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Abstract

The JUNO experiment is a next-generation neutrino experiment under construction in vicinity
of the Pearl River Delta in Southern China. It is expected to start data-taking in 2022 and aims
to address the determination of the Neutrino Mass Ordering with 3-4 ¢ sensitivity in about
6 years as its main goal. For that, it will measure the oscillated energy spectrum of electron
anti-neutrinos from two nuclear power plants at a baseline of about 53 km with a required
energy resolution of 3% at 1 MeV and a sub-percent uncertainty on the energy scale. In order
to reach these requirements, the JUNO detector consists of a large 20 kton liquid scintillator
detector, which is instrumented with a dense PMT array consisting of about 18,000 large 207-
PMT’s and 25,000 small 3"-PMT’s. Besides this main goal it aims to address a large variety
of important topics in neutrino and astroparticle physics. The first part of this thesis gives an
overview over the current status of neutrino physics and shows why the determination of the
Neutrino Mass Ordering is a key to explore a large area of physics topics. Moreover, it gives
an overview of the JUNO experiment: the detector design and its calibration, the simulation
framework, and the various physics goals of the JUNO experiment.

Besides the detector design, a meticulous data analysis is needed to ensure, that the JUNO
experiment can meet the requirements on the precision and accuracy on the reconstructed
energy. Such analysis methods are presented in the second part of this thesis. Here, a model
is presented, which can be used to describe the non-linear light response of positrons in the
liquid scintillator. Based on the non-linearity model of electrons, an algorithm is introduced
to calculate the more complex non-linearity model of gammas and combine both eventually
to the non-linearity model of positrons. As the amount of detected light for a constant
energy varies with the position of the energy deposition in the detector, the energy resolution
of JUNO is impacted by the uncertainty of the reconstructed light emission vertex. The
vertex reconstruction finds the light emission vertex by minimizing a likelihood function,
which contains the information on the times and charges of the PMT hits. It is shown, that
the uncertainty on the reconstructed vertex is especially small at the outer parts of the volume,
where the effect on the energy resolution is the largest. Additionally to the improvement of
the energy resolution, it is shown how the vertex reconstruction can be used to reconstruct
the direction of an electron anti-neutrino flux from a point-source. Another important effect,
which leads to biases on the reconstructed energy on JUNO is the pile-up of signal events with
140 decays. The organic scintillator contains large amounts of natural, radioactive " C. These
14C decays are able to timely coincide with measured signal events to cause a smearing of the
measured energy spectrum. To reduce the impact of these C decays, two analysis methods
are presented. A clusterization algorithm identifies different energy depositions in the PMT
hit time distribution. This algorithm is optimized on the sensitivity of JUNO to determine
the Neutrino Mass Ordering. For event coincidences, which can not be separated in time, the
vertex reconstruction is used to perform a likelihood test to identify these.
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Zusammenfassung

Das JUNO-Experiment ist ein Neutrino-Experiment der nichsten Generation, das in der
Néhe des Perlflussdeltas in Siidchina gebaut wird. Es wird erwartet, dass die Datenerfas-
sung, die hauptsichlich darauf abzielt, die Neutrinomassenanordnung mit 3-4 o Sensitivitat
in etwa 6 Jahren Datennahme zu bestimmen, in 2022 beginnt. Dazu wird es das oszillierte
Energiespektrum der Elektron-Antineutrinos aus zwei Kernkraftwerken in einer Distanz von
etwa 53 km mit einer notigen Energieauflosung von 3% bei 1 MeV und einer subprozentigen
Unsicherheit auf die Energieskala messen. Um diese Anforderungen zu erreichen, besteht der
JUNO-Detektor aus einem grofien 20 kt Fliissigszintillator-Detektor, der mit einem dichten
PMT-Array bestehend aus etwa 18.000 grofen 20”-PMT’s und 25.000 kleinen 3”-PMT’s in-
strumentiert ist. Neben dem Hauptziel plant JUNO eine grofse Vielfalt von wichtigen Themen
der Neutrino- und Astroteilchenphysik zu behandeln. Der erste Teil dieser Arbeit gibt einen
Uberblick iiber den aktuellen Stand der Neutrinophysik und zeigt, warum die Bestimmung der
Neutrinomassenanordnung ist ein Schliissel zur Erforschung eines grofsen Bereichs physikalis-
cher Themen ist. Dariiber hinaus gibt sie einen Uberblick iiber das JUNO-Experiment: die
Konstruktion des Detektors und seine Kalibrierung, das Simulationsframework und die ver-
schiedenen physikalischen Ziele des JUNO-Experiments.

