Technical University of Munich Max Planck Institute
Physics Department for Physics

ApByzit

Master’s Thesis

Systematic Uncertainties of the KATRIN Neutrino Mass
Measurement Associated with Beta Decays on the Rear Wall
of the Experiment

Systematische Unsicherheit der Neutrinomassenbestimmung von KATRIN
im Zusammenhang mit Betazerfillen auf der Riickwand des Experiments

Author: Matthias Weidenthaler
Supervisor: Prof. Dr. Susanne Mertens
Second Reviewer: Prof. Dr. Bastian Markisch

March 12th, 2022






Declaration of Authorship

German:

Ich versichere hiermit, dass ich die vorliegende Masterarbeit im Masterstudiengang
Kern-, Teilchen- und Astrophysik selbststdndig verfasst, und nur die angegebenen
Hilfsmittel und Materialien verwendet habe.

English:
I hereby declare, that I have written this Master’s thesis as part of the Nuclear,

Particle and Astrophysics master program independently and that I have only used
the acknowledged external resources.

Matthias Weidenthaler

Munich, February 11th 2022

iii






Abstract

The existence of neutrinos and their properties have wide-ranging implications for
particle physics and cosmology. Neutrino oscillation experiments prove that at least
two neutrino mass eigenstates are non-zero and provide lower limits. Yet according
to present knowledge the value of the absolute mass scale still remains undetermined.
The KArlsruhe TRItium Neutrino experiment (KATRIN) is designed to measure the
value of the effective electron neutrino mass with a sensitivity of 200 meV /c? (90 %
CL).

For that beta decays of gaseous tritium are observed. Since tritium circulation
started, parts of the KATRIN experimental setup (in particular the rear wall) are
unintentionally gradually being radioactively contaminated by charged and neutral
particles from the tritium source. Beta decays stemming from this contamination
comprise a time-dependent non-uniform background at the < 1% level in neutrino
mass measurements.

As the detailed shape of this spectrum is unknown, the goal of this thesis was to
find a suitable description of the rear wall spectrum for correcting the corresponding
background in KATRIN neutrino mass campaigns from June 2020 to June 2021.
Low statistics data from multiple dedicated rear wall characterization measurements
was used to develop empirical and partly empirical models based on features of
typical beta decay spectra and to evaluate their impact on the central value and the
uncertainty of the KATRIN neutrino mass result.

The rear wall spectrum was found to cause a significant bias of the neutrino mass
result which could be corrected. The additional systematic uncertainty was estimated
to be smaller than 0.01 eV? on the squared neutrino mass in the current energy range
setting.

These results form the basis of further analyses for future data releases.
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Chapter 1

Neutrino Physics

1.1 Neutrino Discovery

The idea of a new non-charged particle, later called neutrino, was first proposed by
Wolfgang Pauli in 1930[1] to explain the continuous energy spectrum of electrons
emitted in beta decays. A first experimental confirmation of this idea was achieved
by Cowan and Reines in 1956[2] observing nuclear reactor neutrinos through inverse
beta decay reactions

Uet+pm — et +n (1.1)
with the positron quickly annihilating, producing a detected photon pair. The neu-
tron is absorbed by Cadmium

n+ 1%cd — 197"Cd — 1%9Cd 4~ (1.2)

with a time delay providing a coincident second photon pulse.
At that time neutrinos were assumed to be massless, neutral, spin—§ fermions inter-

acting weakly.

In 1962 Lederman, Schwartz and Steinberger|3| found a second type (flavor) of neu-
trinos associated with the muon (x) in addition to the first one, where the first one
produced only electrons in reaction 1.1. Later another neutrino flavor related to
the third lepton (7) was first discovered by the DONUT experiment[4]. DONUT
observed interactions of the type

ve — 7+ X (1.3)

followed by
T—v;+Y (1.4)

and identified the short-lived 7 by comparison of emission angles and track lengths.

1.2 Neutrino Oscillation

In the following years, a discrepancy was noticed between the measured flux of solar
electron neutrinos and predictions based on the Standard Solar Model at that time,
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puzzling the scientific community. This phenomenon of about two thirds of the neu-
trino flux seemingly missing was known as the Solar Neutrino Problem (SNP).

It was finally resolved experimentally through observations made by the Super-
Kamiokande experiment|5] and the Sudbury Neutrino Observatory (SNO)[6].

SNO essentially consisted of a vessel containing 1000t of pure D2O surrounded by
photomultiplier tubes. It detected multiple reactions involving neutrinos, some of
them sensitive to neutrino flavor.

Starting with a deuteron (d), one charged current (CC) process observed was

ve+d—pt+pt+e. (1.5)

The resulting electron was detected through its Cherenkov radiation.
A concurrent neutral current (NC) process requiring incoming neutrinos was

Vo+d —pT +n+v, (1.6)

with o = (e, p, 7) for the three neutrino flavors. When the resulting free neutron is
captured by a 2H nucleus, a prompt gamma ray photon is emitted.

H4n — %H + (6.25 MeV) (1.7)

Subsequent Compton electrons or e~e™ pairs moving through the vessel also lead to
Cherenkov light detected with photomultipliers.

SNO therefore had independent ways to measure the v, flux and the total neutrino
flux. Comparing these fluxes solved the SNP by proving that about two thirds of
solar neutrinos emitted as v, are identified as v, or v,, when detected on earth.
This is referred to as neutrino oscillation. Contemporary descriptions of the neutrino
propose two distinct types of eigenstates, flavor eigenstates m,, and mass eigenstates
m; with i=(1,2,3).

The description of the spatial propagation of neutrinos is based on their mass eigen-
states, whereas the flavor eigenstate is relevant for the description of the weak inter-
action. A plain wave description of a neutrino in the i*" mass eigenstate at time ¢,
impulse p; and energy E; gives

vi(t)) = e " FPE) [(0)) = e |13 (0)) - (1.8)
The phase ®; relates m; to its propagation through
2
m:
Ei:\/m?+p?%pi+27z- (1.9)
Pi

'For a different j'" mass eigenstate |v;) usually p; = p; or E; = E; is assumed,
which in general is not Lorentz invariant. It will nevertheless be assumed here for

!Expressions are given in natural units ¢ = /i = 1 throughout this entire thesis, unless stated
otherwise.
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simplicity. Ultra-relativistic neutrinos then justify L ~ ¢ as well as
FE = FE; = p; > m;Vi. (1.10)
The phase difference therefore varies with L approximately like

2 2 2
m; —m; A

sp L= L (1.11)

(I’Z'—(I)j%

The mass eigenstate relates to the flavor eigenstate «, in which the neutrino is taking
part in the weak interaction, by a transformation

Va) = ZU& Vi) (1.12)

U is a 3x3 unitary matrix named after B. Pontecorvo, Z. Maki, M. Nakagawa and S.
Sakata (PMNS)[7]. For illustration purposes, suppose there are only two mass and
flavor eigenstates and U is parameterized such that

ve)\ _ ( cos(0) sin(0)\ ([v1) (1.13)

V) —sin(0) cos(0)) \|r2)) " '
The probability of a v, to be detected as v is therefore related to the phase difference
of mass eigenstates which varies with propagation distance (equation 1.11).

2
Possp(t) = [{p(0)va(0) [P = | D (#(0)| Ug; Ui lvi)| =
Ji (1.14)
Y Uil Usil* + > UajUp;UsiUgie (%= 5!
i 1#]
In the two neutrino case this equals
D, — D, Am?
P, 5(L) = sin®(20)sin? <21> ~ sin?(26)sin’ (I?E”L> . (1.15)

adopting the approximation in equation 1.11.

The derivation is similar for three neutrino generations. Conveniently a parameter-
ization characterized by three mixing angles (612, 013, 623), one CP-violating phase
(6) and two phases (aq/7) irrelevant for Dirac neutrinos, is chosen.

Since oscillation of neutrinos has been observed, at least two of the masses m; are
non-zero. This means that neutrinos are not compatible with the standard model
(SM) prediction of massless particles. Values of m; are not accessible to oscillation
experiments, as all transition probabilities depend only on Am?j.
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1.3 Neutrino Nature

As of today, neutrinos are thought to be either Dirac or Majorana particles. When
Majorana by nature, there is no way to distinguish antineutrinos from neutrinos,
they would be their own antiparticles.
Ways to test this hypothesis involve the observation of a particular process called
double beta decay.

(AVZ) — (AJZ+2)+2e + 20, (1.16)

As it is usually very rare, it can practically only be observed in case the single beta-
decay is energetically forbidden. Therefore, typically atoms with very long half-life
periods of Ty /5 > 10 x 10" yr are employed experimentally.

Only for Majorana neutrinos a second kind of double beta decay (0v3/3) emitting no
neutrinos is possible.

(A,Z) — (A,Z+2)+2e +Qpp (1.17)

This process is also violating lepton number conservation, which is forbidden in the
SM.

The materials used experimentally for Ov33 decay search include "®Ge (GERDA)
and 136Xe (EXO, KamLAND-Zen). The search consists of looking for double beta
decays by measuring the sum of emitted electron energies. If the electron pair is
emitted back-to-back and its sum of kinetic energies agrees with the total energy
emitted Qgg, a O3 decay is found. The kinetic energy of the daughter nucleus is
negligible.

The GERDA experiment|[8] consisted of a large amount of *Ge resulting in a high
exposure of 127.2kg - yr. For "°Ge the energy difference is Qg5 = 2039keV. Germa-
nium detectors were used for energy measurement.

GERDA set a limit (90 % CL) on the half-life of

T’ = (GIM|*(mgs)?) ™" > 1.8 x 10% yr. (1.18)

G is a phase space factor, M the nuclear matrix element and (mgg) the effective
Majorana neutrino mass. GERDA didn’t find any evidence for Majorana neutrinos,
the nature of neutrinos still remains undetermined.

Equation 1.18 can, under the assumption of light Majorana neutrinos dominating
the decay process, be converted into an upper limit[8] (90 % CL) on

E : 2
Ueimi
7

The large range stems from the uncertainties of matrix elements involved.
This kind of experiment is consequently also sensitive to m; using the mass differences
measured by oscillation experiments and PMNS matrix elements.

<m35> = <79 — 180meV. (1.19)
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1.4 Cosmological Limits

The values of the neutrino masses have significant impact on a number of cosmo-
logical observations. An effect accessible to observation is the impact on large scale
structure (LSS) formation.

The neutrino density in the universe compared to the critical density p. is

2 Mini > mi
Q, = = ety (1.20)

with number densities n; and the Hubble parameter h.

An upper limit on €, comes from LSS surveys measuring spacial matter distribution
in the universe. As neutrinos travel through space, they wash out mass perturbations
on scales much smaller than their free streaming length. The correlations of the spa-
cial distribution of matter in the universe, described by the matter power spectrum,
are suppressed for small distances with larger €2,. Cosmological observations yield
an upper limit of the neutrino density of

0.1% < Q, <0.5%. (1.21)

The lower limit comes from the lowest possible value of the sum ), m; based on the
measured mass splittings Am?, < Am?2; ~ Am3,.

As the signs of Am;; are not known, it is however not clear which ordering of neutrino
masses is realized in nature. The normal ordering means mi =~ mgy < ms, the inverted
order places ms below the other two mass eigenstates. The minimum value for the
sum in the case of normal ordering is ) |, m; > 58 meV.

When combining results from a number of different cosmological observations, more
stringent limits on neutrino masses can be obtained. The most constraining limits

are placed at (95 % CL)[9]

0.058eV < Y m; $0.09eV. (1.22)
A

This already puts tension on the inverted ordering which requires ) 5, m; > 0.11eV.
Most of these inferences make use of the ACDM model in some form, as it is the
standard model of cosmology. The simplest form of ACDM model is based on six
cosmological parameters. Therefore, a dedicated measurement, independent of cos-
mological parameters unaccessible to particle physics experiments, is desirable.

