino Physics

Figure 1.2: Illustration of the short baseline reactor antineutrino anomaly. The
observed spectrum is compared to the one predicted without oscillations. The
dashed line corresponds to the standard 3 neutrino mixing scheme. The solid
line corresponds to an oscillation model including a sterile neutrino. Taken
from [20].

ments, meaning they were looking for the absence of neutrino events, making the
experiment conceptually different. The tension in appearance and dissapearance
data is supposed to reach an ultimatum with the DUNE experiment [16, 17].

1.2.2.2 The Reactor Antineutrino Anomaly

After an update in the lifetime of the neutron and in the antineutrino spectra of
different uranium and plutonium isotopes in 2012 [18], neutrino oscillation exper-
iments based on reactors noticed a 6% lower antineutrino event count rate than
expected [19]. The remarkable thing was, that this new observation matched the
pattern of a light sterile neutrino mixing with the active ones, disfavouring the
no-oscillation hypothesis at a 99.8% Confidence Level (C.L.), when combined with
other experiments. This was called the Reactor Antineutrino Anomaly (RAA), and
was confirmed by almost all reactor experiments. An illustration of the RAA is
shown in figure 1.2, where the measured-to-predicted ratio of the antineutrino rate
of several experiments is pictured.

Although some reactor experiments are now starting to doubt their physics mod-
els [21], the search for light sterile neutrinos is still ongoing in many of them. Re-
cently, the NEOS, DANSS and Neutrino-4 experiments published results in their
preliminary analysis, further constraining the sterile neutrino parameter space.
Nevertheless, no discovery is claimed in those publications [22–24]. The current
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1.2 Sterile Neutrinos

90% C.L. constraints for the sterile neutrino parameters range around 0.2-2.3 eV2

for the mass difference squared, ∆m2 =m2
sterile−m

2
active, (m2

active ≈ 0), and below 0.1
for sin2 2θ.

The reactor anomaly is to be resolved with current reactor experiments, such as
PROSPECT [25] and STEREO [26], which already constrain a relevant part of the
parameter space.

1.2.2.3 The Gallium Anomaly

The GALLEX and SAGE experiments were to designed to measure the solar neut-
rino flux via the reaction 71Ga + νe → 71Ge + e−. To check the results of these ex-
periments, they were exposed to radioactive 51Cr and 37Ar sources. Both 51Cr and
37Ar decay via e−-capture producing an electron neutrino. The neutrinos are then
captured with the same process as for the solar neutrinos.

Both experiments deviated from the expected measured-to-predicted ratio of
71Ge production rate [27]. This anomaly can also be explained by the existence
of sterile neutrinos in the eV-scale [28]. Although in the recent years the prefered
oscillation parameters from gallium data are in slight tension with the reactor data
[29, 30], the anomaly is still not resolved and remains a motivation for the light
sterile neutrinos.

1.2.3 Sterile Neutrinos in Cosmology

In cosmology, light sterile neutrinos act as additional relativistic degrees of free-
dom during primordial nucleosynthesis, impacting several observational paramet-
ers.

The effective number of relativistic degrees of freedom Nef f can more specific-
ally alter the 4He abundance after nucleosynthesis by making the weak interaction
decouple at a larger neutron-to-proton ratio. A major role of Nef f is also clear in
the Cosmic Microwave Background (CMB), as its behavior can change the expan-
sion rate of the Universe during recombination [31]. In the standard cosmological
model without sterile neutrinos, Nef f = 3.046.

In addition to Nef f , a light sterile neutrino would add to the total mass of neut-
rino species. Low-mass particles suppress growth of small-scale structures by
washing out the corresponding density fluctuations. And while keV-scale sterile
neutrinos would still be allowed by cosmological models, due to the fact that
they become non-relativistic fast, eV-scale sterile neutrinos still remain largely dis-

7



Chapter 1 Neutrino Physics

favored [32]. The relevant observable usually quoted in cosmology ismef fsterile, which
is related to the standard sterile neutrino mass mthermalsterile

4 through,

m
ef f
sterile =

(
∆Nef f

)3/4
mthermalsterile . (1.7)

The effective sterile neutrino mass adds an additional parameter to CMB back-
ground anisotropies and in the Planck analysis [34] is constrained to be < 10 eV, to
cut the parameter space where neutrinos would behave as dark matter. The reason
behind this, is that sterile neutrinos of the eV scale can add a hot dark matter com-
ponent in the Universe, which is inconsistent with observations [35].

The current limits [34] for Nef f and mef fsterile are

Nef f < 3.7 and m
ef f
sterile < 0.52eV , 95% C.L. . (1.8)

Although cosmological data disfavor the existence of a sterile neutrino, there
is some minor tension in cosmological models that still leaves room for the RAA
neutrino to exist [34]. The resolution to the light sterile neutrino problem can
come from a model independent measurement, such as the tritium β-decay in the
KATRIN experiment, where the sterile neutrino mass and its mixing to the active
neutrino can be resolved only through kinematics.

1.2.4 Sterile Neutrinos in β-decay

In neutrino mass β-decay experiments such as KATRIN, the sterile neutrino can
modify the electron rate of the decay. The decay rate, commonly refered to as the
electron differential spectrum, has been shown to be

dΓ
dE

= C ·F(E,Z = 2)p (E +me) (E0 −E)
∑
i

|Uei |2
√

(E0 −E)2 −m2
νi , (1.9)

where E is the energy and p the momentum of the electron, E0 the endpoint
energy, me the mass of the electron, mνi the neutrino masses and |Uei |2 their cor-
responding mixing amplitude, F(E,Z = 2) the relativistic Fermi function and C a
constant. The constant is given as

C =
G2
F

2π3 cosθc
2|M | , (1.10)

4The "thermal" here denotes that the sterile neutrino becomes thermalized as is the case with other
particles. The distinction is made because there are other models to include sterile neutrinos in
cosmology, which are not discussed here [33].

8



1.2 Sterile Neutrinos

with GF denoting the Fermi constant, θc the Cabbibo angle, and M the energy-
independent nuclear transition matrix element. The Fermi function F(E,Z) en-
codes the interaction of the outgoing electron with the daughter nucleus. The ob-
servable in KATRIN (and generally in β-decay experiments) is not the neutrino
mass eigenstate mν , but an effective neutrino mass,

m2
νe =

∑
i

|Uei |2 ·m2
νi . (1.11)

This approximation is motivated by the fact that the difference of the various
mass eigenstates is too small (∼10−5 eV2) to be resolved with such an experiment
[36].

In the case of an additional heavier mass state, as in the case of a sterile neut-
rino, the difference in mass can be resolved and as such, the differential spectrum
becomes,

dΓ
dE

= cosθ2 dΓ
dE

(mνe ) + sinθ2 dΓ
dE

(ms) , (1.12)

with θ being the mixing angle of active and sterile states and ms the additional
mass [37].