Neben dem Detektordesign ist eine akribische Datenanalyse notwendig, um sicherzustellen,
dass das JUNO-Experiment die Anforderungen an die Prézision und Genauigkeit der rekon-
struierten Energie erreichen kann. Solche Analysemethoden werden im zweiten Teil dieser
Doktorarbeit vorgestellt. Hier wird ein Modell vorgestellt, das zur Beschreibung der nichtlin-
earen Lichtproduktion von Positronen im Fliissigszintillator benutzt werden kann. Basierend
auf dem Nichtlinearitdtsmodell der Elektronen wird ein Algorithmus eingefiihrt, der das kom-
plexere Nichtlinearitdtsmodell von Gammas berechnet und beide kombiniert, um schliefslich
das Nichtlinearitdtsmodell von Positronen zu erhalten. Die Energieaufésung von JUNO wird
durch die Unsicherheit auf die rekonstruierten Lichtemissionsvertizes beeinflusst. Da sich die
Menge des detektierten Lichts sich fiir eine konstante Energie mit der Position der Lichte-
mission im Detektor dndert, wird die Energieauflosung von JUNO direkt durch die Unsicher-
heit auf die rekonstruierten Lichtemissionsvertizes beeinflusst Die Vertexrekonstruktion findet
den Lichtemissionsvertex durch Minimierung einer Likelihood-Funktion, die die Informationen
iiber die Zeiten und Ladungen der PMT-Treffer enthélt. Es wird gezeigt, dass die Unsicher-
heit auf dem rekonstruierten Vertex ist an den dufseren Teilen de Volumens besonders gering,
wo die Auswirkung auf die Energieauflosung am grofsten ist. Zus§tzlich zur Verbesserung der
Energieauflosung wird gezeigt, wie die Vertexrekonstruktion genutzt werden kann die Rich-
tung eines Elektron-Antineutrinoflusses einer Punktquelle rekonstruiert werden kann. Ein
weiterer wichtiger Effekt, der dazu fiihrt zu Verzerrungen auf die rekonstruierte Energie auf
JUNO ist die Anhiufung von Signalereignissen mit '*C-Zerfillen. Der organische Szintilla-
tor enthilt grofe Mengen an natiirlichem, radioaktiven '“C. Diese “C-Zerfille sind in der
Lage, mit gemessenen Signalereignissen zeitlich zusammenzufallen und eine Verschmierung
der gemessenen Energie zu verursachen. Um den Einfluss dieser 4C-Zerfille zu reduzieren,
werden zwei Analysemethoden vorgestellt. FEin Clustering-Algorithmus identifiziert unter-
schiedliche Energiedepositionen in der Zeitverteilung der PMT-Treffer. Dieser Algorithmus ist
optimiert auf die Sensitivitdt von JUNO zur Bestimmung der Neutrinomassenanordnung. Fiir
Ereigniskoinzidenzen, die sich zeitlich nicht trennen lassen, wird die Vertex-Rekonstruktion
dazu verwendet, einen Likelihood-Test durchzufithren, um diese zu identifizieren.
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Chapter 1

Introduction

Part I of this thesis gives an overview on the current status of neutrino physics and describes the
JUNO experiment, which aims to measure the Neutrino Mass Ordering, which is in the focus
of this thesis. Neutrinos were postulated in 1930 to explain the measured continuous energy
spectrum and the conservation of angular momentum of § decays [1|. The first measurement of
the neutrino was finally performed many years after their postulation in 1956 by the COWAN-
REINES NEUTRINO EXPERIMENT |2|, which proved the neutrino theory and that neutrinos are
detectable. In the 1960s, the HOMESTAKE experiment |3| measured a puzzling deficit in the
flux of neutrinos emitted from the Sun to the predictions from the Standard Solar Model |4],
known then as the Solar Neutrino Problem |5]. This discrepancy was explained with possible
transitions of the three known weak interaction flavors of the neutrinos into each other, the
neutrino oscillations, which were named after the usually observable oscillatory structure of
these transitions in the energy over baseline ratio |6]. The flavor transitions of neutrinos
were confirmed by the SUPER-KAMIOKANDE experiment with atmospheric neutrinos and the
SUDBURY NEUTRINO OBSERVATORY (SNO) with the measurement of neutrinos from the
Sun [7H10]. The theory of neutrino oscillations requires the neutrinos to carry mass, contrary
to their postulation and their description in the Standard Model of Particle Physics. Although,
after the confirmation of neutrino oscillations many experiments were performed to measure
neutrino oscillations with high precision, there are still many open questions in the field of
neutrino physics and neutrino oscillations. Chapter [2 reviews the current state of neutrino
research. While Sec. describes the neutrino oscillation formalism, Sec. gives an overview
over the large variety of neutrino sources, and Sec. introduces the current status and open
question in neutrino physics.