1.5 Beta Decay Kinematics

Experiments relying on observations of beta decays, in contrast, yield results inde-
pendent of neutrino nature and cosmological models.
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The beta minus decay is described by the following formula.
n—pt+e +7.+Q (1.23)

Q@ is the energy released, which is then shared between the three products. The
massive neutrino carries at least m,, consequently reducing the energy available to
the other particles. A measurement of the maximum kinetic energy of the electron
is therefore sensitive to the electron neutrino mass

my, = > |Uul®m. (1.24)

7

With Fermi’s golden rule the differential spectrum of the emitted electron is deter-
mined as

dl' G2%cos*(0c)
dE - 1327 |Mnu0’2F(Za E)\/(E +me)? — mZ(E + me):

(1.25)
> |Uai*Piejyf € —m?O(e; —mi)
i

¢ =Q—Epee — E— V. (1.26)

G is the Fermi constant, - the Cabibbo angle. M, denotes the nuclear matrix
element. The Fermi function F' accounts for the interaction of the outgoing electron
with the daughter nucleus of nuclear charge number Z. An illustration of the neutrino
mass impact near the endpoint is shown in figure 1.1. Since the observable is the
neutrino mass squared, results are often given for the squared mass value.

In case the beta decay happens inside atoms or molecules, V; refers to the energy
of the j*' rotational-vibrational excited state of the daughter molecule, P; to the
corresponding transition probability.

Tritium Within about the last thirty years a few neutrino experiments used Ty
tritium as beta decay source. The most recent ones being the experiments in
Troitsk[10], Mainz[11] and the Karlsruhe TRItium Neutrino experiment (KATRIN).
The following decay is observed.

Ty — THet 4+ e~ + e+ Q (1.27)

A endpoint Ej is defined as
Ey=Q — Epec. (1.28)

When observing tritium decays with electron energies close to the endpoint, the
recoil of the THe™ molecule is nearly constant (E... = 1.72eV).
There are a few arguments in favor of using tritium for this kind of experiments.
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2 2
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Figure 1.1: Electron spectrum for different neutrino masses near the endpoint fol-
lowing equation 1.25. No excited states of the daughter molecule were considered.

e Tritium beta decays are superallowed, which implies that the nuclear matrix
element does not depend on the electron energy.

e Its half-life 77 /5 = 12.3 yr is rather short, making a high activity measurement
feasible.

e Tritium decays allow relatively easy calculation of the daughter’s final state
energies and the corresponding probabilities (V}, P;) through its simple shell
structure.

e The endpoint Fy(T>) ~ 18.6keV is very low, so that a ppm precision high
voltage energy filter for electrons near the endpoint can be realized.

The most strict limit from beta decay experiments was set by the KATRIN collab-
oration[12| at m, < 0.8eV (90 % CL).






Chapter 2
KATRIN Experimental Setup

The KATRIN experiment|13|[14] is set up at the Karlsruhe Institute of Technology
in Karlsruhe, Germany. The parts of the beamline containing significant amounts
of tritium are located within the facilities of the Tritium Laboratory Karlsruhe.
Measurements started in 2018 and are ongoing.

2.1 Tritium Source

The windowless gaseous tritium source (WGTS) is located at section b) in the beam-
line (figure 2.1). It is the source of tritium beta decay electrons for the KATRIN
experiment.

As windows would affect electron transmission by introducing additional scattering
and absorption, the WGTS is realized as an open tube of about 10 m length and
90 mm inner diameter. During operation gaseous tritium is transversely injected at
its center, Ty molecules then diffuse through the WGTS. Turbo molecular pumps
(TMPs) installed at the beam tube’s front and rear end reduce the further flow of

—
\ z-r_

Figure 2.1: Beamline of the KATRIN experiment. a) rear section (2.6), b) tritium
source (WGTS, 2.1), c¢) transport section (2.2), d) pre-spectrometer (2.3), ) main
spectrometer (2.3), f) detector section (2.4). Figure by Leonard Koellenberger.
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gas through the system by a factor of about 200[14]. A closed loop system connected
with said pumps and additional ports in the transport section is employed for tritium
recovery, temperature and pressure control, purification and monitoring.

The gas mixture in the WGTS consists of > 95 % Ty, the remainder almost entirely
consisting of DT and HT, and is kept at a temperature of 30 — 100 K depending on
the specific measurement mode.

Resulting from beta decays of tritium happening in the WGTS, electrons are emitted.
The beamline is surrounded by magnets generating magnetic fields in a longitudinal
direction to guide charged particles through the entire setup. The magnetic field
strength is about 2.51 T in the WGTS region.

2.2 Transport Section

The transport section is connected directly to the WGTS upstream (section c) in
figure 2.1). Its purpose is to adiabatically guide beta electrons towards the main
spectrometer along magnetic field lines and further remove unwanted particles from
the system.

The flow of neutral molecules towards the main spectrometer is reduced by combin-
ing TMPs in the WGTS section and another set of TMPs installed in the differential
pumping section (DPS) of the transport section by many orders of magnitude. The
DPS section alone achieves a flow reduction better than four orders of magnitude[15].
The flow is further reduced employing cryo-sorption pumps by the cryogenic pump-
ing section in the transport section by a design value of another seven orders of
magnitude[13]. The finned inner surface of this section’s beam tube is cooled to 3 K.
It is further aided by two chicanes consisting of sections tilted by 20 deg and 15 deg
blocking a line-of-sight path of flight in the differential and crypo pumping section
respectively .

As charged tritium ions are also bound to follow magnetic field lines, additional
measures have to be taken for their removal. Ring electrodes at a positive potential
(5 —200V)[13] combined with dipole electrodes in the DPS section remove positive
ions via an E x B drift.

2.3 Pre-Spectrometer and Main Spectrometer

The pre-spectrometer at section d) of the beamline (figure 2.1) defines the region of
maximum magnetic field strength By, = 4.2T in the KATRIN experiment. Byqz
determines the energy filter’s resolution and the maximum acceptance angle for elec-
trons emmited in the WGTS as described in section 2.5.1.

The main spectrometer is located in section e) of the depicted beamline in figure 2.1.
Its purpose is to implement the MAC-E energy filter design ()section 2.5.1) in ultra

10



2.4 Detector Section

high vacuum conditions.

This is achieved with a high precision electric negative retarding potential combined
with a low magnetic field inside the main spectrometer.

Power supplies define a retarding potential between the main spectrometer and the
WGTS for absolute voltages as high as 35kV at a ppm precision level[16]. Abso-
lute voltages up to 35kV are not required for investigation of the S-spectrum, but
for calibration measurements using 83™Kr. Throughout this thesis the sign of the
retarding poential is often omitted for convenience.

The configuration of magnetic field lines is set to be either symmetric or asymmet-
ric with respect to the oval spectrometer shape. The symmetric field configuration
is realized by setting magnets at both ends of the main spectrometer to the same
field values. The asymmetric shifted analyzing plane (SAP) configuration is precisely
tuned by adjusting individual currents of 16 concentrical coils along the length of
the entire main spectrometer. The SAP setting shifts the spatial region (analyz-
ing plane) of lowest magnetic field and highest absolute electric potential difference
(with respect to the WGTS) further downstream towards the detector section. This
is done to reduce the main background component, which depends on the volume of
the flux tube after the analyzing plane.

2.4 Detector Section

The detector section is located at section f) in figure 2.1.

In the detector section a post acceleration voltage for the incoming electrons is sup-
plied. This potential of about 10kV accelerates negative particles further upstream
and therefore reduces the fraction of electrons lost due to backscattering after hitting
the entrance window of the focal plane detector (FPD). This also suppresses back-
ground electrons that emerge close to the FPD, since they are not accelerated by
the full post acceleration potential. The FPD is a silicon drift detector consisting of
148 equal size p-i-n diode arrays (pizels) on a silicon wafer. The FPD segmentation
is depicted in figure 2.2. Not all pixels are used for the neutrino mass analysis. The
detector has a 100 nm dead layer.

During operation the energy resolution of the FPD is not as critical, as the energy
filtering is done with a MAC-E filter design and therefore only the measured number
of counts in the FPD is needed.

11
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Figure 2.2: The focal plane detector (FPD) is a silicon wafer segmented into 148 pixels
of equal area (44mm?). Shown is the distribution of counts for a measurement of
the rear wall spectrum, summed over all retarding energy setpoints.

2.5 Model of the Integral Spectrum

2.5.1 Energy Filter

The energy spectrum of beta decay electrons follows equation 1.25.

In order to not require a precise energy resolution at keV energies, which is not
possible with current detector technology, the differential spectrum is integrated
and filtered in energy before reaching the detector. For that a magnetic adiabatic
collimation with electrostatic (MAC-E) filter schematically shown in figure 2.3 is
employed. The MAC-E filter design comprises an electric potential acting as an
energy filter and a magnetic field with field lines parallel to the electrons’ path of
flight. Charged particles are magnetically guided to move in a cyclotron motion
around the field lines. Since the magnetic field is only slowly changing with respect
to the electrons’ movement, their magnetic moment

mev? vt

p=—"g X3 = const (2.1)

is a transverse adiabatic invariant. v, is the electron velocity perpendicular to the
magnetic field lines, B the magnetic field, m. the electron mass.

12
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BS Bmax Bmin Bmax BD

Figure 2.3: MAC-E filter design as realized in the KATRIN main spectrometer
(2.5.1). A negative electric potential with respect to the source of beta decay elec-
trons up to U =~ —35keV is applied. The magnetic field, smallest inside the spec-
trometer, aligns the electrons’ perpendicular velocity component making the energy

filter more efficient. Figure by Christian Karl, adapted from [17].

For an electron starting in a source magnetic field B, with velocity v, 4, reaching a

maximum magnetic field By,q; at a velocity v . therefore follows

2 Bmam 2

vl,mam - B UJ_,S'
s

Using the first relation of the following expression for the total energy

1 1 muf
E=E, +E = imvi + §mvﬁ = (1 +tan?(0)) = const
equation 2.2 becomes
2, Bmaz (2B
. Ylmez = T\, T Vs
S

(2.2)

(2.3)

13
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Electrons are reflected when in the region of high magnetic field their v) 4, = 0.
Inserting this condition in equation 2.4 gives

2F B

2 S
=—(1- . 2.5
Ylls m ( Bmm,) (2.5)

Finally, exploiting the trigonometric relation in equation 2.3 for the starting angle 6
of the electron path of flight with respect to the source magnetic field lines we arrive

at
B
O oy = Sin "1 . 2.6
ma s ( Bmax ) ( )

Omaz Tepresents the maximum starting angle for electrons emitted in the source to
not be reflected in the region of maximum magnetic field and is therefore called
acceptance angle. By defining the magnetic fields in KATRIN (Bs; = 2.51T in the
WGTS, Bae = 4.2T at the pre-spectrometer) it is chosen to be about 0,4, ~ 50.5°.
This is optimized to, on the one hand obtain a high luminosity, on the other hand
exclude electrons traveling a long distance through the WGTS potentially undergo-
ing a large number of scattering events.

The region inside the main spectrometer where the magnet field is weakest and the
full voltage of about —18.6 kV with respect to the source is applied, is called analyz-
ing plane. At the analyzing plane, oriented pependicular to the beamline, a magnetic
field Bgnq as low as about 6.3 G is achieved. Therefore, according to equation 2.1 the
perpendicular component of the electron velocity almost vanishes, leaving the entire
kinetic energy in the parallel direction. This allows the full electric potential to take
effect, resulting in precise energy filtering.

As an accelerating voltage is applied after the analyzing plane, to first approximation
almost all of the electrons passing the analyzing plane reach the detector, regardless
of their surplus energy.

The detector counting incoming electrons is therefore measuring the count rate of
the integral electron spectrum.