The effect of an active and sterile neutrino mass on the spectrum is shown in fig-
ure 1.3. The addition of a sterile neutrino produces a "kink" on the spectrum. This
kink comes from the overlap of the two constituents of equation 1.12. A spectrum
containing a positive sterile neutrino mass component would take the analogous
energy away from the electron, as is the case with the effective active neutrino
mass. So in this case, we effectively have two different spectra, each having their
endpoint shifted by the respective mass. The resulting beta-spectrum is the sum of
these two spectra and has a kink at the point where these overlap. In fact, this is
also the case for the different active neutrino mass eigenstates, but the kink is too
small to be resolved. In figure 1.3, the kink is pronounced because of the unusually
big mixing sinθ (∼0.3), used for clarity reasons.
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Figure 1.3: left: The differential spectrum of electrons in β-decay. right: The
region near the endpoint of the spectrum is distorted analog to the neutrino
mass. In the case of an additional sterile neutrino mass eigenstate we can see
the characteristic "kink" signature on the spectrum.
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Chapter 2

The KATRIN Experiment

The KArlsruhe TRItium Neutrino experiment (KATRIN) has been designed to de-
termine the effective mass of the electron anti-neutrino with an unprecedented
sensitivity of 200 meV/c2 at 90% C.L., using electrons from tritium β-decay [38].
There are three main reasons why KATRIN uses tritium to measure the electron
anti-neutrino mass. Tritium β-decay

T2→ THe+ + e+ ν̄e (2.1)

is super-allowed, it has a half-life of 12.3 years and it has one of the lowest spec-
trum endpoint energies at 18.6 keV. A super-allowed transition and a short half-
life, mean that the decay happens very fast, giving us higher electron rates. In
addition to high rates, the endpoint energy of tritium β-decay is low enough to
search for a neutrino signature, which is in the range of eV.

2.1 Experimental Challenges

For KATRIN to surpass its predecessors and determine the neutrino mass with
great precision, four conditions have to be fulfilled. These are:

1. High signal rate

2. High energy resolution

3. Low background rate

4. Spectral shape knowledge

The high signal and low background rate conditions can be understood intuit-
ively. Only a very small fraction of the electrons have energies in the endpoint
region and to have sufficient statistics, a high rate and a very small background
are essential. In order to resolve the endpoint shift, induced by the neutrino mass,
an excellent (∼1 eV) energy resolution is needed. In our case, KATRIN has to be
able to distinguish a spectrum containing a sterile neutrino and one without. If the
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Chapter 2 The KATRIN Experiment

Figure 2.1: Schematic overview of the 70m KATRIN beamline: yellow: Rear
section, blue: Windowless Gaseous Tritium Source (WGTS), red: Differential
Pumping Section (DPS), green: Cryogenic Pumping Section (CPS), light blue:
Pre-spectrometer, orange: Main spectrometer, and black: Focal Plane Detector
(FPD). Taken from [39].

sterile and active masses lie close together and the mixing is weak, the two spectra
look very similar. Depending on the background rate, they could be almost indis-
tinguishable. This calls for advanced experimental techniques and robust analysis
methods. As far as analysis is concerned, this problem will be adressed in the final
chapter, where it is shown, that by measuring a wider region around the endpoint,
we get more spectral information and thus an improved sensitivity.

In the next section, the experimental setup of KATRIN will be presented, where
it is made clear how KATRIN surpasses the experimental challenges for a neutrino
mass measurement in the sub-eV range.

2.2 Experimental Setup

The full ∼ 70 meter long setup is depicted in 2.1.

As mentioned before, the experiment is motivated by a direct measurement of
the neutrino mass, and thus relies on a high luminosity source and a good energy
resolution. The resolution of KATRIN is achieved with the Magnetic Adiabatic Col-
limation with Electrostatic filter (MAC-E filter) technique, the working principle of
which is depicted in figure 2.2.

The MAC-E Filter

Two superconducting solenoids on both sides of the spectrometer create an axi-
ally symmetric magnetic field. The magnetic field that is induced, spans through
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U

BS Bmax Bmin Bmax BD

qU

Figure 2.2: The MAC-E Filter working principle. The magnetic fields from
the two superconducting solenoids Bmax are tuned higher than the magnetic
fields at the source side BS and at the detector side BD . The electrons (orange)
traverse the magnetic field lines (black), while in cyclotron motion around
them. As they pass the analyzing plane, they are subjected to an electric field
qU . The ones with energy higher than the electrostatic potential reach the
detector. Figure taken from [39].

the whole volume of the spectrometer, with the field in the middle of it being sev-
eral orders of magnitude lower than the one in the magnets. The electrons coming
from the source go through the spectrometer and do two types motion. One mo-
tion parallel to the magnetic field lines, and one cyclotron motion around them.
The momentum of the electron p can be always factorized in a parallel, p‖, and
perpendicular, p⊥, component. As the electron flies through the spectrometer, its
perpendicular component is transformed to a parallel one by the magnetic field
gradient. Because the change in the magnetic field strength is small during one
period of the electron’s cyclotron motion, this transformation is adiabatic. The
adiabaticity makes the electron’s magnetic moment

µ =
p2
⊥

2mB
= const. , (2.2)

where m is the mass of the electron and B the magnetic field. This implies that
when the magnetic field is minimum, the parallel component of the momentum,

13



Chapter 2 The KATRIN Experiment

p‖ will be maximum. At this point, which corresponds almost to the middle of
the spectrometer, an electric field is applied that acts as a barrier for the electrons.
As such, only the electrons with energy high enough to bypass this electrostatic
potential reach the detector, whereas the rest fly back to the source.

By changing the strength of this electric field, we can control the amount of elec-
trons reaching the detector. This results in the so called "integral measurement",
because we measure all the electrons with energies higher than a certain value.

The high luminosity rests to the fact, that there is a high acceptance angle for
electrons that come in the spectrometer. As a matter of fact, electrons that come
with a greater incident angle, are the ones that scattered the most in the source
before going into the spectrometer. These are also the electrons that are more in-
fluenced by systematic effects in the source. As we do not want electrons that have
scattered a lot in the source reaching the detector, the magnetic field in the source
Bs is tuned lower than the maximum magnetic field Bmax. The maximum accept-
ance angle, θmax, is then

θmax = arcsin

√
BS
Bmax

. (2.3)

The present field configuration in KATRIN is BS = 2.52 T and Bmax = 4.2 T, which
leads to a maximum acceptance angle of θmax = 50.8◦.

The MAC-E Filter Transmission Function

The resolution of the MAC-E filter is based on how well the parallel energy com-
ponent can represent the total energy of the electrons at the moment when the
electrostatic potential is applied, or in other words, on how efficient is the adia-
batic transformation of the perpendicular momentum component. The relation for
the resolution

∆E
E

=
Bmin
Bmax

, (2.4)

where Bmin is the minimum magnetic field on the analyzing plane, shows how
we should pick the field strengths to achieve the best possible energy resolution.
However, as the flux

Φ =
∫
BdA = BS ×AS = Bana ×Aana = const. , (2.5)

with AS the cross-section of the source, Aana of the analyzing plane, and Bana =
Bmin, is conserved, we see that the smallness of the resolution actually depends on
how bigAana i.e. the spectrometer is. This comes from the fact, that a magnetic field
cannot be arbitrarily small, and as such the cross sectional area in the analyzing
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Figure 2.3: Transmission function of the MAC-E filter of KATRIN. The width
of the step corresponds to the nominal energy resolution at 18.6 keV of ∆E =
0.93 eV.

plane has to be correspondingly large to compensate. For the first measurement
phase, with Bana = 6 G1, at an energy of 18.6 keV, the energy resolution was ∆E =
2.66 eV.

The ideal MAC-E filter has a response,

T (qU,E) =


0 E < qU

1−
√

1− BS
Bana

E−qU
E

2
γ+1

1−
√

1− BS
Bmax

qU ≤ E ≤ qU Bmax
Bmax−Bana

1 otherwise

(2.6)

which we call transmission function. Here, γ = E/me + 1 is just a relativistic
factor. The transmission function dictates the probability that an electron can pass
the electrostatic barrier. Its shape depends on the resolution of the MAC-E filter
and the acceptance angle. The transmission function of KATRIN for the design
energy resolution of ∆E = 0.93 EV, is shown in figure 2.3.