One open question is the Neutrino Mass Ordering, the question which of the three neutrino
masses is the heaviest. The determination of the Neutrino Mass Ordering plays a key role in
neutrino physics as it aids in the search for the nature of the neutrino masses and possible
leptonic CP-violations, as well as measurements related to astroparticle physics and cosmology.
The JUNO experiment aims to address the determination of the Neutrino Mass Ordering with
about 3-4 ¢ significance in 6 years as its main goal with the measurement of vacuum neutrino
oscillations [11]. This approach by JUNO is currently unique and complementary to the
determination of the Neutrino Mass Ordering with the measurement of the matter effect on
neutrino oscillations, planned by many other experiments using either beam neutrinos |12, |13]
or atmospheric neutrinos [14-17]. To reach that goal, the JUNO experiment uses a 20 kton
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liquid scintillator detector to measure the electron anti-neutrino flux from two nuclear power
plants in a distance of about 53km. This liquid scintillation volume is observed by about
18,000 large 20”-PMT’s and about 25,000 small 3”-PMT’s to reach an unprecedented energy
resolution of about 3% at 1MeV visible energy. Besides an excellent energy resolution, a
high accuracy below 1% of the energy scale is needed to resolve the Neutrino Mass Ordering,
as it is measured through the measurement of a fast oscillatory structure in the spectrum
of reactor electron anti-neutrinos. The JUNO experiment is currently under construction in
vicinity of the Pearl River Delta in South China and expected to start data-taking in 2022.
Chapter [3| reviews the JUNO experiment: the detector systems, the detection of particles and
its calibration, as well as the simulation software. Beyond the determination of the Neutrino
Mass Ordering, the JUNO experiment has a broad physics programme, which addresses various
topics in neutrino physics, as well as astroparticle physics, and particle physics, described in
Sec.

The determination of the Neutrino Mass Ordering, which drives the detector design of JUNO,
has strict requirements on the accuracy and precision of the reconstruction of the reactor
electron anti-neutrino energies. Part II of this thesis introduces analysis methods to improve
this accuracy and precision, developed as part of this thesis. As the light production of the
liquid scintillator is not fully linear to the amount of deposited ionization energy and dependent
on the particle type, a model to describe the energy non-linearity for electrons, gammas, and
positrons is introduced in Chapter [ Based on a simple non-linearity model of electrons, this
chapter provides the conversion to the more complex non-linearity models of gammas and
positrons. Here, a fast and simple algorithm is developed to calculate the secondary electron
spectrum of an initial gamma. It is used to eventually obtain the non-linearity model of
positrons, which is needed for the appropriate description of the positron spectrum, which
stems from reactions of reactor electron anti-neutrinos in the JUNO detector.

The energy resolution of JUNO is mainly defined by the collected photon statistics. Besides
that, the energy resolution is also influenced by the dark count noise of the PMT’s and the ver-
tex reconstruction. Due to the detector properties of JUNO, for a constant energy, the amount
of detected light depends on the light emission point. The vertex reconstruction is needed to
correct the reconstructed energy for this non-uniform light detection. A high uncertainty on
the reconstructed vertex directly translates to a high uncertainty of the reconstructed energy.
Chapter [f] introduces a vertex reconstruction algorithm, which uses the times and charges of
the PMT hits to find a best estimate for the light emission point under the use of a likelihood
function. This vertex reconstruction shows expecially good results in the outer parts of the
detector, where a high gradient in the vertex dependence of the light response causes a large
uncertainty on the energy. The effect and improvement of this vertex reconstruction on the
energy reconstruction is evaluated as well as the possibility to reconstruct the direction of an
electron anti-neutrino flux, which depends largely on the vertex reconstruction.