Neglecting scattering of electrons in the source the transmission probability of elec-
trons with kinetic energy E at a retarding potential U can be written as[18]

0 E<qU
B, E—qU
u¢ufs
Bana E meax
_ U<E<qu-——r1—""%_
T(qU, E) = B = =B — Bana  (27)
B
1 max E > U meax
O Bz — Bana

14



2.5 Model of the Integral Spectrum

with the electron charge ¢ and the factor
E—qU
"l +2
m
f= EC% (2.8)
— +2

Me

The shape of the transmission function is illustrated in figure 2.4.
The width of the non-constant part of the transmission function is read off as

B Bana E 2
8= gyt = P e
e
E/m + ) Bmaw - Bana ma
e

To obtain a sharp energy resolution (i.e. small AF) it is generally desirable to set a
very small magnetic field Bgnq.
Conservation of flux,

B - A = const (2.10)

with magnetic field B in area A, and high magnetic fields (3.6 — 6 T') on the small
area of the FPD (90 mm diameter) requires a large area in the analyzing plane inside
the main spectrometer[18|. That is the reason why the main spectrometer vessel has
a large diameter of up to 9.8 m.
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Figure 2.4: Transmission probability of
a MAC-E filter described in equation
2.7. Magnetic field values are set to
Bs =251T, Bpa, =42T

Figure 2.5: Effect of the MAC-E filter
transmission function on the integral
spectrum measured in the FPD. Scat-
tering in the source was not considered
in this plot.
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2.5.2 Scattering

As beta decays happen inside the WGTS, the emitted electrons are subject to scat-
tering processes with tritium gas molecules. When i-fold inelastic scattering occurs,
electrons lose energy according to an energy loss function f;(£)[19]. The probability
of i-times inelastic scattering Pj,;; depends on the emission angle 6 and the point
of emission in the source z. z € [0,1] is defined with a constant differential amount
of traversed gas towards in a longitudinal direction towards the FPD. To first order
approximation these two parameters determine the amount of gas the electrons tra-
verse. Assuming that the angle # doesn’t change after scattering, the probability is
approximated as

_ Z - 'Od ' Ugnel > pd * Oinel
Rinel,i(za 0) = <COS(0)> il - €xTp <_COS@> (211)

Tinel = 3.456 x 10718 cm? is the inelastic scattering cross section for T5[13] and pd
the column density. The elastic cross section can be neglected, as it is a magnitude
smaller than o;,¢; and the related energy loss strongly peaked in the < 10 meV engery
range[18]. The column density pd is the density of tritium molecules integrated over
the source length. The measured beta decay signal scales with pd, but will reach an
asymptotic maximum, as also the probability of inelastic scattering increases with
pd. Towards higher column density values the corresponding systematic uncertainties
are increasing as well, by that defining an optimal value for pd|[13].

To describe the entire source, the scattering probabilities are integrated over z and
0. Omaz is the acceptance angle as described in equation 2.6.

gmaz 1
1
P=— [ daosin0) [ dz Py, 2.12
1 — cos(Omaz) / sin( )/ ¢ b .
0 0

Combining the description of the MAC-E filter transmission function T'(qU, E) with
the energy loss due to scattering results in a convolution for the response function

E—qU o0
RU.E)= [ A T(U.E-E)Y RE) f(E) (2.13)
0 1=0

When the differential spectrum is integrated over the response function, the result
is the count rate as seen in the FPD.

Eo
dar
IqU) = Nogy - @ cau [ dE RQU.E) J(B) + B (2.14)
qU
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2.6 Rear Section

2 Omaa

Negy is the effective number of tritium molecules, 0 = sin the relevant

solid angle pointing towards the FPD and €g4.; &~ 95 % the assumed constant detector
efficiency. B is an empirical background rate that is constant near the endpoint.

2.6 Rear Section

The rear section is located at the rear end of the experiment corresponding to section
a) of the beamline in figure 2.1.

2.6.1 Design

Electron Gun The angular selective electron gun (eGun) setup located at the very
end is used to emit electrons traveling through the entire beamline for characteri-
zation measurements. The mono-energetic electron beam (18 790eV) is attenuated
by scattering in the WGTS and measured with the FPD afterwards. During this
measurement the energy filter is set to retarding voltages 5 — 200 eV below the eGun
electron energy, thus blocking all WGTS beta decay electrons. It therefore allows
a direct measurement of the WGTS column density. This type of column density
evaluation is carried out about once a week.

Rear Wall Following the eGun downstream is the rear wall (figure 2.6). The rear
wall (RW) is a gold coated stainless steel disk with a diameter of 146 mm pointing
towards the WGTS. A central hole of 5 mm diameter allows the eGun beam to pass
through. On the back side a titanium plate is attached, with heating wires mounted
on the titanium plate. Placed next to these are temperature sensors for monitoring.
A small motor is located underneath the RW to automatically close its central hole,
but it is currently not in use.

The RW is installed such that there is no direct electrical connection to the beam
tube. A voltage of £500V (RW woltage) can be applied to the RW surface.

A picoamperemeter provides a way to measure the current flow to the RW.

A quartz window mounted at a 55° angle pointing at the RW surface can be used to
illuminate the RW with UV light.

The RW is not cooled and therefore operated at room temperature, the magnetic
field in the region of the RW chamber is Bry = 1.23 T.

BIXS Monitor The beta-induced X-Ray spectrometry (BIXS) detector system con-
sists of two off-axis silicon drift detectors pointed at the RW. They are detecting
X-Ray photons generated as Bremsstrahlung when electrons are absorbed in the RW
gold layer. These electrons originate from the WGTS or beta decays on the RW
surface. It therefore provides a way to measure changes of the source activity. The
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Figure 2.6: KATRIN rear wall before assembly. Picture taken by Alexander Jansen.

feasibility of monitoring the WGTS beta decay activity at the 0.1 % level has been
demonstrated|20][21].

2.6.2 Rear Wall Tasks

The first task of the RW is to provide a surface for removing unwanted charged and
neutral particles from the system.

Magnetic field lines run longitudinally through the entire beamline ending on the
FPD and the RW. Charged particles are magnetically guided to move in a gyromotion
along the field lines. After a beta decay inside the WGTS, an electron and a positive
ion emerge. Half of the times the electron exits towards the rear end and is guided
onto the RW surface. If the electron is emitted towards the main spectrometer, it
might be reflected before or at the analyzing plane, depending on electron energy
and retarding voltage. If reflected, it will usually follow the field lines back through
the WGTS and also reach the RW surface. In case scattering occurs after entering
the main spectrometer there can be conditions in which the electron is trapped in
the system. Also a fraction of tritium ions created by beta decays and ionization
reaches the RW. Particles guided to the RW surface are absorbed and thus removed
from the system.

The second task of the RW is to provide a potential to define the source potential
and optimize plasma homogeneity|[22].
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2.6 Rear Section

In the WGTS there is a large number of charged particles defining a plasma, as well
as neutral tritium gas. Every beta decay electron produces 15 secondary electrons
on average|23|. The plasma defines the starting potential of beta decay electrons
emitted by neutral molecules. The longitudinal conductivity towards the RW of the
beamline is high for electrons. For ions there is also a small non-negligible fraction
transported in the radial direction to the beam tube wall. The potential in front of
a surface is, for charged particles in contact with it, also depending on the surface
material work function. Taking work function differences between RW and beam
tube into account, small RW potentials are effectively transported to the plasma.

2.6.3 Systematics Associated with the Rear Wall

As the plasma potential is coupled to the RW potential, and suboptimal rRW volt-
ages lead to inhomogeneities of the plasma, the systematic uncertainty associated
with the plasma contains a rear wall dependency.

Another systematic uncertainty is related to the bombardment of the rear wall sur-
face with electrons and ions. By that, radioactive molecules are formed on or inside
the RW. Neither the exact mechanism nor the types of molecules created is precisely
known. These molecules undergo beta decays and produce an integral electron spec-
trum, also observed in the FPD, that is different from a Ts spectrum. It is therefore
detected as a superimposing beta decay background spectrum in neutrino mass data.
An exemplary comparison of this RW spectrum is shown in figure 2.7.

The beta decay activity originating at the RW increases monotonically during tri-
tium circulation. The exploration of this variable background spectrum as well as
its correction is the main focus of this thesis and described in chapters 3 and 4.
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Figure 2.7: Comparison of a beta decay spectrum originating in the WGTS with a
spectrum obtained only from the rear wall. Fits shown are Ts spectra with endpoint,
amplitude and flat background as fit parameters.
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Chapter 3

Rear Wall Measurements and Tritium
Final States Fit Analysis

3.1 Neutrino Mass Measurements

The measurements used for the neutrino mass analysis are taken in chunks of beta
scans. A single beta scan consists of measurements at multiple retarding voltage
setpoints (U). Each voltage configuration is kept constant for a predetermined time,
depending on U defined by the measurement time distribution (MTD). See figure 3.2
for a graphical representation. In total one beta scan run contains about 2 — 4 h of
measurement time.

Operation is organized in measurement campaigns of about three months length,
denoted as (KATRIN neutrion mass) KnmX, with X = (1,2,3,...) in ascending
order. See figure 3.1 for an overview. This thesis focuses on campaigns Knm3 to
Knmb measured from June 2020 to June 2021.

3.2 Rear Wall Neutrino Mass Bias

The bias caused by neglecting the presence of the RW background spectrum in the
neutrino mass analysis was quantified by generating an Asmiov spectrum containing
the WGTS spectrum and a RW background. This combined spectrum was subse-
quently fitted with only a WGTS spectrum.

At the RW activity on the average level of Knm4, the bias of the squared neutrino
mass fit variable m? is about —0.02 eV?2. Tt is approximately proportional to the
RW activity. As KATRIN aims for a 0.2eV neutrino mass sensitivity at 90 % CL,
the RW is potentially inducing a significant bias. Hence it has to be taken account
as a background spectrum for the neutrino mass analysis. A number of different
approaches to achieve this are presented in sections 3.5 and 4.1.

21



Chapter 3 Rear Wall Measurements and Tritium Final States Fit Analysis

le7

Noow
(0] o
1 L

N
o
]

=
o
Rear Wall Cleaning

o
(O}
1

Rear Wall Exposure
« Integral T,Gas Flow [mbar 1]
=
w

o
o
I

400 600 800
Cumulative Time [d]

0 200

Figure 3.1: Rear wall exposure to tritium decays from the WGTS, proportional to the
integral flow of injected tritium gas. It is therefore by convention reset to zero after
the successful RW cleaning reduced the RW activity almost completely (see section
3.4). The time axis starts in February 2019. Colored bands indicate measurement
time used in the neutrino mass analysis, i.e. maintenance breaks or e.g. periods with
unstable slow control parameters are excluded.

3.3 Rear Wall Measurement Settings

As the RW spectrum superimposes the WGTS spectrum during beta scans, and is,
also due to its low count rates, therefore hard to distinguish, dedicated RW mea-
surement campaigns for RW characterization and monitoring are carried out at least
once per three months neutrino mass campaign. The first one was done after Knm3
(see table A.1 for an overview). An example spectrum is shown in figure 2.7.

These RW scans make use of the experimental setup described in section 2, the mea-
surement configuration only differs from beta scan settings in the following aspects.

e During RW scans the WGTS is empty. In contrast to measurements of beta
scans, the RW electrons therefore don’t scatter on tritium molecules in the
source.

e The retarding voltage is varied according to a flat measurement time distribu-
tion (MTD) as depicted in figure 3.2. The MTD is different than during beta
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Figure 3.2: Comparison of the measurement time spent at each retarding voltage
setpoint (measurement time distribution, MTD) of a neutrino mass measurement
and a rear wall (RW) characterization run. Two retarding energy settings of the RW
MTD are omitted in this plot: 16976eV and 17176 eV with the same measurement
times as the other RW points.

scans, since it is rather preferable to increase statistics by measuring far from
the endpoint than spending time in the neutrino mass region where RW count
rates are very low (see figure 2.7 for an example RW spectrum).

e The RW voltage during RW scans is not tuned to an optimal setpoint (see
section 2.6.2) but kept fixed. The value is usually 0V but has been set to
different voltages for some scans. An overview of RW voltage configurations is
depicted in figure 3.3.