The MAC-E Filter technology was tested and used by the Mainz [40] and Troitsk
[41] experiments, of which the latter gives the current effective electron antineut-
rino mass upper limit,

mν̄e < 2.05eV . 95% C.L. (Feldman-Cousins). (2.7)

11 G = 10−4 T

15



Chapter 2 The KATRIN Experiment

The KATRIN Beamline

In the following, the building blocks of KATRIN will be briefly discussed.

The Rear Section

The rear section closes the ultra high vacuum system of the WGTS. While its main
function is to enclose the tritium gas, it also houses instruments to monitor the
properties of the gas inside the source [42].

WGTS

The WGTS is where the tritium is decaying and where most of the relevant sys-
tematic effects take place. It is a highly luminous and stable tritium source, being
injected by ultra-cold molecular tritium gas, with isotopic purity ∼95%. This res-
ults in about 1011 β-decays, or electrons, per second.

The main systematic uncertainty that arizes in the WGTS is on the column dens-
ity ρd; that is, the number of molecules per cross sectional area. For the final tri-
tium measurements of KATRIN, its value will be tuned to 5 × 1017 molecules/cm2

[38].

DPS and CPS

The transport section is divided in the Differential Pumping Section (DPS) and the
Cryogenic Pumping Section (CPS). The pumping section is deticated to shrinking
the ion flow in the beamline, thus reducing this additional background factor. In
the DPS, turbomolecular pumps reduce the tritium gas and ions by a factor of
∼10−4 [43]. In the CPS almost all the remaining tritium is adsorbed on the surfaces
of the beam tube, which are coated with a pre-condensed argon layer. Using this
technique, the tritium flow can be further reduced by 7 orders of magnitude [44],
thus ensuring that no ions can reach the spectrometers.

The Pre-spectrometer and the Main Spectrometer

Both spectrometers work based on the MAC-E principle. The pre-spectrometer
serves as a first filter for electrons, to supress the rate and to let only the high-
energetic electrons pass through. By setting the electric potential ∼300 V below the
endpoint energy, the pre-spectrometer can already reduce the incoming electron
flux by 6 orders of magnitude.

The relevant for the neutrino mass measurement electrons pass the pre-
spectrometer and through two superconducting transport magnets, and reach the
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2.3 Modelling the Spectrum

Figure 2.4: The KATRIN focal plane detector. The radial segmentation in
pixels helps identify inhomogeneities in the beamline.

main spectrometer. The size of the main spectrometer is what makes KATRIN com-
petitive in the neutrino mass search, with its design sensitivity being almost five
times better than older MAC-E filters [38].

Focal Plane Detector

The electrons that pass the main spectrometer arrive on the FPD. It consists of 148
pixels and is segmented as shown in figure 2.4. It is based on the silicon p-i-n
array technology and has an energy resolution of 1.52±0.01keV (FWHM) per pixel
[45]. The segmentation allows us to check for inhomogeneities in the background,
magnetic fields and the source.

2.3 Modelling the Spectrum

To get from the differential spectrum in equation 1.9 to the integrated spectrum
that KATRIN measures, the differential rate has to be integrated together with
the response function of the experiment. If the electrons would not scatter in the
source, this would just be the transmission function 2.6.
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Figure 2.5: The energy loss function for up to three scatterings. The loss prob-
ability for each scattering is plotted against the energy. Each additional order
of scattering corresponds to an additional convolution of the function with
itself.

To take scatterings in the source into account, the transmission has to be convo-
luted with the energy loss function, that is, the function that dictates the energy an
electron loses after a certain amount of scatterings.

The energy loss function for one scattering,

f1(ε) =

 A1 exp−2 (ε−ε1)2

ω2
1

ε < εc

A2 ·
ω2

2

ω2
2+4(ε−ε2)2 ε ≥ εc

(2.8)

consists of a Gaussian part, with mean ε1 and varianceω1, and a Lorentzian part,
with mean ε2 and variance ω2. The energy loss function for n scatterings is given
by the convolution of the function with itself, n-times. In the case of no scatterings,
expression 2.8, is reduced to just a Dirac delta function,

f0(ε) = δ(ε) . (2.9)

The energy loss functions up to three scatterings, are depicted in figure 2.5.
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Figure 2.6: The response function of KATRIN. The form of the function is de-
rived by taking scattering of electrons in the source into account. In principle,
the response function is the transmission of the MAC-E filter, weighted by the
probability of an n-fold scattering to take place, and the n-fold convolution of
the energy loss function. The first step at ∼10 eV below the endpoint denotes
the first scattering.

The transmission function is weighted by the probability of n scatterings Pn and
the n-fold convolution of the energy loss fn to give the response function,

R(qU,E) = T (qU,E) ·
n∑
i=0

Pnfn , (2.10)

where Pi is the probability for i scatterings to take place. The impact of the
energy loss function is described in section 3.3.

The response function is shown in figure 2.6. We see that electrons will leave
the source unscattered with 41% probability. Each additional scattering produces
another distortion, deeper into the spectrum.

The resulting integral spectrum is then,

I(qU ) =
∫ E0

qU

dΓ
dE
·R(qU,E)dE , (2.11)

where the integral goes from the retarding energy at a point, to the endpoint of
the spectrum E0. The model signal Γ (qU ) is completed by multiplying the integral
spectrum with a constant normalization factor N and adding a background rate B,

Γ (qU ) =N · I(qU ) +B. (2.12)
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Chapter 3

The First Tritium Measurement

Campaign

In June 2018 KATRIN took the first measurements of tritium beta-decay by inject-
ing D2 gas with 1% DT into the source. The concentration of tritium was fairly low,
but served as a starting point for the KATRIN experiment. These measurements,
which we call "First Tritium" (FT), were done mainly to demonstrate the function-
ality and stability of the whole setup and were not intended for measuring the
mass of the neutrino. The observable in question was the effective endpoint of the
tritium beta spectrum. Important was to assure the stability of the endpoint, thus
providing a justification for the numerical methods used in the upcoming analysis.
This first measurement period was very important for the study of sterile neutri-
nos, as the low tritium purity allowed us to measure 1600 eV below the physical
endpoint of the tritium β-spectrum, an energy scale that normally has such high
electron rates, that the detector cannot handle. This allowed for a more extended
search of a spectral distortion.

In the following, we will present our analysis methods, data handling tech-
niques, and the results of the light sterile neutrino analysis with the FT data.

3.1 Analysis Methods

For the analysis we use the analysis tool "Fitrium" [39]. Fitrium includes a model
of the tritium β-decay and the KATRIN apparatus, an application for Monte Carlo
data generation and is linked to the software "Fitness Studio", with which it can
also fit the data. Both softwares are developed at the MPP, mainly by C.Karl and
M.Slezák. In the framework of this thesis, Fitrium was extended to also accomodate
a sterile neutrino. For our analysis, we used the method of significance testing,
constructing frequentist confidence intervals.
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Figure 3.1: A fit of a fluctuating Monte Carlo dataset, simulating 3 years of
KATRIN data with zero neutrino mass.

We assume that each decay is independent of one another, and for each point in
the spectrum we use a Poissonian likelihood of the form

P (xi |N ) = exi
xNi
N !