Another effect, which introduces a bias on the reconstructed energy is the pile-up of signal
events with *C decays, which occur naturally in large amounts in the organic liquid scintilla-
tor. Chapter |§| introduces methods to identify pile-up events to reduce the impact of such C
decays on the measured energy spectrum. A simple way to identify a second energy deposition
is introduced via the clusterization algorithm, which identifies different energy deposition due
to the accumulation of PMT hits in the PMT hit time distribution. Besides the identification
of 14C pile-up events, the clusterization algorithm provides a general tool to separate different
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energy depositions in the same event and allows other reconstruction algorithms to recon-
struct each energy deposition separately. For this purpose, this algorithm is implemented in
the analysis software of the JUNO experiment [18| [19]. The optimization of the clusterization
algorithm on the sensitivity of JUNO to determine the Neutrino Mass Ordering using the
GNA tool |20, 21] is shown. As the clusterization algorithm is not able to separate different
energy depositions, which overlap in the PMT hit time distribution, the likelihood value of
the vertex reconstruction from Chapter [5|is used to tag overlapping pile-up events.
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Neutrino Physics in JUNO






Chapter 2

Neutrino Physics

Neutrinos are massive, spin—%, electrically neutral, leptons with very small mass [22| . The

Standard Model of Particle Physics (SM) contains 3 different generations of neutrinos. These

are named after their charged lepton counterparts as electron-neutrino (v, ), muon-neutrino (v,),
and tau-neutrino (vr) as well as the electron anti-neutrino (7.), the muon anti-neutrino (7,),

and the tau anti-neutrino (;). Different to the other particles of the SM, neutrinos take only

part in interactions of the weak force. Compared to the electromagnetic force and the strong

force, the weak force yields very small interaction cross sections. These let neutrino beams

surpass long distances (e.g. through Earth |23|) with only small attenuation. While these

small cross sections make neutrinos special in probing the inner structure of the Sun [24] or

Earth [25], they also lead to difficulties in their detection.

The existence of neutrinos was first postulated by W. Pauli in 1930, who used the idea of the
neutrino to rescue the energy and angular momentum conservation in 3-decays [1|. Due to the
challenges in detecting the neutrino, the first measurement of the neutrin(ﬂ was published in
1956 by the COWAN-REINES NEUTRINO EXPERIMENT |2|. The HOMESTAKE experiment later
published puzzling results |3|. It measured a large discrepancy to the predicted solar neutrino
flux from the Standard Solar Model |4] and the SM. This discrepancy is known as the Solar
Neutrino Problem [5]. It was solved in 2001 by the publication of the SUDBURY NEUTRINO
OBSERVATORY (SNO), which explained the deficit of ®B-neutrinos from the Sun via neutrino
flavor changes |7, [8]. These results were published after the SUPER-KAMIOKANDE experiment
saw neutrino flavor changes in a wide energy range of atmospheric neutrinos [9]. These neutrino
flavor changes were explained by the idea of so-called neutrino oscillations, which was first
formulated by B. Pontecorvo in 1957 6] and prove that neutrinos carry mass. The discovery
of neutrino oscillations was awarded with the Nobel Prize in 2015 [10].

2.1 Neutrino Oscillations

While for the charged leptons the mass eigenstates are also flavor eigenstates of the weak
interaction, the neutrino flavor eigenstates are a superposition of the neutrino mass eigenstates.
The flavor eigenstates can be defined by the leptonic W-decay. A neutrino of a certain flavor

'the electron anti-neutrino (7e)
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is therefore created in a W-decay alongside an anti-lepton of the same flavor. Therefore, the
B~ -decay produces, besides the electron, an anti-neutrino with electron-flavor. Following this
definition, the neutrino flavor states are orthogonal. If the neutrino flavor would be measured
immediately after its creation via the creation of a charged lepton, it is assumed that this
charged lepton must be of the same flavor as the initial neutrino. However, as mentioned
before, it was measured that the flavor can differ from its initial state after traveling over a
distance. As the probability of these flavor changes has an oscillatory character, it is commonly
referred to as neutrino oscillations.