3.4 Rear Wall Cleaning

The activity from the RW (RW activity) continuously increases with ongoing tritium
circulation in the WGTS (see also section 2.6.3). A RW cleaning procedure was
developed by Rudolf Sack to decrease the RW activity and by that reduce its impact
on beta scans.
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Figure 3.3: History of set rear wall voltages for campaigns Knm3 to Knm5. It was
changed multiple times during Knm5 to compensate a drift of the RW workfunction.
The black dashed lines indicate the time averaged RW voltage. The shown RW scans
were all either done after neutrino mass campaigns had ended or during maintenance
breaks.

The cleaning procedure leading to the fastest decrease of activity was found to be
heating to 165 °C while treating the surface with ozone. Ozone is produced with
UV-light irradiating oxygen gas inside the RW chamber.

0, V= 90 (3.1)
O+ 0z — Os. (32)

The ozone is then forming bonds with molecules of the contamination layer on the
wall, resulting in effective desorption. The formed molecules and the ozone are
subsequently removed by pumping. With the help of the Beta Induced X-Ray Spec-
trometry systems, changes of the X-ray intensity emitted by the RW are monitored
while cleaning. This gives a way to evaluate the effectiveness of the cleaning proce-
dure and obtain a live estimate on the relative reduction of the RW activity.
Cleanings were done after Knm4 and after Knm6, each reducing the RW activity by
more than 95 %.
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3.5 Tritium Final States Fit Procedure

The goal of the RW analysis is to provide a way to correct the neutrino mass
analysis with the non-uniform background, posed by the RW integral spectrum,
to get an unbiased m?2 result. Therefore fits of the integral spectrum from RW
scans are done to determine the RW spectral parameters. The RW background
counts seen in the FPD during beta scans are estimated accordingly. Hereby the
differences in measurement configuration listed in section 3.3, the correct scattering
of RW electrons and the properties of the MAC-E filter are taken into account. The
scattering differs from the scattering of WGTS electrons, as the RW electrons all
traverse the entire WGTS, increasing the probability of scattering. The acceptance
angle and the angle of RW electrons inside the WGTS is also different, since the
magnetic field at the rear section is significantly lower (Bry = 1.23T) than in the
WGTS. The estimations of RW count rates are added to the expected count rate
(equation 2.14) from the WGTS in the neutrino mass fit.

As the RW spectrum shape is not precisely known, but is empirically seen to roughly
resemble a T9 beta decay spectrum with different endpoint (Ep), signal normal-
ization and flat background, this model was taken as a baseline fit in this thesis.
As it is based on the final states of Ty it is called the tritium final states fit from
here on. Assuming this modified Ts spectrum, doesn’t question the main features
of the shape of the RW integral spectrum. Further investigations with less strict
assumptions are described in the systematics section 4.1.

Combining the information gained from dedicated RW measurements and estimating
corrections to cause no bias in the neutrino mass analysis relies on three different
types of measurements and therefore a number of independent models.

The measurements that have to be considered are:

o RW activity measurements at 14 kV retarding voltage done with the help of the
forward beam monitor|24] detector inside the transport section’s beam tube.
These are carried out non-regularly throughout neutrino mass campaigns.

e RW scans done in a configuration roughly resembling the beta scan measure-
ments (see section 3.3 for details).

e Beta scans which the RW correction should be calculated for.

In the tritium final states fit analysis, based on these measurements, values for the
Ty spectrum endpoint and the signal normalization are required for correction of the
RW background. A flat background seen in RW scans is assumed to not cause a
non-uniform background during beta scans. A flat background is explicitly fitted in
the neutrino mass analysis, corresponding fit values from RW scan fits are therefore
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ignored in the RW analysis.

For some campaigns, the neutrino mass analysis combines groups of FPD pixels
mapping very similar properties of the MAC-E filter to form rings or patches. The
specific groups of pixels depend on the configuration of the MAC-E filter. If these
rings or patches are used and consequently analyzed separately, the RW analysis is
also required to provide ringwise or patchwise values as input for the RW correction.

3.5.1 Rear Wall Scan Fit Settings

Non-physical parameters used for fitting RW scans, that are not specified by the
respective measurement configuration, should be consistent to allow comparison and
combination of fit results. The chosen settings are described in the following.

As an integral tritium spectrum is fitted, a value for the column density is needed to
base the value of the fitted spectrum normalization on. As there is no tritium inside
the WGTS during RW scans, it doesn’t correspond to a real value and can be chosen
arbitrarily. It was chosen to be 3.75 x 102! m~2. In the neutrino mass fit the column
density value is set to the same physical value for beta scans and the RW correction.
To compensate this slight difference between the physical value during beta scans
and the arbitrary value set for RW scan fitting, scaling of the RW normalization
result is required.

The same applies for fractions of molecule species in the tritium gas. They were
chosen as follows (r1,: 96 %, Cur: 3%, (pr: 1%, which is close to the real gas
composition. It is summarized as tritium purity

Cur + Cor.

EZCT2+ 2

(3.3)
Since count rates close to the Ty endpoint are very low (see figure 2.7), measured
rates at retarding voltages down to 18455eV were used for all tritium final states
fits in this chapter.

Doppler broadening was not included, as the effect affects molecules on or inside the
RW differently compared to tritium gas.

3.5.2 Models

Evolution of slow control parameters (e.g. RW voltage) and the RW activity during
neutrino mass measurements, affecting the RW spectrum, must be taken into account
by either the neutrino mass analysis or the RW analysis. It was chosen to leave this
task largely to the RW analysis and only provide already corrected effective values
describing the influence of the RW to plug into the neutrino mass fit. As for the
neutrino mass analysis, determining physical properties of the RW is of interest just
as far as they have any influence on neutrino mass measurements or are needed for
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3.5 Tritium Final States Fit Procedure

its description.
In the described analysis a number of different models and assumptions are employed
as follows.

Intflow measurements Continuous monitoring of the integral flow (intflow) of tri-
tium gas injected into the WGTS, allows relating each point in time to an intflow
value i.e. an effective RW exposure.

The RW exposure is needed as the base of the RW activity model. Intflow values
corresponding to a specific measurement are mapped by comparison of timestamps.

RW activity model During operation, a significant change in the spectral properties
of the RW is assumed to only be induced by the circulation of tritium gas in the
WGTS (RW exposure). No significant changes of the activity were observed as a
result of longer pauses of tritium circulation.

The value of the RW activity, as seen in the RW activity measurement, A(int flow),
is therefore modeled as a function depending on intflow only. For that an appropriate
smooth function is fitted to the data.

RW normalization model The rate in the RW activity measurement is assumed to
be proportional to the RW normalization N in RW scans.
The factor of proportionality s is modeled to be constant between RW cleanings.

N = s A(intflow) (3.4)

RW endpoint model A model yielding the endpoint of the RW spectrum
Ey cr¢(int flow) throughout the neutrino mass campaign is needed, since RW scans
obtain statistically different results each time. This model also has to account for the
changing values of the RW voltage setpoint over the course of beta and RW scans. A
non-zero RW voltage Ury changes the RW starting potential and therefore directly
shifts the RW endpoint. This was verified experimentally by Max Aker.

Eo,rw (Urw) = Eo.rw (0V) — Urw (3.5)

3.5.3 Rear Wall Endpoint Analysis

The models listed above are constructed sequentially.

3.5.3.1 Central Value

At first a fit is done yielding the RW activity obtained from RW activity measure-
ments as a function of intflow A(intflow).
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Fits of RW scans combining counts from all pixels (uniform fits) are done to obtain
the corresponding endpoint and signal normalization.

The scaling factor s mapping from A(intflow) to the corresponding RW normaliza-
tion is directly calculated with equation 3.4.

The endpoint of all RW scans in the considered time period is computed as weighted
mean, taking the inverse variances as weights. To obtain the RW endpoint during
each beta scan, this weighted mean is then shifted by the RW voltage set for that
beta scan (equation 3.5). This yields an effective endpoint Ey . rf(int flow;) for the
ith beta scan at intflow intflow;. An even more fine-graned approach taking into
account the region of interest or the ordering of the measured retarding voltages is
expected to only yield insignificantly different results.

For each beta scan included in the neutrino mass analysis, that the RW correction
should be calculated for, its runtime 7; and int flow; as well as the scaling factor s
is used to compute a weighting factor w;:

w; = s - A(int flow;) - T; (3.6)

The value of w; is approximately proportional to the number of electrons coming
from the RW detected in the FPD during the i*? beta scan.

As the counts and runtimes of beta scans are all summed up for the neutrino mass
analysis, beta scans containing a higher number of RW counts contribute more to
the overall effective value of the RW properties. This is considered by computing
the weighted mean of the Ey .f¢(int flow;) values. With w; being the weights, it is
an effective RW endpoint weighted by RW counts.

E _ > i Eoepyrlint flow; )w;
Oelr = E LY
A

(3.7)

3.5.3.2 Error Propagation

To compute the central value as well as an uncertainty on Eg ¢ based on equation
3.7, a Monte Carlo propagation technique is used. All values needed for the above
models are sampled according to their corresponding uncertainties and best fit values
and are used to compute the effective endpoint Ey.¢r via the method described
above.

The uncertainties taken into account were the following:

Uncertainty of the RW activity model The uncertainty of the RW activity model
is assumed to be contained in the covariance matrix of the fitted parameter values
describing A(int flow). Therefore model parameter values are sampled from that
covariance matrix and the corresponding best fit values.
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Uncertainty of the RW normalization model The uncertainties of the normaliza-
tion model stem from the fit values’ uncertainties of the normalizations of the RW
scan fit results. For each RW scan fit, values for the normalization are sampled from
their covariance matrix and the best fit values. As there is usually more than one
RW scan per neutrino mass campaign, these sampled values and the fit uncertainties
are used in a least squares fit to the RW activity model, yielding a value for the
scaling factor s.

Uncertainty of the RW endpoint model The uncertainties on the endpoints of the
uniform fits to the RW scans are incorporated by sampling endpoint values for each
RW scan from the corresponding Gaussian distribution given by standard deviation
and best fit value. All sampled endpoints are combined by computing a weighted
mean. Inverse fit variances are used as weights.

Each set of all these sampled values is used to calculate a value Ey.rs accord-
ing to equation 3.7. By repeated sampling, a distribution of Eg.rr values is
obtained. Its median value is quoted as the RW tritium final states fit input for the
endpoint and its standard deviation as the corresponding one sigma uncertainty.

3.5.4 Patchwise Rear Wall Normalizations
3.5.4.1 Central Values

Since RW count rates of individual patches are very low near the endpoint, it is not
simply possible to fit a separate endpoint for each patch. The fit of a normalization in
contrast is more robust, as it is sensitive to counts from the entire range of retarding
voltages. Therefore only normalization values are determined patchwise.

The tritium final states fit procedure for the patchwise normalizations is in large parts
analogous to section 3.5.3. In the following procedure patches can be substituted by
other groupings of pixels if needed.

RW activity The same RW activity model A(intflow) as for the endpoint analysis
(see above) should be used.

RW normalization RW scans are fitted with patchwise normalizations, as well as
a common endpoint. The fitted normalizations for each patch are used to calculate
a separate factor of proportionality s, for each patch p.