, (3.1)

where N is the total number of counts and xi = x(E0,B,N ,mν) denotes the under-
lying model. Here, E0 is the physical endpoint of the β-spectrum, B the background
rate, N the overall amplitude, which we call the normalization, and mν the neut-
rino mass. The final likelihood is then the product of each indiviual likelihood, as
we also take each measurement to be independent from each other.

For our analysis, we fix the neutrino mass to zero and fit the other three para-
meters. A fit of Monte-Carlo data in the last 30 eV close to the endpoint is shown
in 3.1.
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3.1 Analysis Methods

3.1.1 The Covariance Matrix Approach

To include systematics in the analysis we used the covariance matrix method [46].
In this method, we minimize a χ2-function of the form

χ2
(
~xi | ~N

)
= (~xi − ~N )TV −1(~xi − ~N ) , (3.2)

where ~xi and ~N are vectors containing the model prediction and counts for the
whole dataset and V is the covariance matrix, which encodes the correlated and
uncorrelated uncertainties of the systematic effects. This method is viable, because
for large rates the poissonian likelihood resembles the normal distribution, and
then we can relate our likelihood 3.1 to 3.2 as

χ2
(
~xi | ~N

)
= −2lnP

(
~xi | ~N

)
. (3.3)

The covariance matrix approach of determining systematic effects can be used
only if the data is normally distributed and entails the following steps. First,
Monte-Carlo datasets are generated (∼103), in which the systematic parameter in
question is varied according to a given distribution. Then, for each point the cov-
ariance of the rates ~Ri is calculated according to

cov
(
Ri ,Rj

)
=

1
Nspectra

Nspectra∑
k=1

(Ri,k − 〈 ~Ri〉)(Rj,k − 〈 ~Rj〉) , (3.4)

where Nspectra is the number of spectra generated and 〈 ~Ri〉 is the expectation
value of the rate at each point. Finally, we construct the covariance matrix of sys-
tematic effects as

Vsys =


cov(R0,R0) cov(R0,R1) . . . cov(R0,Rn)

cov(R1,R0) cov(R1,R1)
...

...
. . .

...
cov(Rn,R0) . . . . . . cov(Rn,Rn)

 . (3.5)

For each systematic effect we want to include in our analysis, we construct such
a matrix. To include statistical uncertainty, we construct a diagonal matrix Vstat,
the same dimension as Vsys. These diagonal entries should be equal to the variance
at each point σ2, which corresponds to the statistical error square.

The covariance matrix we then use in 3.2 is the sum of all those matrices,

V =
∑
s

Vsys,s +Vstat , (3.6)

where s runs over the total number of systematic effects included in the analysis.
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Table 3.1: Values of ∆χ2 corresponding to a Confidence Level and to a number
of standard deviations. These values are valid in the case of two estimated
parameters.

C.L. σ ∆χ2

68.27% 1 2.3

90% 1.645 4.61

95.45% 2 6.18

99.73% 3 9.21

3.1.2 χ2 Significance Testing

To compute the sensitivity of KATRIN to sterile neutrinos, we used the standard
procedure of a χ2 test. We first construct our likelihood with the mass squared
m2
s of the sterile neutrino and its mixing sin2θ with the active one. We vary the

parameters by hand, and for each point in the m2
s - sin2θ plane, we fit the usual

parameters. Then, to construct the 90% C.L. belt, we calculate the ∆χ2 as

∆χ2 = χ2
(
~xi | ~N

)
−χ2

best

(
~xi | ~N

)
< 4.61 , (3.7)

where the equivalence of ∆χ2 values to significance levels is shown in table 3.1.

The resulting curve is a so called exclusion curve, defining the parameter space
we can exclude with the given C.L. (all points with ∆χ2 > 4.61). In this thesis, the
excluded space is the space to the right of the curves i.e. the area indicating larger
values for the mass and mixing angle, than the ones defined by the curve.

In table 3.2 the design parameters of KATRIN are summarized. By adding the
systematics stated in the design report [38], we reproduced to a good degree the
sensitivity from older studies as seen in figure 3.2.

3.2 Data Handling

Pixel Combination

The usual way to fit a spectrum would be to fit pixel dependent parameters, such as
the normalization and background rate, per pixel, while fitting the endpoint, which
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Table 3.2: Table listing the settings of KATRIN for the neutrino mass and FT
measurement campaign.

Parameter name Nominal value First Tritium

ρd 5×1017m−2 4.5×1017m−2

Bs 3.6T 2.52T

Bmax 6T 4.2T

Bana 3×10−4T 6×10−4T

Detector efficiency 95% 95%

Tritium purity 95% 0.5%
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sin22θs
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KATRIN nominal, Fitrium (2019)

KATRIN nominal (2016)

RAA 99% allowed, G. Mention et al. (2011)

Figure 3.2: Nominal KATRIN sensitivity study. The nominal KATRIN curve
is adapted from [47]. The curve (black) produced by Fitrium agrees to a very
good level. The excluded parameter space is the grey area above the curve.
For illustration purposes, the allowed region of the original RAA is shown as
the area enclosed by the grey line.
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is a physical parameter, independently. However, such a fit would be too time-
consuming and greatly complexes the sterile neutrino analysis, as we need at least
200 evaluations of the χ2 function to produce a low resolution exclusion curve. For
this, we treated the whole detector as one pixel, averaging the parameters that can
be pixel-dependent, such as the normalization and background. This procedure,
which we call a "uniform fit", greatly speeds up the fitting procedure, while losing
all the per-pixel information. Although the very essence of the FPD segmentation
was to fit for all pixel parameters independently, due to homogeneity during FT, we
deemed that averaging pixel dependent parameters would not induce systematic
shifts, and thus proceeded with the uniform fit approximation.

Run Combination

To ensure stability of the system, KATRIN does not take data continuously, but
rather does smaller measurements that are to be combined at a later time. One full
integral measurement of the spectrum is called a "run", and from the First Tritium
analysis, we picked 27 of those runs that lasted for three hours each (∼3.4 days of
measuring time in total). One point in the spectrum corresponds to a retarding
potential value. This measurement point is called a "subrun", and the stability of
the high voltage value at each measurement point plays a significant role in the
process of combining runs.

To use the covariance matrix method described in section 3.1.1, and to make the
analysis faster, we have to combine runs with the exact same measurement point
position. As the high voltage may have a small drift from the input value, the actual
qU values are not the same for every independent measurement. The bins used for
the analysis with a covariance matrix are then defined by the average qU values of
the combined runs. This process, called "stacking", introduces a mass shift error
of ∆m2 = -2σ2 depending on the variance σ2 of the stacked points. This effect was
shown to be irrelevant for the statistics of the FT measurements [39].

3.3 Systematics Budget

A uniform fit of the 27 three-hour runs stacked is shown in figure 3.3, with and
without including systematics.

The resulting χ2 over degrees of freedom is 2.61 in the statistics only case and
0.74 when we include systematics. The degrees of freedom for a fit are defined
as the number of data points subtracted by the number of free parameters. The
number of degrees of freedom coincides with the expectation value of the χ2 if
the measurements follow a Gaussian distribution. So a χ2 value close to one is
desirable. It is easy to see that our model fits the data well in both cases, but
becomes significantly better if we include systematics. This section is deticated to
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Figure 3.3: Fit of the combined 27 three-hour runs. (a) shows a fit with stat-
istical uncertainty only. (b) shows one including systematics. The bottom plot
in each figure shows the residuals normalized to standard deviations.

the breakdown of systematic effects included in the analysis, and the final results
for the light sterile neutrino analysis of the FT data.