The flavor changes and their oscillatory character follow directly from the initial statement,
that the neutrino mass eigenstates do not coincide with the neutrino lepton flavor states, but
are a superposition:

Va) = Z Ugilvi)- (2.1)

Here the flavor state |v,) is expressed as a superposition of the mass eigenstates |v;). In
the following, Greek subscripts will be used for flavor eigenstates, while Latin subscripts are
used to denote mass eigenstates. The coefficients U}, are the complex conjugated elements
of the leptonic mixing matrix. This matrix is usually called the Pontecorvo-Maki-Nakagawa-
Sakata matriz (PMNS matrix) [22]. It is analogous to the Cabibbo-Kobayashi-Maskawa matriz,
which is used to describe quark mixing. The leptonic mixing has found to be much stronger
than the mixing of the quark flavors. As the flavor eigenstates are orthogonal, the mass
eigenstates are also orthogonal. This means that the full PMNS matrix must be an unitary
matrix, although the full PMNS matrix may not be a 3 x 3-matrix (see Sec. . The 3 x 3
sub-matrix of the known 3 generations is then not required to be unitary, if there are more
neutrino mass and flavor states. In the 3 x 3 form, the PMNS matrix is given by [22]:

Uel UeQ Ue3
Upuns = | Ut Up2 Uy (2.2)
U Urp Uss
1 0 0 C13 0 813671’6 C12 sio O eia1/2 0
=10 C23 523 X 0 1 0 X | —S12 C12 0] x 0 6m2/2
0 —823 (€23 —Slgei(S 0 C13 0 0 1 0 0

(2.3)

For readability s;; = sin(6f;;) and ¢;; = cos(6;;) are used. Besides the complex phases, the
PMNS matrix can be seen as a combination of three real rotational matrices with the rotation
angles 612, 613, and fo3. The complex phases §, a1 and «g describe the possible CP-violating
phases in the PMNS matrix, while the phases a; and «s are called the Majorana phases and
only occur if the neutrinos are Majorana fermions. These Majorana phases do not impact the
probability of measuring a neutrino flavor change and can therefore be ignored in this context.

To calculate the probability of measuring a neutrino which was created as flavor a and energy
FE as flavor state 8 at the distance L the amplitude

Pasys(L) = [(vs(L)|va(0))]? (2.4)

needs to be calculated. As the flavor eigenstates are no eigenstates of the Hamilton opera-
tor, the propagation should be formulated in mass eigenstates. Using the assumption, that

[en}
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the neutrino travels as a plane wave through vacuum, the solution of the time dependent
Schrédinger Equation can be used:

I
ez(ij—Et) ~e — elE(L_t) . ezmjﬁ’ (25)

with ¢ being the time and E the energy of the neutrino, using ¢ = A = 1. Here, the momentum
was Taylor-expanded in linear order in m/FE as the neutrino masses were measured to be very
small compared to their typical energies in neutrino experiments. This leads to

el = 3T U e ", (2.6)

The global phase e E(L=1) was omitted here, as a propagation with the speed of light was

assumed. This can be inserted into Eq. giving the probability for flavor changes:

2

Po_5(L) = |Z Use a2, (2.7)

For a = 3, Eq. is called usually survival probability, which is measured in disappearance
experiments. Accordingly, for a # 3, Eq.[2.7)is usually called appearance probability. However,
it should be noted that the total neutrino flux is not changed due to neutrino oscillations, but
the effective flavor composition.

After multiplying out this equation, expressions in the form of

imi—m?)L/2E (2.8)

occur. These show the periodic behavior with L/E and are the reason behind the name
neutrino oscillations. Moreover, the oscillation frequencies of these terms are proportional to
Amz ;= mi — m?. It is directly visible from these so-called mass splittings, that neutrino
oscillations can only occur if neutrinos have masses. The mixing angles of the PMNS matrix

can be seen as amplitudes of the oscillations.
A comprehensive reference for further reading can be found in |26].