As the runtime of a measurement run is proportional to the number of RW counts

detected in the FPD for a given RW activity, a weighted mean of the estimated
RW normalization, taking the runtime of the ith run 7; as weight, is appropriate.
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It corresponds to a weighting by the number of RW counts. The normalization for
each patch IV, is

> spA(int flow;)w;

D2 Wi .

w; =T; (3.9)

N, = (3.8)

This then has to be scaled with equation 3.10.

3.5.4.2 Error Propagation

To compute the uncertainty on the patchwise RW normalizations N, a MC-
Propagation technique, similar to the procedure for Eyr¢, is used. This means
sampling all needed values according to their uncertainties and using these to com-
pute NN, via equation 3.8.

Only the uncertainties of the following models are taken into account.

Uncertainty of the RW activity model Parameters for A(intflow) are sampled
similar as in the endpoint analysis propagation procedure described above.

Patchwise RW normalization model The normalization model for the patchwise
normalizations is similar to the normalization model for the endpoint analysis above,
but treating values for each patch separately.

With equation 3.8 each set of samples values results in a value N, for each patch
p. By repeated sampling a distribution of values for N, is obtained for each patch.
Its median value is quoted as the systematic input and its standard deviation as the
corresponding one sigma uncertainty.

To scale these values obtained with an arbitrarily chosen column density (pd) i+ and
tritium purity es; (see section 3.5.1) to the physical column density (pd)gpmx and
€xnmXx in the neutrino mass analysis (KnmX), they are multiplied with a factor

(pd) fit - €fit
(pd)KnmX CEKnmX '

ny = Np - (3.10)
(pd) KnmXx * €xknmx 1s computed as the product of weighted means of the runwise
column densities (pd) and tritium purity values ¢;, weighted by the respective runtime
T; of the i" beta scan. It is not calculated as the weighted mean of the product to
replicate the settings of the neutrino mass analysis.

(pd)KnmX "E€EKnmX = ZZ('O(C%T}ZZ);Z &l (3.11)
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3.6 Tritium Final States Fit Results

The tritium final states fit results were obtained using the method described in section
3.5. Since measurement settings, as well as the available data, differed between
measurement campaigns, this sections covers the details of the analysis.

RW scans taken at identical integral flow values were grouped to be analyzed in a
combined manner, summing over all counts and corresponding measurement times.
Retarding energy values were shifted to the same RW voltage before combination.
An overview chart of measurement configurations for RW scans is given in table A.1.

3.6.1 Rear Wall Endpoint Evolution

For each of these combined RW scans a uniform fit (i.e. combining all pixels) was
done. Results for the RW endpoints are summarized in figure 3.4. The endpoints
seem consistent before the RW cleaning, but weak indications of a trend are seen
after the cleaning. This is probably also related to a drift of the RW work function
observed at the beginning of the Knm5 campaign, which was compensated with
multiple adjustments of the RW voltage (see figure 3.3).

Figure B.1 shows the evolution for the uniform RW normalization and figure B.2 the
evolution for the flat background rate.

3.6.2 KATRIN Neutrino Mass 3 & 4

The campaign here denoted as Knm4 does not contain the last runs of Knm4 (Knm4e
in figure 3.1), as these are analyzed in combination with Knmb in the RW analysis
(see section 3.6.3) similar to the neutrino mass analysis.

3.6.2.1 Rear Wall Endpoint

One common RW endpoint value for Knm3 and Knm4 was obtained from uniform
fits. Since no significant change of the RW endpoint was observed before the RW
cleaning, the endpoint fit results of RW scans after Knm3 and after Knm4, but before
the first RW cleaning, were combined to obtain a common endpoint. It was calcu-
lated as the weighted mean of the three endpoints. The weights were the inverse
variances from these fits.

Three distinct effective values for the RW voltage Ugw were calculated for cam-
paigns Knm3a, Knm3b and Knm4 (see figure 3.3). Since the effective RW voltage
was approximated as constant throughout the three campaigns respectively, the com-
putation of the weighted mean in equation 3.7 reduced to a multiplication with a
single factor.

Therefore three distinct effective RW endpoint values result from shifting by the RW
voltage (equation 3.5). These results are given in table 3.1.
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Figure 3.4: Fitted rear wall endpoint results for uniform T spectrum fits at different
points in time.

Eorw(Ugpw =0)  Urw Eo,rw (Urw)
Knm3a 18 575.37(10) eV 0.175V 18 575.20(10) eV

Knm3b 18575.37(10)eV  0.177V  18575.19(10) eV
Knm4  18575.37(10)eV  0.090V  18575.28(10) eV

~— —

Table 3.1: Rear wall endpoints for Knm3a, Knm3b and Knm4 before and after shift-
ing by the effective value of the RW voltage set during the respective campaign.
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3.6 Tritium Final States Fit Results

3.6.2.2 Rear Wall Normalization

The Knm3 measurement campaign consisted of two blocks (Knm3a and Knm3b) of
distinct experimental conditions for the magnetic fields of the MAC-E filter.

Knm3b Knm3b was measured in a symmetric configuration of the MAC-E filter
B-fields (6.3 G setting). The only RW scan in the 6.3 G setting was measured af-
ter Knm3, therefore only this one scan was used for the determination of the RW
normalization for Knm3b. As the Knm3b neutrino mass analysis is carried out in
a uniform manner, only a uniform RW normalization was provided. Equation 3.8
reduced to a multiplicative factor, the uncertainty was calculated by Gaussian error
propagation. An estimation of the scaling factor from the RW activity at the time
of the 6.3 G RW scan after Knm3 to the effective RW activity during Knm3b was
provided by Max Aker and is given in table D.3. With the correction factor (table
D.2) scaling to the physical column density and tritium purity according to equation
3.10 the final result is

ngp = 0.00586(5). (3.12)

For comparison, the normalization value for a WGTS spectrum is about 1.18, the
RW spectrum comprising less than 1% of the counts in the FPD.

Knm3a and Knm4 Knm3a and Knm4 were measured in the SAP configuration
(see section 2.3) and require patchwise RW normalization inputs.

All RW scans measured after Knm4 were also measured in the SAP setting. These
SAP RW scans measured before the RW cleaning were used to determine the patch-
wise normalizations for Knm3a and Knm4 separately.

Equation 3.8 reduced in complexity to a multiplication with a distinct factor s, for
each patch. The ratios of s, were taken from patchwise RW normalization fits of
RW scans. A factor scaling from the RW activity at the time of the RW scans to
the effective RW activity during the neutrino mass campaigns (table D.3) was used.
Correlations between patchwise RW normalizations were neglected as the additional
m? uncertainty induced by the correlations was negligible compared to the impact of
the RW endpoint uncertainty. The propagation of uncertainties was done via Gaus-
sian error propagation.

The result was scaled to the correct column density and tritium purity according to
equation 3.10 with the values in table D.2. The results are given in table 3.2.

3.6.3 KATRIN Neutrino Mass 5

The data measured in the KATRIN neutrino mass 5 campaign, abbreviated as Knmb,
is analyzed in combination with the last part of Knm4 (called Knmd4e in figure 3.1).
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Table 3.2: Final neutrino mass analysis rear wall input values for the effective RW
normalizations for Knm3a, Knm3b and Knm4.

That is because of the fact that measurement configurations of Knmd4e rather resem-
bled Knmb than Knm4a-d. In particular, starting with Knmd4e, the pre-spectrometer
was turned off, eliminating a Penning trap between the pre-spectrometer and the
main spectrometer.
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3.6 Tritium Final States Fit Results

3.6.3.1 Rear Wall Endpoint

RW activity The RW activity model for the time of the measurements of Knm4e
and Knmb is based on multiple measurements of the RW activity throughout the
neutrino mass campaigns. Before Knmb there was a successful RW cleaning which
reduced the activity to almost zero. The RW activity models for Knm4e and Knmb
were treated independently, so two distinct models for Knm4e and Knmb were
needed. The model for Knmd4e is linear with parameters m and c.

Aknmae(int flow) = m - int flow + ¢ (3.13)
The model for Knmb is a limited growth function with parameters a, k, x¢ and c.
Afenms(int flow) = a - b ntFlowtzo) o o (int flow + x). (3.14)

A plot of these models is shown in figure 3.5, the fits of the RW activity models were
done by Simon Tirolf. Best fit values are given in table D.1.

For the propagation of uncertainties with the MC-propagation method described
above, RW activity curves were sampled independently for Knm4e and Knm5 from
the fit’s respective covariance matrix.

RW normalization Two factors (s4e, s5) scaling from the RW activity to the RW
normalization were computed separately for Knm4e and Knmb using the normaliza-
tion fit result of uniform RW scan fits. For s4c RW scans after Knm4 but before the
first RW cleaning were used. For s5 RW scans between the first and the second RW
cleaning were used (see table A.1).

From the intermediate MC-Propagation result for the scaling factors, displayed in
figure 3.6, it is evident that factors s4. and s5 are significantly different. This could
not be attributed to a specific cause.

Endpoint model Due to the successful RW cleaning after Knm4, the RW end-
point model was assumed to have two distinct endpoints. One endpoint for Knmd4e,
and one for Knmb5. That was assumed because there are indications that the RW
workfunction, and therefore the endpoint, drifted after the RW cleaning (compare
figure 3.4). Since earlier campaigns covered above (Knm3a, Knm3b, Knm4a-d) were
not interupted by RW cleanings, this differentiation was not necessary for these.
Eycrpac(int flow) and Eyyr5(int flow) each were computed as a weighted mean of
uniform RW scan fit results of the RW endpoint using RW scans after Knm4, but
before the RW cleaning and RW scans between RW cleanings respectively. Weights
were the inverse variances of the fitted RW endpoints. Using these, the overall effec-
tive endpoint Ey sy was calculated with equation 3.7.

With the MC-propagation method described above, the distribution of the resulting
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Figure 3.5: RW activity measurements along with RW activity models before
(Knmd4e) and after (Knmb5) the first RW cleaning. The best fit parameters for the
shown curves are given in table D.1.

Ejy .ty values was obtained as shown in figure 3.7. Its median and standard deviation
are quoted as tritium final states fit RW final input for the combination of Knm4e
and Knmb.

Eo.rwers = 18574.95(11) eV (3.15)

3.6.3.2 Patchwise Rear Wall Normalizations

Since there are two RW activity models (for Knm4e and for Knmb5), also the cor-
responding patchwise RW normalization fit values were treated independently. Fits
used were patchwise RW normalization fits of RW scans after Knm4, but before the
RW cleaning, for Knm4e. For Knmb patchwise RW normalization fits of RW scans
between RW cleanings were used. Values for IV, were subsequently calculated ac-
cording to section 3.5.4.

For calculation of uncertainties, patchwise RW normalizations were sampled for each
RW scan fit from its covariance matrix and best fit values. These were scaled to the
correct column density and tritium purity according to equation 3.10. The value of
the scaling factor is given in table D.2.

The MC-propagation result is one distribution for each of the 14 patchwise RW nor-
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Figure 3.6: Shown are MC-propagation results for the factors s4., s5 scaling from
RW activity to RW normalization (equation 3.4) for Knm4e and Knm5 separately.
Knmde was before, Knmb after the first RW cleaning. The RW normalization stems
from RW scan fits, the RW activity from measurements at 14kV retarding voltage
with the FBM. The change in value could not be attributed to a specific cause, as
in both measurements, as well as the RW cleaning, many factors play a role.

malizations. The median value for each patch, as well as the standard deviation of
the corresponding distribution are quoted as final RW input values for the combina-
tion of Knm4e and Knmb. Distributions are shown in figure 3.8 and 3.9. The sample
correlation matrix for the 14 normalizations is depicted in figure C.1.
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Figure 3.7: MC-propagation result of the effective RW endpoint resulting from the
tritium final states fit procedure carried out for the combination of Knmd4e and
Knmb described in section 3.6.3. The median and standard deviation are the final

RW inputs for the neutrino mass analysis.
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Figure 3.8: Histograms for MC-propagation results of patchwise RW normalizations
for the combination of campaigns Knm4e and Knmb. Distributions for patches 12
and 13 are very similar and hard to distinguish in this plot. Patchwise median values
and standard deviations are the final RW inputs for the neutrino mass analysis.
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Figure 3.9: Patchwise normalization RW input values for the combined neutrino
mass analysis of Knm4e and Knm5. Shown are the median values along with their
standard deviations from figure 3.8. The correlation matrix is given in figure C.1.
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Chapter 4
Systematics and Neutrino Mass Impact

The tritium final states fit in chapter 3 was done as a baseline description of RW
data. The tritium final states fit assumes the RW spectrum to have a shape very
similar to a T9 spectrum, but leaving its endpoint, the signal strength and the rate
of a flat background as free fit parameters.