Column Density ρd

The column density ρd is one of the main systematic effects, as its product with the
total inelastic scattering cross section σ is proportional to the scattering probabil-
ities. Its stability ensures that there are no significant distortions in the shape of
the spectrum. The cross section has an associated uncertainty of 2% [48]. In FT, ρd
was treated with a systematic error of 2-3%. The monitoring of the column density
is achieved with various techniques such as by the gas throughput and pressure
[49]. The definitive value for the column density will be provided by an electron
gun, used to measure directly ρdσ by shooting monoenergetic electrons through
the WTGS and onto the detector. The ρd stability requirement for the nominal
KATRIN operation is 0.2%.

In figure 3.4, a ρdσ fit on simulated electron gun data with Fitrium is shown.
The electron gun energy was fixed at 18575 eV.
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Energy Loss Function

As electrons travel to reach the detector, they can scatter and lose energy in the
process. This loss of energy is modelled with an energy loss function as in equation
2.8, and the uncertainties on its parameters are taken from [50]. The energy loss
function plays a great role in the experiment, as it dictates the way the transmission
of the electrons is distorted due to taking part in inelastic collisions in the source.
The energy loss determines the shape of the response function. For this reason, the
shape of the energy loss function has to be known with great precision for both the
neutrino mass measurement, and the sterile neutrino sensitivity.

The shape of the energy loss function can be inferred from measurements of
an electron gun spectrum for different column densities in the source. The exact
procedure is described in [38].

Final States Distribution (FSD)

As T2 molecules decay, the nuclear recoil forces them to land in different ro-
vibrational final states with a distribution of excitation energies as seen in figure
3.5. This modifies the spectrum, as the available energy for an electron becomes
less. The distributions for these states were given in [51]. As seen in figure 3.5,
the FSD is divided in mainly two parts, the first being a sharp peak indicating the
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Figure 3.4: A fit on simulated electron gun data. Each additional scattering
process taking place in the source adds a bump deeper in the spectrum.
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Figure 3.5: The FSD data for the T2 molecule going into Fitrium. In the distri-
bution the first sharp peak indicates the ground states, and all the structures
on the right belong to excited states.

ro-vibrational excitation energy probability distribution of the electronic ground
state, and the second showing the probability for the electronic excited states.

The systematic uncertainty of the FSD comes mainly from the normalization
of the ground to excited states. However, the excited states probability is not so
well understood, and the total probability has to be conserved. For this reason,
we assumed in FT a overall normalization uncertainty of 1% and an additional
uncertainty of 2-3% for the variance of the whole FSD.

Magnetic fields

As the parameters that dictate the incident electron angle in the spectrometer, the
adiabaticity of the MAC-E filter and most importantly, the resolution of KATRIN,
uncertainties on the strength of the magnetic fields play a great role. This sys-
tematic is dependent on the hardware and in the design report has an accuracy
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requirement of 0.2% for all three magnetic fields, Bana, BS , and Bmax. For the FT,
the systematic uncertainties were derived from simulations, and were 1%, 2.5%,
and 0.2% for Bana, BS , and Bmax, respectively.

Isotopologue Concentration Fluctuations

Tritium can come in the source in the form of T2, HT and DT. In FT the source
of electrons was DT, which consisted almost the 1% of the total gas (mainly D2).
Fluctuations in the activity of the DT isopologue can induce spectral distortions.
This means that the stability of its concentration was crucial to the analysis that
followed. The concentration, as well as the errors on it, are given through laser
Raman spectroscopy [52]. As the concentration of DT was very small, it could
not be measured very accurately. As such, the measured mean value of the DT
concentration was fluctuating during FT. The fluctuations during the 27 analyzed
runs are shown in the evolution of the DT concentration in figure 3.6.

We see that the concentration can change by more than ±0.2% relative to the
mean value. In relative, we show the evolution of the column density, as a demon-
stration of the stability of the KATRIN apparatus. Although these two parameters
do not say anything about each other, the difference in measurement precision is
made clear. These fluctuations introduced a new systematic to the analysis, as KAT-
RIN was not designed to operate on such small concentrations of tritium.

For the analysis we used the error on the mean as uncertainty, which roughly
ranged from 0.05% to 0.18% for the 27 runs. Although the DT fluctuations were
the most impactful systematic during FT, any fluctuations of statistical nature will
be washed out by measuring longer, so we do not expect such uncertainties in the
standard KATRIN operation.

Detection efficiency

After the electrons pass the main spectrometer, they are re-accelerated to reach the
detector. For the reconstruction of the integral spectrum, one has to define a certain
Region Of Interest (ROI) to get rid of non-tritium events recorded in the detector.
What this ROI cut achieves, is the reduction of unneccesary background, created
either by processes in the main spectrometer or by hardware-induced noise. The
error on the correction stemming from the ROI cut was taken as 0.16% at 1600 eV
below the endpoint.

One other major effect in the FPD that is resolved through the ROI cut, is the
rejection of pile-up electrons. If two electrons hit on the same pixel at a certain
timescale, which the detector cannot resolve, the detector records one event at an
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Figure 3.6: The evolution of the column density and DT concentration for
the duration of the 27 runs. Although the two parameters cannot really be
compared, the fluctuation of the measured mean DT concentration value is
made clear.

energy depending on the incident times of the electrons. As pile-up can lead to a
loss of an uncertain amount of electrons, the error on its correction was pessimist-
ically fixed to 18%.

Another loss of statistics can come from the backscattering of electrons in the
magnet situated at the detector. Although most electrons can scatter back and
forth, ultimately reaching the detector, some can go through the main spectrometer
again and travel back to the source. The error on the backscattering correction is
very small and we do not need to include it in our analysis.

All these effects are taken into account in KATRIN to deliver the detection effi-
ciency of the FPD. The detection efficiency is pixel-, and energy-dependent, and in
the FT measurements had a relative correction ranging almost up to 2%. In figure
3.7, we vizualize the energy- and pixel-dependence of the detection efficiency. In
this figure the correction on the detection efficiency is plotted for two pixels against
the value of the retarding potential.
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Figure 3.7: The detection efficiency corrections for two pixels. For each meas-
urement point below the endpoint, the ROI window is shifted .

The detection efficiency corrections δROI (qU ), δPU (qU ), were provided by a ded-
icated group in the collaboration and we calculated the error on the total counts,
σN corr (qU ), as,

σN corr (qU ) =
√

(δROI (qU ) · σROI )2 + (δPU (qU ) · σPU )2 (3.8)

=
√
σ2
δROI

+ σ2
δPU

, (3.9)

which was dominated by the uncertainties on the pile-up corrections. At
qU = E0-1600, our full range, σN corr (qU = E0 − 1600) was 0.02%, without tak-
ing account the dependence on the different pixels. At qU = E0-1000, it was
σNDE (qU = E0 − 1000) = 0.003%. We took a pessimistic guess and averaged these
uncertainties to yield an 0.01% uncorrelated uncertainty for the whole spectrum
in our final analysis.

The systematics included for the analysis of the data are summarized in table
3.3.
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Table 3.3: Table listing the values of the different systematics taken into ac-
count during the First Tritium measurement campaign.

Uncertainty
ρdσ 3%
FSD normalization 1%
FSD shape PGS(4%),PES(18%)
Energy loss fn. Abdurashitov (D2)
Bs,Bmax 2.5%,0.2%
Bana 1%
DT concentration fluct. 0.05-0.18%
Detection efficiency 0.01%

3.4 Results

3.4.1 Comparison of Sensitivity and Exclusion Limit

Having done the preliminary analysis to ensure the stability of the data and the
proper function of our model, the next step is to analyze the FT data with respect
to light sterile neutrinos.