Due to the large difference of the mass splittings (see Sec. [2.3)), the three-flavor model oscilla-
tions can often be approximated by the two-flavor model. In the two-flavor model, neutrino
oscillation probabilities can be described with one mixing angle and one mass splitting:

Am?L
P(vy — vg,a = B) = 1 — sin® 260 sin? Z; and (2.9)
Am*L
P(v — v, a # B) = sin® 20 sin? ZfE . (2.10)

This thesis focuses on the measurement of initial electron anti-neutrinos at energies of a few
MeV. As neutrinos of these energies can not produce muons or tauons in interactions in the
detector, only the probability of electron anti-neutrino disappearance is relevant. In the three-
flavor model, this probability can be written as:

Am3, L
PWe—v,)=1-— sin? 2615 cos? 6,5 sin? %

. o Am? ) Am2,L
— sin? 2013 cos? 012 sin? — 312 + sin? 912i

15 ik (2.11)
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2.1.1 Decoherence of mass eigenstates

When using the time-dependent solution of the Schrédinger equation for the propagation of
the mass eigenstates, the assumption of a plane wave was used. A plane wave has an infinitely
precise momentum, leading to an infinite intrinsic uncertainty on the location. There are
approaches to overcome this assumption, mostly favoring the wave packet approach |27, 28|.
It describes the neutrino mass eigenstates as wave packets with a finite widths and due to
the different neutrino masses also with different propagation velocities. In conclusion, the
neutrino mass eigenstates loose their coherence at high values of L/E, otherwise the plane
wave assumption is valid. If the coherence is lost, the oscillatory behavior, which is caused by
the interference of the mass eigenstates, would vanish. However, if the experimental baseline is
much smaller than the coherence length of the neutrino, the plane-wave assumption yields the
same results as the wave packet approach. The width of a neutrino mass eigenstate was never
measured precisely and is usually estimated from the neutrino creation process. The DAYA
BAY experiment published an experimental upper limit on the relative intrinsic momentum
dispersion (oye1) of reactor anti-neutrinos [29] of

orel < 0.20 at 95% C.L. (2.12)

A large intrinsic momentum dispersion would impact the later discussed measurement of the
Neutrino Mass Ordering by the JUNO experiment due to such decoherence effects [30]. In the
following, the term neutrino oscillations will be used as a generic term to describe neutrino
flavor conversions, even if the coherence is lost and the oscillatory behavior vanishes.

2.1.2 Matter effects in neutrino oscillations

In the process of traversing dense matter, neutrinos undergo coherent forward scattering, which
must be taken into account when calculating neutrino oscillation probabilities |31} 32]. This
effect is called the Mikheyev-Smirnov-Wolfenstein (MSW) effect. While all three neutrino
flavors undergo neutral current interactions, only the electron flavor is affected by charged
current interactions. In Eq. 2.5 the Hamilton operator in vacuum was used. This Hamilton
operator needs to be modified to take the coherent forward scattering into account. In the
two-flavor electron neutrino (dis-)appearance formula (Eq. and [2.10), the effective mixing
angle in matter changes to

.02
.9 sin“ 26
20,, = 2.13
- (w — sin? 20)2 4 sin? 20 (2.13)
with
w = —V2GpN,E/Am?. (2.14)

Here GF is the Fermi-constant and N, the electron density of the traversed matter. One
can directly see in Eq. that the MSW effect is highly dependent on the energy of the
neutrinos as on the absolute value and the sign of the mass splitting. In the two-flavor model,
the resonance character is directly visible for w = sin?26. If E and N, take on certain values,
maximal mixing can be reached. For anti-neutrinos, the MSW effect is reversed.
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2.2 Overview of neutrino sources

Neutrinos can be measured at all energy scales. This section should give an overview over
the many origins of neutrinos, their creation mechanisms and their implication for the current
research, while the next section reviews the exploration of these sources regarding neutrino
oscillations.

Cosmic neutrino background At lowest energy scales, neutrinos exist as the cosmic neu-
trino background [33]. Like the cosmic microwave background, the neutrinos forming the cos-
mic neutrino background decoupled from matter at a very early stage of the universe shortly
after the Big Bang. The energy of these neutrinos can be estimated to be about 107%eV.
Due to the challenges of measuring neutrinos at such low energies, the existence of the cosmic
neutrino background was not confirmed experimentally so far.