Section 4.1 explores more advanced methods, questioning previous assumptions of
the T final states spectrum shape and trying to incorporate the lack of knowledge
about the RW spectrum into the analysis. Section 4.2 quantifies said methods’ effects
on the neutrino mass analysis and compares them in this regard.

4.1 Systematics

4.1.1 Problem Qutline

The radioactive material on or inside the RW can not safely be assumed to be Ts.
Other molecules come with a different final states distribution when undergoing beta
decays and therefore lead to a different integral spectrum. The spectrum should also
be altered by the fact that the radioactive molecules cannot be in a gaseous state,
unlike inside the WGTS.

As the exact spectrum shape is unknown, statistical treatment of the RW should find
a description allowing for a sufficiently large variation of the spectrum. It should also
not be overly general, considering scenarios excluded by theory and experimental
observations, and consequently overestimating the systematic uncertainty in m?.
The main problem with this task is the low number of counts measured in the FPD
during RW scans. The count rate is usually < 1% compared to the filled WGTS
and the measurement time spent on RW scans is very limited. Cumulative runtime
spent on RW spectrum measurements is on the order of 2 — 5d per neutrino mass
campaign. Due to the low number of counts, many fitting methods suffer from the
lack of statistical power contained in RW characterization campaigns. As there are no
detailed theory predictions, methods that are, to varying degree, based on empirical
results have to be employed.
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4.1.2 Subtraction Method

The idea behind the subtraction method is to directly relate the Poisson uncertain-
ties, that come with counting RW electrons in the FPD, to fluctuations of counts
measured during beta scans. The number of counts in a RW scan are taken to be
uncorrelated between different retarding voltage settings. Omne could then try to
directly subtract estimations based on measured RW counts from observed WGTS
counts at identical retarding energy values.

In the neutrino mass fit this then results in an additional statistical uncertainty on
the squared neutrino mass.

Because of problems mentioned below that arise with the use of real RW scan mea-
surement data, this study was done on Asimov data resembling typical RW and
WGTS spectra. The generated RW spectrum resembled the best fit outcome of a
tritium final states fit of the RW scans done after Knm4 without a flat background.
The WGTS spectrum resembled a typical spectrum during the Knm4 campaign. The
assumed measurement times were Try = 3d and Tywars = 100d.

The square root of the Poisson variance for the number of counts Ny (qU) at each
value of the retarding voltage U is

ONpw (qU) = \/W (4.1)

The Poisson error on the RW count rate is shown in figure 4.1. The error on the
WGTS counts introduced by subtraction of counts was scaled by the ratio of runtimes

Twars
Trw

ONwers(@U) = ongy (qU) - (4.2)
For determination of the additional statistical uncertainty of the neutrino mass, a
MC-propagation method was used. Statistical fluctuations from the RW were sam-
pled from Poisson distributions characterized by o, ..¢(qU) and the difference to
the extrapolated RW count rate was added to Asimov WGTS counts. This sampling
was repeated, each time subsequently fitting the four WGTS parameters (m2, Eo,
signal normalization, flat background) to the fluctuated spectra in a 40 eV energy fit
range.

The resulting distributions for the deviations of best fit values of m2 and Ey from
the true values are shown in figure 4.2. The additional statistical uncertainty is on
the order of 0.02eV? for the simulated scenario. This should be considered a rather
optimistic scenario, as not the uncertainties of the unscattered RW scans, but of the
estimated scattered integral spectrum were considered.

Furthermore in the described study also the following simplifications were made.

e Flat Background
In this study the flat background count rate during the RW scans was assumed
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Figure 4.1: Subtraction method: Pois-
son square root of Poisson variances
calculated according to equation 4.1
on RW Asimov integral spectrum data
without flat background.
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Figure 4.2: Subtraction method: For
every qU value, counts were indepen-
dently sampled from the Poisson fluc-
tuations depicted in figure 4.1, scaled
with equation 4.2, and the differences
to the central value added to an arti-
ficial WGTS spectrum. Shown are the
biases of the values of Ey and m? for
subsequent fits of the four parameters
(signal normalization, flat background,
Ey, m2) with their kernel density esti-
mation.

to be zero, contrary to measured RW data (see figure B.2). To be able to
distinguish between the flat background and the RW spectrum in real mea-
surements, the application of some kind of model is required.

This problem could also be easily simplified if the flat background was the
same during RW scans and beta scans. That doesn’t correspond to observa-
tions, as the mean background rate comparing RW scans and beta scans differs
significantly (> 5¢) on the order of 10 %.

e Measurement time distribution (MTD)

The MTD during beta scans was changed multiple times over neutrino mass
campaigns up to Knm5. The MTD used for measuring most of the RW scans
is a flat MTD (see figure 3.2 for comparison) which is significantly different
from the one used for beta scans. The Poisson errors of RW counts can not
be propagated to count rates measured at different retarding voltages without
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assuming a model for interpolation.

e RW voltage

The RW voltage (see section 2.6) was changed multiple times during past neu-
trino mass campaigns to compensate a drift of the optimal RW workfunction
(e.g. during the Knm5 campaign, see figure 3.3). This alters the measured
count rate at given retarding energy values (see equation 3.5). By setting a
specific RW voltage during RW scans, the measurement conditions during beta
scans can usually not be exactly replicated.

Therefore a model is needed to account for differences in RW voltage settings.

In summary, it is clear that one can not solely rely on RW scan data, but some
models have to be developed to take the mentioned effects and various measurement
settings into account.

4.1.3 Single Final State Distributions

In principle two types of tritium molecules can emerge from the WGTS and reach
the RW.

Tritium ions can be magnetically guided along the field lines but are much less
likely than electrons to reach the RW, as some are removed by dipole electrodes
in the transport section (section 2.2) or are drifting towards the beam tube after
scattering.

The second type are neutral T molecules. T9 molecules are more likely to reach the
RW than the main spectrometer, as the pumping sections towards the rear end are
shorter and less effective. There are also no chicane sections blocking line-of-sight
flight paths from the WGTS to the RW.

After they reach the RW, tritium atoms are presumably bonding with other atoms,
forming new radioactive molecules.

From literature final state energies and corresponding transition probabilities for
some parent molecules containing tritium atoms are known. These are listed in
section 4.1.3.1.

4.1.3.1 Final State Distributions from Literature

In the following, final state distributions (FSDs) are denoted by the parent molecule
of the considered beta minus decay.

The FSD used in the neutrino mass analysis for the decay of Ty (to *HeT™) was
determined by theoretical calculations|25| and experimentally verified recently|26].
Other FSDs, related to tritiated molecules, available from scientific literature, in-
clude atomic tritium|27] and a number of hydrocarbons (methane: CH3T[28][29][30],
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ethene: CoH3T[30], ethane: CyH5T[30], propane: C3H7T[31][30]). Further-
more, FSDs of molecules containing nitrogen (ammonia: NHT|[32]|, methylamine:
NH2CH2T[30], ethylamine: NHoCoH4T|[30]) as well as tritiated water (OHT|[32]).
For some of these molecules calculations from multiple references were available,
yielding significantly different FSDs. The accuracy of these theoretical calculations
could not be assessed, but is in many cases assumed to be rather lacking. Esti-
mations of uncertainties for final state energies or transition probabilities were not
available and could not be taken into account. In cases where literature provided
only binned data, discrete central energy values were estimated. Figures 4.3, 4.4
and E.1 depict said FSDs. General features of a FSD most relevant for the shape of
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Figure 4.4: Single FSDs: Energies and
transition probabilities for considered

Figure 4.3: Single FSDs: Energies and
transition probabilities for various tri-

tiated hydrocarbon final state distribu-
tions from literature. Labeled are the
parent molecules before the beta de-
cay. States are binned in 5eV inter-

tritiated non-hydrocarbon final state
distributions from literature. Labeled
are the parent molecules before the
beta decay. States are binned in 5eV

intervals for this plot.  References:
T[27], Ts2[25], OHTI[32]|, NH.T[32],
NH,CH»T[30], NHoCoH4T[30].

vals for this plot. Results of different
calculations for methane and propane
are shown in figure E.1. References:
methane (1)[29], ethene|30], ethane[30],
propane (1)[31].

the integral spectrum, are the endpoint, the width and probability of ground states,
as well as details of the distribution of excited states. The value of the endpoint is
unknown for the FSDs considered. The width of the distribution of ground states
is not well known for most of the molecules. Considerable variation concerning the
excited states is observed. Kaplan and Smutny|[30] describe a 14 — 20 % transition
probability to an excited states peak at 35 —40eV excited state energy as a common
feature of tritiated organic molecules.
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An electron emitted in a transition to a state at a particular energy is unobservable
in an integral spectrum for fit ranges not including comparable energy differences to
the endpoint. As the RW endpoint was measured to differ on the order of 1 —2eV
from the WGTS endpoint (see figure 3.4), counts in the usual KATRIN fit range of
40eV are just slightly affected by a feature as described by Smutny and Kaplan.

4.1.3.2 Fits and Neutrino Mass Bias

The question of what would happen if the true RW FSD was FSD X, but a different,
wrong FSD Y was used for the fit of RW data and consequently the neutrino mass
analysis, was assessed as follows.

1. A RW scan measurement was generated with a FSD X.
2. A WGTS measurement with a RW FSD X background spectrum was generated.

3. The RW data from step 1 was fitted with FSD Y, determining an endpoint and
a signal normalization. The fitted energy range was 120eV.

4. The WGTS data from step 2 was fitted with the regular four WG'TS parameters
and a fixed RW background spectrum of FSD Y with the corresponding RW
parameters determined in step 3.

5. The resulting best fit value of m2 was retrieved to assess the impact on the
neutrino mass fit.

6. Steps 3 to 5 were repeated with a variety of FSDs Y.

As a true FSD X the T9 FSD, with RW parameters as determined from fitting RW
scans after Knm4, was chosen. A broad variety of FSDs mentioned above were
used as FSD Y. Also a FSD with only a single ground state and no excited states
(Disabled) was included for comparison.

x? values of the fits in step 3 are depicted in figure 4.5. It shows that fitting with
different FSDs for most molecules yields a relatively small x?, meaning that these
can not be clearly differentiated from the Ty FSD with the given statistics.

The fit in step 4 was repeated for fit ranges 40eV, 60eV and 120eV. The m? biases
from step 5 are shown in figure 4.6. Since the FSDs Y mainly differ in the excited
states, which become more prominent in the integral spectrum as the absolute value
of the retarding potential is decreased, the spread in m? values gets larger as the fit
range in step 4 is increased.

For the 40eV fit range, considering only hydrocarbon FSDs, simulated m?2 biases
are < 0.009 eV2. Hydrocarbons could be a likely candidate for molecules formed on
the RW. When interpreting this maximum value for the m? bias as uncertainty it
would be one of the smallest KATRIN systematics, when compared to the effects
considered in the Knm?2 analysis|12].
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Figure 4.5: Single FSDs: x? values of fits with various FSDs from literature to
an Asimov Ty RW spectrum with a fit range of 120eV. FSDs for which multiple
literature references were considered are: CH3T (1)[29], CH3T (2)[28], CH3T (3)[30],
C3H7T (1)[31], C3H7T (2)[30]. Other FSD references are given in section 4.1.3.1.