To demonstrate the robustness of the Fitrium analysis tool, we generated 27
runs with the same slow control parameters as the ones from FT, and drew ex-
clusion curves including all systematics with the real and simulated data. The
result, shown in 3.8, indicates not only that Fitrium can simulate data to a great
resemblance to reality, which serves as a test for our projected KATRIN sensitivity
studies, but also that the FT data were of high quality and did not show unexpected
behavior, at least at this level of analysis.

3.4.2 Impact of Individual Systematics

To see how each systematic affects the exclusion, we draw the exclusion, each time
with another systematic effect. Figure 3.9a, shows how much impact these uncer-
tainties had in our analysis.

To make the effect of the systematics more clear, we can change our χ2-test. A
way of showing exclusion plots with statistical artifacts is by modifying equation
3.7 as,

∆χ2 = χ2
(
~N | ~xi

)
−χ2

(
~N | ~xi(mνs = 0)

)
< 4.61 , (3.10)
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Figure 3.8: The FT exclusion curve is compared with the exclusion produced
using simulated FT data. The result serves as a verification for the future
sensitivity studies, as far as our software and data quality of KATRIN are con-
cerned.
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Figure 3.9: Exclusion curves for the 27 FT runs stacked. Each time we use a
different covariance matrix to include a systematic effect in the test. (a) shows
the case where the χ2 is compared to the best fit, and (b) the case compared to
the null hypothesis.
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where instead of comparing the χ2 of each point to the best fit, we compare
it to the χ2 value in the absence of sterile neutrino. We call this case the "null
hypothesis", as it is the hypothesis we opt to reject. The curves then would show a
mild preference towards the best fit value, while retaining a statistically unbiased
form. We ought to note here, that this procedure is applied only for presentation
reasons and in general is applicable only in the case, where we know that we can
exclude the best fit as a possible discovery. We depict this result in 3.9b.

The curve including the uncertainty on the column density and total scattering
cross section ρdσ is a bit above the "all systematics" curve, because of numerical
effects. For the same reason, the curve with the detection efficiency covariance
matrix is below the "statistics only" curve.

The uncertainty on the magnetic fields and on the energy loss function add to
the whole of the spectrum. Especially in the regime of higher masses, their effect
is more pronounced. The reason for this, lies probably in the fact that the mag-
netic fields and the energy loss play a role in the transmission and the response
function of the experiment, which affect the spectral shape, and in turn the sensit-
ivity on the mass. The uncertainty on the column density seems to have almost the
same effect, but it is again getting more pronounced for higher mixing angles. This
again, can be attributed to the spectral shape, as the higher mixing angles indicate
a more pronounced kink in the spectrum. Our knowledge of the kink signature is
directly correlated to the rate at each point, which is proportional to the column
density. The last systematic for which we use correlated uncertainties, is the error
on the FSD. The excitation energy of the molecules in their final states follow a
distribution and do not have an exact value. This worsens the resolution for a very
small factor. Indeed, we see that the FSD covariance matrix has an overall effect on
the exclusion, except for the region above intermediate masses and mixing angles.
This behavior rests to the fact that our model is not made for the region 100 eV
and below the endpoint, making the FSD uncertainty in the higher masses regime
doubtful.

The uncorrelated systematics we use are for the detection efficiency corrections
and the DT concentration fluctuations. Uncorrelated systematics are in general
dangerous for analyses looking for a spectral signature, as the absence of correla-
tions implies that the signature in question can be almost always be reconstructed
within uncertainties. By including correlations to our systematics, the sought after
spectral signature can in principle only be formed due to physical effects. The
uncorrelated systematics thus always improve our fit, and simultaneously reduce
the sensitivity. This effect is very clear in the First Tritium analysis, as the bin-to-
bin uncorrelated uncertainty on the DT concentration completely dominates over
all other systematics. As discussed above, this uncertainty is only on the order of
10−3, but still has a much greater impact than, let’s say the correlated uncertainty
of ρdσ , which is of the order of 10−2. Errors on the detection efficiency corrections
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Figure 3.10: The impact of the fitting range in the exclusion curve. We can
read that the deeper we scan, the more sensitive we get, even for lower masses.

are on the order of 10−4, and thus do not play a significant role here. However, if
we included more statistics in our analysis, also these errors would become signi-
ficant. The behavior of the curve that is below the "statistics only" curve, could be
attributed again to the absence of correlations and the smallness of the error, but
this effect was not studied further.

3.4.3 Dependence on Statistics and the Fit Range

The Effect of the Fitting Range

To test the dependence on the fitting range, and to see the limitations of our model,
we draw the exclusions including now all systematic effects, but this time varying
the fitting range. This study is mainly done in order to validate our analysis at the
full 1.6 keV range, with a model that is developed for use at most 100 eV below the
endpoint of the beta-spectrum.

The result in 3.10 shows how the fitting range modifies the exclusion curve. The
1600 eV range still is the best option, even though we expect the systematic effects
to be less dominant in the smaller fitting ranges. In this case, we can argue that the
knowledge of the full spectral shape, which depends on the depth of the scan, plays
a greater role than possible systematic uncertainties not included in the analysis.
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3.4.4 Comparison to Other Measurements

As a final step, we plot the FT exclusion together with the older exclusions of the
Mainz and Troitsk experiments in figure 3.11. Even with a higher background
and way lower tritium concentration than the nominal KATRIN operation, FT can
compare to the other two β-decay experiments. In the same plot we show a pre-
diction of the exclusion after the first measurement phase of KATRIN that is to
take approximately 30 days worth of data time. As the source will contain T2 gas,
the electron rates will be significantly higher, such that above a certain threshold
the detector cannot handle. For the curve shown here, we assumed a maximum
scan range up to 90 eV below the endpoint. As by having significantly more stat-
istics than FT and statistical fluctuations of the tritium isotopologues will quickly
become averaged out, we did not include this systematic in this study.

Already in 30 days of measuring time, KATRIN can exclude a very large part
of the parameter space preferred by the reactor antineutrino anomaly. This can
be attributed to the high rates due to increased tritium activity and the improved
systematic uncertainties. This plot also showcases the importance of KATRIN as a
β-decay experiment, as it has the prospects to greatly improve past results.

In the next chapter, we test the limits of KATRIN by computing the sensitivity
for the full 3 years of measurement time.
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Figure 3.11: The exclusion curve of the analyzed FT data, in comparison with
the ones from Mainz [53] and Troitsk [54]. It is remarkable that only with 30
days of measurement at nominal activity, we can cover most of the parameter
space excluded by the Mainz and Troitsk experiments.
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Chapter 4

Expected Sensitivity of KATRIN for eV

Sterile Neutrinos

In this section, we update the existing studies by using our new analysis tools and
the current status of KATRIN. First, we show how the statistical sensitivity can
improve with the measuring time. Then, we point out the impact of the present
background, which is significantly higher than the one predicted in the design
report. In addition to the statistical sensitivity, we also study how the projected
systematic effects will affect the final results of KATRIN in three years. We end this
chapter by providing a comparison of how different scanning ranges and measure-
ment schemes can impact the analysis.

4.1 Statistical Sensitivity

As a first step, we consider the statistical sensitivity of KATRIN for different run
times.