Solar neutrinos Another source for neutrinos of much higher energy is the Sun as pre-
dicted in the Standard Solar Model (SSM) |34} [35]. These solar neutrinos are produced as
electron neutrinos in nuclear fusion reactions in the core of the Sun. By far most abundant are
neutrinos from the proton-proton (pp) reaction, which have an endpoint energy of 0.42 MeV.
The measured solar neutrino spectrum ends at 14.6 MeV, which is reached by the neutrinos
from the ®B-decay. The measurement of solar neutrinos of several energies allows to improve
the current understanding of solar models. Solar neutrinos are reaching Earth with a high
flux of about 7 x 10'° particles/cm? /s. Moreover, solar neutrinos are highly affected by the
MSW effect through their propagation through the dense solar matter. This makes solar neu-
trinos also valuable for the measurement of neutrino oscillations in matter, especially for the
measurement of 615 and the sign of Am%l.

Geo-neutrinos As Earth contains high amounts of radioactive isotopes, many neutrinos are
created in 3-decays in Earth 25| 36]. These are electron anti-neutrinos from the decays of 238U,
2327 and 4K as well as electron neutrinos from the electron capture of “°K. Most abundant
geo-neutrinos from 2*¥U-decays have an endpoint energy of 3.26 MeV and geo-neutrinos from
232Th-decays have a maximal energy of 2.25 MeV. The measurement of geo-neutrinos allows to
test Earth-formation models, the radiogenic contribution to the heat production inside Earth,
as well as the distribution of these radioactive isotopes.

Supernova burst neutrinos Another astrophysical source of neutrinos are these emitted
during a Super-Nova (SN) [37, 38]. A SN in the Milky Way would release many neutrinos
in a short burst on a time-scale of seconds. Depending on the SN model, neutrinos and
anti-neutrinos can be measured at Earth in a clear time profile during the SN evolution.
Approximately 10°7 neutrinos are released in an average SN in a broad energy range with an
average energy of about 12 MeV [39]. Due to the high numbers of neutrinos and the short time,
the rate of neutrinos reaching Earth could be very high, depending on the distance of the SN.
The measurement of SN neutrinos have several applications. Neutrinos from a SN explosion
arrive earlier than its light. While optical telescopes can only observe a small portion of the
sky at each time, neutrino detectors are not directed towards a specific area. This makes
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SN neutrinos ideal to serve as an early warning for the optical measurement of a SN [40].
These measurements including the SN neutrinos would improve the current knowledge on
the SN processes itself. Moreover, supernova burst neutrinos play an important role in the
measurement, of the MSW effect and the determination of the later described neutrino mass
ordering. So far, only in the supernova event SN1987A, supernova burst neutrinos could be
measured in several experiments [41H43].

Diffuse supernova neutrino background As a consequence of the last paragraph, besides
the neutrino emission from a nearby supernova, it is also expected to have a Diffuse Supernova
Neutrino Background (DSNB), which origins in many far-distant supernovae spread over the
universe [44} 45]. In contrast to the previously described supernova burst neutrinos, the DSNB
is a constant source of neutrinos. The measurement of the DSNB would improve our current
knowledge on astrophysics, as the DSNB neutrino rate depends on the star formation rate,
stellar masses, and the amount of dark supernovae.

Radioactive sources As neutrinos are emitted from radioactive isotopes, these can be
enriched to form a strong source of electron neutrinos and anti-neutrinos. The endpoint of
the emitted (anti-)neutrinos can reach from 18.6keV (Tritium, S~ -decay) to several MeV.
Radioactive sources are used in the search for the Neutrinoless Double-Beta decay (OvpS-
decay) in the search for the Majorana nature of neutrino masses. Moreover, neutrino sources
can be used in the determination of the absolute neutrino mass [46] and in the search for a
possible fourth neutrino generation [47].

Reactor neutrinos Nuclear power plants are used to create electric energy through con-
trolled fission of radioactive material. These fission processes also emit electron anti-neutrinos
as by-product. Due to the high demand on electric energy, nuclear power plants are built
large and emit very large numbers of about 10%° 7, /s. The electron anti-neutrinos are emitted
via the fission of the reactor fuel isotopes 23°U, 239Pu, 238U, and 24 Pu [48, 49]. The relative
abundances of these isotopes are depending on the nuclear reactor type and the burn-up status
of the reactor core, which influences the measurable De-spectrum. Electron anti-neutrinos are
produced in a decreasing energy spectrum up to an energy of about 10 MeV, which is calcu-
lated in [48, |49], known as the Huber+Mueller model. This prediction of the reactor spectrum
was measured to have imprecisions. It was reported in [50], that the measured anti-neutrino
flux from reactors is about 6% less than the predicted flux by the Huber+Mueller model.
This phenomenon is called the Reactor Antineutrino Anomaly. Moreover an excess of anti-
neutrinos was observed at around 5 MeV [51} 52|. This excess was measured to be correlated
with the reactor power, which hints for an imprecision in the spectrum prediction [53|. After
reactor anti-neutrinos led to the neutrino discovery [2|, they were used in the measurement
of oscillation parameters in electron anti-neutrino disappearance experiments. Present and
planned neutrino experiments use reactor anti-neutrinos in the determination of the sign of
Am3, and Am3;, as well as in the search for a possible fourth neutrino generation. As this
fourth neutrino generation is expected to show its major neutrino oscillation effects at very
small baselines, the corresponding detectors are placed usually in the reactor buildings itself.
Apart from its applications in neutrino physics, reactor anti-neutrinos are often discussed for
monitoring of nuclear reactors due to the possible dangers in radioactive waste management,
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nuclear weapon production, and reactor accidents [54].