4.1.4 FSD-Onset Method

To improve the Ty spectrum fit to RW data, a new empirical spectral parameter was
introduced and fitted as additional free parameter. It is here called the FSD-Onset
parameter|33].
The idea behind the FSD-Onset parameter F' is to modify the ratio of transition to
ground and excited states (probabilities P, and P.) by introducing a multiplicative
scaling factor.

P, 1+FP
T _ 1Ty (4.3)
Pl 1-FP,
F is defined on the interval [—1,1[. F' = 0 corresponds to the unmodified ratio, F' — 1
to a zero excited state probability and F' = —1 to a zero ground state probability.

An illustration of this scaling is shown in figure 4.7.
The modified ground and exited states probabilities are obtained to be
(1+ F)Py(Py + Fe)

Fy(F) = (1+F)P,+ (1 - F)P. (44)
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Figure 4.6: Single FSDs: Best fit values of fits with various FSDs from literature to a
Ty Asmiov RW spectrum (x? values in figure 4.5) were used to correct by the same
Asimov RW in a neutrino mass fit. Resulting biases of the best fit m?2 are shown.
The FSDs for which multiple literature references were considered are: CH3T (1)[29],
CH3T (2)[28], CH3T (3)[30], C3H;T (1)[31], CsH7T (2)[30]. Other FSD references
are given in section 4.1.3.1.

PI(F) = (1—-F)P.(P; + F.) . (45)
(1+F)P;+(1—-F)P.

Fits of RW data from the first RW scans after Knm4, but before the first RW clean-
ing, with the FSDs introduced in section 4.1.3 were carried out in a 120eV energy
fit range. Fits were repeated with and without a free FSD-Onset parameter. A
comparison of the resulting y? values is shown in figure 4.8.
One can see that the large spread of y? values is greatly reduced by the introduction
of the FSD-Onset parameter. The FSD-Onset can therefore be used as a proxy, effec-
tively absorbing the variance between different molecules’ FSDs in one parameter.
The RW systematic uncertainty for m2 is determined by generating a combined
WGTS and RW spectrum. This spectrum is then fit with the parameters used for
generating, but sampling the RW parameters (RW endpoint, RW normalization, RW
FSD-Onset) from the RW fit’s covariance matrix and best fit values. Free fit parame-
ters were the usual WGTS variables (m?2, Ep, signal normalization, flat background).
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state probability, -1 to zero ground state
probability (equation 4.3). Intermedi-
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Figure 4.8: FSD-Onset: Comparing x?
values of fits of the first RW scan after
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listed in figure 4.6. The FSD on the
diagonal doesn’t contain excited states.
Degrees of freedom are depicted for each
fit.

The width of the distribution of best fit values for m?2 is quoted as RW systematic

uncertainty.

With this method the resulting m? uncertainty for the Knm4 campaign was cal-
culated to be about 0.002eV? for the neutrino mass fit. Using this value would
make the RW one of the smallest systematic effects considered in the neutrino mass

analysis|12].

4.1.5 Parameterized Final States Distribution

4.1.5.1 Parameterized FSD Principle

Applied to the neutrino mass analysis, the parameterized FSD approach aims to
simplify the computation of the effect of the FSD on the differential spectrum. In
the following, the differential spectrum formula for the parameterized FSD approach
is derived.
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Chapter 4 Systematics and Neutrino Mass Impact

From equation 1.25 the following proportionality relation is approximated

dr’
FToh ZPZ-GM/G? —m20(e; —my). (4.6)

It contains the summation over all excited states with probability P; and energies V;
(see equation 1.26).

The FSD calculated from theory contains discrete energies V;. Inside the WGTS
there is tritium gas at a temperature of 27 — 30 K. In a gaseous phase thermal mo-
tion will cause a Doppler broadening of the final state energies, which corresponds
to a convolution of the FSD with a Gaussian kernel. Some other systematic effects
can also be described as an effective broadening and combined with the Doppler
broadening.

The delta functions of the discrete states are therefore broadened to Gaussian func-
tions. The entire FSD therefore becomes a sum of Gaussians. If the broadening is
sufficiently large, the continuous broadened FSD can be approximated with only a
small number of Gaussian functions.

_ 1 (V — 1)
SRR S 2 R
Each Gaussian function is characterized by three parameters. p; represents the mean
and 012- the variance of the j** Gaussian. Aj is used to scale the amplitude.

The parameters of equation 4.7 are determined by fitting to a FSD with a specific
broadening. For a Ty FSD at least four Gaussian functions are needed. The fit
illustrated in figure 4.9 (0.2eV broadening) agrees to about 7 x 1072 in the 40eV
range.

Using this approximation, equation 4.6 can be simplified, if the following Taylor

expansion holds.
€N/ €2 —m2 = el —m2/2 (4.8)

It is only valid if

which in general is not true for energies close to the endpoint. The expansion of
equation 4.8 is valid and exact for the RW analysis, as m? is always set to zero
there. Hence the definition of the Gaussian function approximation (equation 4.7) is

inserted into equation 4.6. The summation in equation 4.6 becomes an integral for
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Figure 4.9: Parameterized FSD: A broadened To FSD (0.2eV broadening) fitted
with five Gaussian functions. Two Gaussians were used for the ground state peak
and three for the excited states up to 40eV. The fit agrees up to about 7 x 1073 in
the shown range.

a continuum of final states.
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4.1.5.2 Application to the Rear Wall Problem

For the application of the parameterized FSD concept to the investigation of the RW
spectrum, the goal is to obtain a description of the differential RW spectrum with
few parameters. The approximation method in section 4.1.5.1 is used to reduce the
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description of the differential spectrum shape in complexity.

The exact shape of the RW spectrum is uncertain, but it is assumed to contain
ground states and excited states. The details of the RW final state distribution’s
description are determined with a fit.

4.1.5.3 Fitting and Results

A fit using a parameterized FSD model is carried out by first computing the differ-
ential spectrum (equation 4.6) for a set of Gaussian parameters containing a fixed
number of Gaussians. The integral spectrum is then calculated via equation 2.14.
This integral spectrum is compared to fit data and Gaussian parameters are subse-
quently varied to find values compatible with the data.

Unlike in a fit of the Ty FSD (figure 4.9), a description consisting of only two Gaus-
sian functions was chosen for fitting the RW scan data measured after Knm4, but
before the first RW cleaning, in a 120eV fit range. Although the data used has
the highest statistics of all RW scans up to Knm6, it lacks the statistical power to
reasonably fit more than two Gaussian functions.

In addition to the two sets of parameters (u1, 03, A1, pa, 03, As) a flat background
rate was left as a free fit parameter. For this fit the endpoint was fixed to 18 575¢V,
values of 1 and ue are given relative to this endpoint.

In the presented study a gradient based No-U-Turn-Sampler Markov-Chain-Monte-
Carlo (NUTS-MCMC]|34]) approach was utilized for fitting. Chosen priors were very
broad Gaussian functions excluding unphysical values < 0 for o2 and A.

The samples drawn with the MCMC were subsequently evaluated using the param-
eters’ posterior distributions after convergence.

The resulting posteriors are shown in figure 4.10. The fitted two Gaussian functions
can be interpreted as a narrow Gaussian close to the endpoint representing ground
state energies and a very broad Gaussian far from the endpoint describing all excited
states. As the RW scans are not very informative due to low statistics, the resulting
posteriors for the second Gaussian were still rather broad.

The posterior of us peaks at a high value of about 80eV suggesting that the fitted
second Gaussian, corresponding to excited state energies, doesn’t contribute much
to transition probabilities in the usual 40eV fit range of the neutrino mass analysis.
Calculating the cumulative probability in the 40eV range and comparing it to the
total transition probability to either ground state or excited states, yields figure 4.11.
One can see that more than 90 % of the Gaussian closer to the endpoint is contained
in the 40eV interval, but the second Gaussian lies mostly outside this range. The
ratio of the probability contributed by the second Gaussian in the 40eV range is
shown in figure 4.12. It always contributes less than 15 %, 50 % of all samples show
less than 1% contribution. This indicates that the integral spectrum in the 40eV
range is very much dominated by ground states.
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Figure 4.10: Parameterized FSD: Posterior distributions for a two Gaussian param-
eterized FSD MCMC fit of RW data. The Gaussians are each characterized by a
mean (1), a variance o and an amplitude A. The posterior distribution for the flat
background rate is not shown.

Normalized residuals of posterior predictive distributions for all MCMC samples, as
well as a tritium final states fit (section 3.5) with and without FSD-Onset (section
4.1.4) are shown in figure 4.13.

The systematic uncertainty introduced into the neutrino mass analysis based on the
MCMC fit results was evaluated.

The samples values are significantly correlated for some fit parameters. Pairplots are
given in figures F.2 and F.1. For propagation the sample covariance matrix for the
MCMC samples was calculated. This approximation yielded to first order similar
results to repeatedly drawing, from the number of MCMC samples, a single random
sample, and using its parameters in the neutrino mass fit.

As there is no clearly defined central value or best fit for the results of this analysis,
a few options were investigated. Central values could e.g. be defined by point es-
timates of the parameters’ posterior distributions. This is essentially neglecting all
correlations between parameters values for the central value estimation. Figure 4.14
shows the residuals when taking the mean, median or mode of each posterior distri-
bution. The choice between these three options doesn’t make a significant difference
in m? for the neutrino mass analysis in the 40 eV range.

The systematic uncertainty on m?2, associated with this fit, was determined by gener-
ating a combined WGTS and RW Asimov spectrum and fitting with RW parameters
repeatedly sampled from distributions characterized by central values and the ob-
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Figure 4.11: Parameterized FSD: Sam-
ples from a MCMC fit with two Gaus-
sian functions to RW data as described
in section 4.1.5. Depicted is the ratio of
cumulative probability densities in the
40 eV range to the total probability for
each Gaussian.
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Figure 4.12: Parameterized FSD: Re-
sults of a MCMC parameterized FSD fit
with two Gaussians to RW data (sec-
tion 4.1.5). Shown is the mean of the
Gaussian function corresponding to ex-
cited states, compared to the ratio of
probability density from this Gaussian
in the 40eV range to the total cumula-
tive probability in the 40eV range.

tained sample covariance matrix mentioned above. Free fit parameters were the usual
WGTS parameters (m2, Ep, signal normalization, flat background). The m?2 best
fit values are shown in figure 4.15. Its negative-log-likelihood weighted 1o-tails were
used to compute a systematic uncertainty value of 0.05eV?.

At this uncertainty value it would contribute one of the largest systematic uncer-

tainties in KATRIN.
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Figure 4.13: Parameterized FSD: In
blue are the residuals of posterior pre-
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Figure 4.14: Parameterized FSD: In
blue are the residuals of posterior pre-
dictives for all MCMC samples in the
parameterized FSD fit (identical to
4.13). Posterior predictives for different
point estimates of central values from
the posterior distributions (see figure
4.10) are depicted for comparison.
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Figure 4.15: Parameterized FSD: Distribution of m?2 bias values in the neutrino mass
analysis when sampling RW parameters according to the approximated covariance
matrix and mean point estimates of the posteriors from the MCMC.
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4.2 Impact on Neutrino Mass Determination

4.1.6 Combination Method

The molecules comprising the contamination of the RW are unknown. To generalize
the approach of fitting a single molecule spectrum (section 4.1.3), the uncertainty
introduced by assuming a combination of spectra was explored.