Figure 4.1 shows the statistical sensitivity for 30 days, 6 months, and 3 years,
with the nominal KATRIN settings. As expected the exclusion gets better with
time. Another feature of KATRIN that is made clear here is how fast the sensitivity
limits converge. The sensitivity gain from the first 6 months of data is almost the
same as the gain from additional 30 months. This means that the statistics needed
to resolve the basic spectral shape are acquired relatively fast, and then although
KATRIN still improves from statistics, the gain is getting lower.

4.2 Impact of Elevated Background

4.2.1 Impact of Elevated Background

In the KATRIN design report in 2005 [38], the background rate that was expec-
ted for the experiment was 10 mcps (milli-counts per second). The now measured
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Figure 4.1: Exclusion curves for different measuring times.

background rate of KATRIN is ∼685 mcps. This large background rate is attrib-
uted mainly to Rydberg atoms coming from the radioactive decay of 210Pb in the
walls of the main spectrometer. These atoms have electrons with high principal
quantum number, making the electron loosely bound to the atom. Room temper-
ature thermal radiation can free those electrons, which are then accelerated to the
same energies as the electrons coming from the source. The different mechanisms
concerning Rydberg atoms in KATRIN are discussed in [55].

The higher background can influence negatively the sensitivity of the experi-
ment. Especially for the case of the sterile neutrino, whose signature in the spec-
trum is expected to be weak, given the preferred small mixing angles, the addition
of a background rate can prove a hindrance to our analysis. To visualize the effect
of the higher background, we show the impact of the sterile neutrino on a β-decay
spectrum, without a neutrino mass, in figure 4.2a. For the plot, we subtract one
from the ratio to make the impact strength more clear. The values for the sterile
neutrino used for the generation of the spectrum are ms = 1 eV and sin2θ = 0.1.

The more pronounced the signal is, the easier the distinction of the two spectra
is. The effect of a 10-times larger background, has already a large impact on the
sterile neutrino signature, with a threefold reduction of its amplitude.
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Figure 4.2: The impact of the higher background in the spectrum (a), has also
a clear effect in the sensitivity (b).

To see how this impacts our sensitivity, we consider nominal systematics, 3 years
of measurement time and a flat MTD spanning just 30eV below the endpoint. In
figure 4.2b we see the exclusion curves for different backgrounds. The higher back-
ground makes a great difference even without considering other systematic effects.
The curve lies above the best fit of the RAA, situated at ∆m2

s = 2.3 eV2 and sin22θ =
0.14, which means that KATRIN will not be able to completely resolve the anomaly.

The translation and dampening of the signature have to be taken into account
for the final sensitivity studies, by spending more time measuring at the retard-
ing potentials close to it. But first, we can explore some means of reducing the
background.

4.2.2 Means to Reduce the Background

The background rate can be effectively reduced by increasing the magnetic field in
the analyzing plane. We can see from equation 2.5 that if we increase the magnetic
field in the analyzing plane, because the magnetic flux stays constant, the area of
the analyzing plane has to shrink. The magnetic field of the analyzing plane is thus
approximately inversely proportional to the volume of the main spectrometer’s flux
tube. It turns out that a large portion of the background is proportional to this
volume. This behavior, was studied in [55], and is shown in figure 4.3a. In the
same plot, the MAC-E filter energy resolution is shown, as it also scales with Bana.
The drawback of increasing the magnetic field to reduce the background is that the
energy resolution is worsened. We attempt to find the best setting for Bana to be
used in the analysis.
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Figure 4.3: (a) The background rate (blue) of KATRIN and the resolution of
the MAC-E filter (red), plotted against Bana. (b) Three different exclusions for
different configurations of Bana and background rate. We see that the variation
of the background with respect to the magnetic field of the analyzing plane is
not of any importance for the analysis of sterile neutrinos.

We can see that the point where the absolute resolution and background rate
are the smallest is for Bana = 7 G. This "optimum" defines the settings at which we
achieve the best energy resolution, with the lowest background rate possible (393
mcps). We show how increasing the magnetic field in the analyzing plane to reduce
the background affects our sensitivity in 4.3b.

This result shows that for the light sterile neutrino analysis these settings have
almost the same impact, thus producing a similar result when tuned simultan-
eously. While the reduction of the background rate can greatly enhance the sterile
neutrino signal, the energy resolution seems to have the exact opposite effect on the
sensitivity. We can only improve our sensitivity if the background rate is reduced
overall, without changing the magnetic fields. For this reason, we kept the Bana
value at 7 G, as this is the value that will most probably be used for the regular
KATRIN neutrino mass analysis.

4.3 Impact of Systematic Uncertainties

In this section we discuss the impact of the most important systematic uncertain-
ties. The precise quantification of some of the systematic parameters requires fu-
ture calibration campaigns or new calculations. For instance, the energy loss func-
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Table 4.1: Table listing the values of the different systematics included in the
sensitivity studies.

30 days 3 years best 3 years worst
ρdσ 2-3% 0.2% 0.2%
FSD normalization 1% negl. 1%
FSD shape PGS(4%),PES(18%) negl. PGS(4%),PES(18%)
Energy loss fn.[50] Abdurashitov (D2) negl. Abdurashitov (D2)
Bs,Bmax 2.5%, 0.2% 0.2% 0.2%
Bana 1% 0.2% 0.2%

tion has to be precisely recalculated, as the one we use now is an older result of an
external group and does not necessarily reflect the exact energy loss function of the
KATRIN source. The FSD is also an older result, taking into account that KATRIN
will only measure 30 eV below the endpoint. Moreover, as mentioned earlier, the
normalization of the excited states and overall variance still suffer from a percent
level uncertainty. Accordingly, we consider here a “best-case” and “worst-case”
scenario.

Furthermore, we anticipate that our understanding of the systematic may im-
prove over time. The systematics considered here are:

• The column density ρd,

• The FSD,

• The energy loss function,

• The magnetic fields’ strength.

Table 4.1 summarizes the systematics budget used for the best and worst case
scenario in three years, as well as for the first 30 days of data taking.

In three years we hope that most of those uncertainties will have been resolved,
either by measurements in KATRIN or by other experiments. This is what we sig-
nify as "best", which is also the best case scenario at this moment. Of course this
scenario is subject to new technologies and analysis methods that can be developed
in the following years. As such, these systematics represent our best estimation
now, but the knowledge on them might still improve.

The worst case scenario, shown in the third column of 4.1, includes systematics
that we do not know if they will be resolved by then, and are mostly associated
with independent work outside of KATRIN or special measurements.
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We show the impact of the best and worst case systematics in figure 4.4. It seems
the addition of the energy loss function and the FSD does not change the sensitivity
by much. This is however to be expected, as the electrons have not scattered much
in the 30 eV range and moreover the excited states probability in the FSD, which is
lesser known, kicks in above 20 eV. First of all, impactful systematics such as the
column density and the magnetic fields have the same uncertainty in both cases,
as they are the systematics that can be measured and improved from the KATRIN
collaboration itself. Furthermore, we scan only 30 eV away from the endpoint of
the spectrum, so we are still at the point where the FSD and energy loss are known
with great precision and we are dominated by statistics, rather than by systematics.

Still the effect of systematic effects and the higher background can prove detri-
mental to KATRIN’s performance in solving the RAA. The most intuitive way to im-
prove the sensitivity is to aqcuire more information on the shape of the spectrum.
This can in general happen by changing the depth of the scan, and the distribution
of our measurement points.
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Figure 4.4: KATRIN exclusion for the best and worst predicted systematic un-
certainties. By including uncertainties on the FSD and the energy loss func-
tion, the exclusion curves do not become much worse.
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Figure 4.5: KATRIN exclusion for different scanning ranges. By scanning
deeper into the spectrum we have more information on the shape of the spec-
trum, thus being able to better distinguish a sterile neutrino signature.