A WGTS spectrum at KATRIN final statistics with an additional RW spectrum
at the measured RW activity level after Knm4, was generated. The RW spectrum
consisted of a sum of three RW spectra (CH3T[30], CoH3T|[30], CsH7T[30]) in equal
parts. Since, for the RW spectra chosen for combination, the endpoint energies were
unknown, these were all shifted to the same ground state energy. In a uniform
40eV fit range fit of the combined data, the WGTS parameters (m?, Ey, signal
normalization, flat background) as well as a RW endpoint and molecule ratios for
the same three molecule species were fitted. The sum of ratios was constrained to
1.000(13) with a pull term. The individual ratios were included with a very broad
Gaussian pull term at 0.33(100).

As the differences between the three spectra are very small and the spectrum is
dominated by the WGTS, the variation in terms of x? values was too small to
accurately recover the true ratios. A profile likelihood scan for m?2 was done to obtain
the additional statistical uncertainty caused by the introduction of these nuisance
parameters. The additional uncertainty was about 2.8 x 1073 eV?2. To account for
the entire RW uncertainty this value should be combined with an uncertainty from
a fit of the RW normalization. So its total uncertainty is estimated to be about
3 x 1073 eV?, which would still be one of the smallest systematic effects considered
in KATRIN.

4.2 Impact on Neutrino Mass Determination

4.2.1 Comparison of Rear Wall Analyses

As a baseline fit the RW analysis assuming tritium final states is certainly underes-
timating the determined RW systematic uncertainty of 0.001eV?. The molecules on
or inside the RW can not be assumed to be T9, because in the present RW setup
these are not expected to be able to stick to the RW without bonding.

The subtraction method could be thought to require relatively few assumptions by
considering Poisson fluctuations of measured RW counts, but due to the variation of
measurement settings during the neutrino mass campaigns, as well as differences to
the RW characterization configuration, it also has to employ a model for interpola-
tion of the integral spectrum. The uncertainty of 0.02eV? quoted above, while being
relatively large compared to other KATRIN systematics, was obtained not consid-
ering scattering in the WGTS, and is therefore most likely underestimating its true
value.
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Chapter 4 Systematics and Neutrino Mass Impact

The single FSD approach resulted in a maximum neutrino mass squared bias of
about 0.009 eV? for hydrocarbons, compared to a Ty spectrum. This is much larger
than uncertainties assuming tritium final state distribution, resulting in a significant
contribution to the KATRIN total systematic budget of 0.017eV?[13]. The main
problem with this analysis is the availability of FSDs. The range of molecules for
which reference calculations are published is very small. No references are found for
tritiated long-chain hydrocarbon beta decays, but these are thought to likely also
contribute to the RW activity. The choice of which FSDs to include in the analysis
is very difficult, as the true RW contamination is unknown and molecules can not
confidently be excluded by fitting to RW data.

The extension of the free fit parameters by the FSD-Onset can greatly reduce the
effect of the variations between different FSDs while just leading to a small RW un-
certainty of about 0.002eV?2. If one is accepting the use of empirical parameters, it
could be an effective proxy variable for fitting RW data.

The parameterized FSD approach has the problem, that low statistics makes it dif-
ficult to extract information, about as many as at least 7 fit parameters, from RW
data. With this large number of parameters the uncertainties become very large. Al-
though large parts of the fitted spectrum do not lie in the range of interest used for
the neutrino mass analysis, the induced m?2 uncertainty is still very large at 0.05eV?2.
To treat fractions of RW contributions from different molecules as nuisance param-
eters leads to an additional statistical uncertainty of about 0.003eV? on KATRIN
final statistics. Though, the assumptions of a known set of molecules, comprising
the RW contamination, could be problematic. If e.g. long-chain hydrocarbons would
be found to exhibit great variation in their spectra, the choice of molecule species as
well as the number of species would become relevant.

4.2.2 Rear Wall Analysis Methods Breakdown

The RW descriptions presented in sections 3.6 and 4.1 all result in different values for
the corresponding uncertainty of m2. A comparison is shown in figure 4.16. The goal
of 0.0075eV? is set in the KATRIN design report[13] for five individual systematics,
not mentioning the RW. However, other systematics, as e.g. the high voltage system
mentioned, will not contribute significantly to the total systematic uncertainty. The
goal for the total systematic uncertainty budged is 0.017 V2.
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4.2 Impact on Neutrino Mass Determination
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Single FSDs
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Parameterized FSD
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Figure 4.16: Comparison of methods for describing the KATRIN rear wall focused
on in this thesis. The dotted line shows the KATRIN technical design report[13]
goal set for five individual systematics (0.0075eV?). The report doesn’t include any
RW uncertainty, but other effects mentioned, e.g. the high voltage system, will not
significantly contribute to the KATRIN final total systematic uncertainty.
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Chapter 5
Conclusion and Outlook

In this thesis the task of correcting the KATRIN neutrino mass data for the time-
dependent background spectrum emerging from a radioactively contaminated part
of the experimental setup was undertaken.

The complexity of the treatment of this beta decay spectrum, stemming from the
rear wall (RW), lies in the dependency of the spectrum on the history of tritium
circulation inside in the KATRIN beam tube, and the very limited knowledge of the
physical processes involved. A priori its description is unclear, and measurement
time dedicated to RW background characterization scarce.

The task of the analysis comprised developing a description of the influence of the
RW, use it to correct the KATRIN spectrum, and estimate uncertainties accordingly.
The first model taken as a baseline description of the spectrum was a modified tri-
tium beta decay spectrum. As tritium molecules are not the source of the spectrum,
this fit is not entirely correct and is most certainly underestimating uncertainties,
which for this analysis were on the order of 0.001eV?.

A further description explored, was the application of spectra calculated for other
tritiated molecules, such as short-chained hydrocarbons and a number of short
molecules containing nitrogen atoms. These can not be excluded as source of the
RW spectrum a priori. Statistical power of the measured data didn’t allow conclusive
inferences, but simulated m?2 values in the neutrino mass analysis were only shifted
by about 0.009 eV? depending on the choice within a reasonable set of hydrocarbon
molecules.

The additional introduction of an empirical spectral parameter was shown to be able
to absorb most of the variance between a wide range of tritiated molecules’ spectra
known from literature. Using this unphysical proxy variable, the RW systematic
uncertainty was still found to be small.

Assuming a mixture of molecules and treating ratios as nuisance parameters did only
result in an additional systematic uncertainty of about 0.003eV? on KATRIN final
statistics.

Imposing only minimal requirements on the shape of the RW final state distribution
and determining its features with a fit using the parameterized FSD method, lead
to a description which could not be directly related to a physical system and also
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2

s
It was pointed out that avoiding a model of RW final states entirely, still requires a
model or some type of interpolation to account for variations of measurement setting
during the neutrino mass campaigns and also leads to considerable uncertainties of
the neutrino mass result.

The KATRIN collaboration could not decide on a specific approach for the neutrino
mass analysis, especially for larger fit ranges as the theoretical knowledge of cur-
rent FSDs is limited. Efforts of computing FSDs for a broader range of tritiated
hydrocarbons are currently pursued at KIT. When energy fit ranges are going to
be enlarged beyond 40 €V in the future, these further theoretical calculations paired
with the FSD combination approach could be a promising option. Also a refinement
of the subtraction method incorporating both Poisson fluctuations and a tritium beta
decay spectrum is being investigated.

However, this work has shown that the impact of different RW spectra is small in the
40 eV range for Knm3 to Knmb5. Therefore, the tritium final states approach along
with a statement on possible systematics is recommended for this data release.

yielded very large uncertainties on m
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A Rear Wall Measurement
Configurations

RW Dataset MTD B-field RW Voltage Est. Intflow Runs # Runs

[V] [mbar-1]
after Knm3 flat  6.3G 0 16558096 SOIFRSL 41
after Knm4 flat SAP 0.09 28636315 66337-66361 25
after Knm4 flat SAP 0 28704651 67015-67032 18
15 RW cleaning
11;}’“7&]‘ flat SAP 0.3 5630073 68271-68272 2
nmb
1°* break 68274-68283
Knmb flat SAP 0 5630073 68287-68319 43
68284-68285
15 broak 68321-68322
K re; flat SAP 0.3 5630073 68328-68329 9
mm 68466-68467
68505
2" break Knm5  SAP 0 6853287 68662-68666 5
Knmb
st
? realk flat  SAP 0 6853287  68680-68695 16
nmb
2 brealk Knm5 ~ SAP 0 6853287  68696-68704 9
nmb
2nd RW cleaning
before Knm6 flat SAP 0 15685681 69840-69847 8
after Knmo6 flat SAP 0 28406663 71192-71239 48

Table A.1: Overview of all RW scan configurations until the end of Knm6.
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Figure B.1: Rear wall normalization values for uniform Ts spectrum fits of different
RW scans measured at different points in time.
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C KATRIN Neutrino Mass 5 Patchwise
Rear Wall Normalizations

Patch Nr. Normalization Standard Deviation

0 0.005974 2.8 x107°
1 0.006 091 2.9x107°
2 0.005 869 2.7 x107°
3 0.005 946 2.8 x107°
4 0.005 823 2.8 x 107°
5 0.005 589 2.7x107°
6 0.005 426 2.6 x 107°
7 0.005270 2.6 x 107
8 0.005116 2.5 x107°
9 0.004 862 2.4 %x107°
10 0.004 308 2.2x107°
11 0.004 641 2.4x107°
12 0.003 879 2.1x107°
13 0.003 879 2.2x107°

Table C.1: Final patchwise normalization input values n, for the tritium final states
fit of Knm4e and Knmb combined.
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Figure C.1: Correlation matrix of results for the
combination of Knm4e and Knmb.
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D Rear Wall Scaling Factors

Campaign Parameter Best fit value
Knmde m 3.624 468 620476 408
¢ —14118658.116692 113
Knmb a —296 157 576.699 074 4
k —3.840908 0011058315 x 1077
X0 6 865 566.793 789 566 5
¢ 3.097 589 868 064 652 3

Table D.1: Best fit parameters of the RW activity models for Knm4e and Knmb
(equations 3.13 and 3.14). Fits were done by Simon Tirolf.

Campaign pd € pd - e [m™2 Scaling Factor
RW Scan Fit Reference 3.75 x 10% 0.98 3.675 1
KNM3a 2.080904 89 x 1021  0.984722108 2.04915398 x 10?1  1.793 423059
KNM3b 3.7504387 x 1021 0.982607436 3.68527197 x 1021 0.997212696 9
KNM4a-d 3.767306 03 x 1021 0.983644029 3.70491659 x 102"  0.991 925165
KNM4e&5 3.7682745 x 1021 0.9856078  3.7140409 x 10%! 0.9894

Table D.2: Runtime averaged source properties for golden runs used in the corre-
sponding neutrino measurement fit. pd: column density, e: purity density. Scaling
factors are used for scaling of RW fit settings to true physical values (equation 3.10).
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From To Scale Factor

RW scans after Knm4 (pre-cleaning) Knm3a  0.3934(55)
6.3 G RW scan after Knm3 Knm3b  0.8880(20)
RW scans after Knm4 (pre-cleaning) Knm4 0.7815(20)

Table D.3: Factors scaling from the RW activity at the time of RW scans to the
effective RW activity value during neutrino mass campaigns Knm3a, Knm3b and
Knm4. Values were computed by Max Aker.
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Figure E.1: Single FSDs: Depicted are energies and transition probabilities for
methane and propane, but based on different calculations than the ones shown in
figures 4.3 and 4.4. Labeled are the parent molecules before the beta decay. States
are binned in 5eV intervals for this plot.

References: methane (2)[29] (3)[30] and propane (2)[30].
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Figure F.1: Parameterized FSD: Pair plot for all samples of the NUTS-MCMC de-
scribed in section 4.1.5. The first part of this plot is shown in figure F.2.
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Figure F.2: Parameterized FSD: Pair plot for all samples of the NUTS-MCMC de-
scribed in section 4.1.5. The second part of this plot is shown in figure F.1.
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