4.4 Optimization of Measurement Interval

A possibility to compensate for the elevated background rate could be to increase
the measurement interval. By measuring deeper into the spectrum we get more in-
formation on the shape and by having those additional statistics we can determine
the effective endpoint much more precise. The gain in sensitivity is visualized in
figure 4.5.

As the detector cannot handle too great rates, we limit our studies to a maximum
depth of 200 eV below the endpoint. This is also a range, which is still close to the
range for which our model is made. Even though we could fit the FT data that went
1.6 keV below the endpoint well, we cannot be sure that unknown systematics do
not appear when we increase the measurement interval by so much. As such, we
stick to realistically possible scan ranges, 200 and 100 eV below the endpoint.

Even with the current background, we can almost regain all the lost sensitivity
just by increasing the measurement interval. However, the deeper we go into the
spectrum, the smaller the impact of the sterile neutrino is, so the gain after the 100
eV range is minimal.

A drawback of this method is that the impact of the systematic uncertainties in-
creases proportional to the measurement interval. Figure 4.6a shows the sensitivity
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Figure 4.6: Sensitivity for different scan ranges. We see in (a) that the deeper
we scan, the more impact the systematic effects have. However, if the system-
atic uncertainties are low enough, as is our best case scenario (b), scanning
deeper can still improve the sensitivity.

for the different scanning interval, including the worst case systematics. The im-
portance of systematic uncertainties at larger ranges is clear, as the sensitivity for
the 200 eV range becomes the same as the one for the 100 eV range.

The difference is due to the uncertainties on the FSD and energy loss function,
and this is explained in figure 4.6b, where the best case systematics are included.
Here, the hierarchy of the curves is retained, with the 200 eV interval being still
better, in contrast to our observation before.

We can already infer that the best range would be the 100 eV, as further increas-
ing the scan range also increases the complexity of the measurement time distri-
bution, except from possibly introducing additional unknown systematics. Even
considering the best case systematics, the gain in sensitivity by further increasing
the scanning interval is minimal. So we conclude that the best range for KATRIN
to search for light sterile neutrinos is to scan to 100 eV below the endpoint.

4.5 Improvements on the Measurement Time Distribution

How much time and at which retarding potential we will measure during one run
is called the Measurement Time Distribution (MTD) in KATRIN and plays a signi-
ficant role in the analysis, as it dictates the most important regions of the spectrum.

For example, it can be tuned so as the measurement can focus on important

46



4.5 Improvements on the Measurement Time Distribution

regions of the spectrum, such as the spectral distortion in figure 4.2a. Gathering
more statistics in the area of the signal can greatly improve our sensitivity, and
that is why we showcase four different studies done to derive the MTD for the final
analysis.

Out of the four possible MTDs, two were constructed by hand, and two using
optimization software from the KATRIN collaboration. We chose a scanning depth
of 90-100 eV below the endpoint, according to our short analysis in the previous
section. We used the best case systematics, and three years worth of statistics.
Figure 4.7 shows the distribution of the measurement points.
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(d) Numerically optimized MTD

Figure 4.7: Four MTDs used for comparison. (a) and (b) were done by hand,
whereas (c) and (d) were derived numerically. All of them spend more time
on the region where a spectral distortion would be more pronounced. The
spiked MTD has a lower binning size to visualize a measurement with very
few measurement points.

We call the first two MTDs considered, "flat" and "spiked", though their main
difference lies in the binning size in the endpoint region. The "ISOstat" MTD is
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an MTD that is optimized to yield almost the same statistics in the whole of the
spectrum. To achieve that, more time is spent on the points near the endpoint and
less time deeper into the spectrum. The last MTD 4.7d is optimized for the first
measurements of KATRIN and that is why it contains significantly more points in
the background region. As the background is the most important problem we are
facing, knowledge on it can help refine the analysis. It is important to note, that
the last two MTDs were optimized for the active neutrino mass measurements and
not for the sterile one. The signature in the spectrum is in almost the same region
for the active neutrino as for the sterile. So we do not expect great deviations, but
still draw the exclusions, as the final MTD of KATRIN will most probably look like
that.

The comparison of the MTDs is realized with an exclusion plot, shown in 4.8.
The importance of the bin size is clear, with the "spiky" MTD delivering worse lim-
its than the "flat" one. Morever, we see that the ISOstat and the optimized MTD
return the same results as the manually generated "flat" one. This behavior rests
most probably to the fact that the sensitivity can become better by including even
two intermediate points between the deepest point and the region of the signal sig-
nature, but just adding one measurement point deeper into the spectrum does not
help much. Moreover, the three MTDs with higher resolution all spend a notable
amount of time in the region of interest, and their difference cannot be made clear
in the 3 years of measurement case, where we would anyway have amassed great
statistics.

The effect of the different MTDs in less time and without systematics was not
considered in this study, but their difference should probably more pronounced
than in the case examined here.
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Figure 4.8: Sensitivity from the four MTDs in 4.7. The low resolution,
"spiked", MTD shows significantly lower sensitivity. All the other MTDs result
in the same exclusion, although being significantly different.
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Chapter 5

Conclusion

In this work, a search for light sterile neutrinos with a 3-day data set of the First
Tritium measurement campaign was performed. A detailed study of the impact of
all relevant systematic effects was performed and revealed that the uncertainty in
the determination of the DT concentration was the limiting factor of this measure-
ment. As the amount of the tritium isotopologe in future measurements will be
significant higher (100% T2 as compared to 1% DT) the measurement uncertainty
is expected to be drastically reduced.

A very good agreement between the predicted sensitivity to light sterile neut-
rinos of the First Tritium measurement and the actually achieved exclusion limit
could be demonstrated, which shows that the analysis methods and systematic un-
certainty treatment is robust.

The 90% C.L. exclusion limit achieved with this data set already tackles the al-
lowed parameter range of the RAA in a high mass range, where dedicated oscilla-
tion experiments are not sensitive.

The second focus of this work was the investigation of the KATRIN senstivity
to light sterile neutrino, considering an elevated background rate. Here, the effect
of the higher background on the sterile neutrino signal was probed and studied.
First, the dependence of the background rate on the magnetic field strength in the
analyzing plane was checked but it ended up being insignificant for the sterile
neutrino. Two different predictions for our knowledge of systematic effects after
three years were made and applied to the sensitivity with the elevated background
rate.

One solution to regain the past sensitivity is increasing the measurement in-
terval. However, it was shown in figure 4.6 that the deeper we scan, the more
pronounced the systematic effects become in the sensitivity. Only by assuming a
very optimistic systematics budget (no uncertainty on the FSD and energy loss),
the sensitivity can be increased by scanning deeper into the spectrum.

As a result, this work shows that a reduction of the background rate is of upmost
importance for the KATRIN experiment to achieve its targeted sensitivity for sterile
neutrinos. Several promising methods are being implemented at the moment that
have a high potential to reduce the background to its design value of 10 mcps.
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Appendix A: Comparison of all studies

We summarize everything in one plot. The combination of the FT data and the
three-years KATRIN sensitivity encompass the whole parameter space excluded by
the Mainz and Troitsk experiments. Although KATRIN does not seem to reach the
best fit values from the reactor experiments, it can exclude more than 80% of the
allowed parameter space from RAA.
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Figure 1: Summary of light sterile exclusions from tritium β-decay, compared
to the best fits from reactor experiments [19, 22–24, 30, 53, 54]
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