Beam neutrinos It is possible to artificially produce beams of neutrinos in proton accel-
erating facilities [55|. The protons from the accelerator are stopped with a fixed target to
produce mainly charged pions and kaons. These particles are focused in a magnetic focusing
horn before they decay in a tunnel into muons and muon neutrinos. The further decay of
the muons produces electrons, muon neutrinos, and electron neutrinos. Neutrinos as well as
anti-neutrinos are created in such a beam facility. Other beam components beside neutrinos
are absorbed in the rock or a beam absorber after the decay tunnel, such that only neutrinos
propagate to the detector. As the main component, muon (anti-)neutrinos are produced in
the beam production with typical energies up to 10 GeV. Depending on the polarity of the
focusing horn, either neutrinos or anti-neutrinos can be majorly produced. The focus on
the measurement of neutrino beams is to improve the understanding of neutrino oscillation
physics. This includes the measurement of the CP-violating phase 4.

Atmospheric Neutrinos Similar to the production of beam neutrinos, neutrinos are pro-
duced in the atmosphere as a product of air showers [22]. Also here the neutrinos are mainly
produced via the decay of kaons, pions, and muons, which are produced as secondary particles
in an air shower. These neutrinos are called atmospheric neutrinos. While charged particles
originating in an air shower can only be observed in the vicinity of the detector, the atmo-
spheric neutrino flux from the whole atmosphere contributes to the flux at a specific position
on Earth. As atmospheric neutrinos are created from cosmic rays, their energy spectrum is
very broad, but typically in the ~GeV range. Also atmospheric neutrinos are used to measure
neutrino oscillation parameters and led to their discovery in the SUPER-KAMIOKANDE exper-
iment [56]. As they travel large paths through Earth, they are affected by the MSW effect,
which makes it possible to determine the signs of Am3, and Am3, with the measurement
of atmospheric neutrinos. Outside of neutrino oscillation physics, atmospheric neutrinos find
applications in measuring Earth’s structure and in astroparticle physics [57] 58|

Ultra-high energy neutrinos Highest energies are reached by neutrinos, which arrive at
Earth as ultra-high energy cosmic rays [59, |60]. These neutrinos could be measured from
high TeV-energies to several PeV. Neutrinos at such energies arrive at Earth with a very low
flux. This makes it necessary to use very large target masses. These are realized by the
instrumentation of large volumes, such as the Antarctic ice in the ICE CUBE experiment |59,
60| or the water of the Mediterranean Sea in the KM3NET telescopes [61]. Ultra-high energy
neutrinos are not used in neutrino oscillation physics. They are used in astroparticle physics,
especially due to their directional information, which is lost in charged primary cosmic rays.

2.3 Current status and open questions in neutrino physics

2.3.1 Neutrino oscillation parameters

Summarizing Sec. neutrino oscillations can be described using the parameters from the
PMNS matrix and the neutrino mass splittings. In the case of 3 neutrinos, there are two
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independent mass splittings. Including the parameters from the PMNS matrix, which are 3
mixing angles and the CP-violating phase, these are 6 parameters to be measured.

The values in Table were taken from [62]. They are representing the current knowledge on
these parameters. The neutrino mass states are numbered with descending electron neutrino
content. This defines v to be the neutrino with the highest electron flavor content and v3 the
neutrino with the least electron flavor content.

Currently it is not known which of these neutrinos is the heaviest. The problem is commonly
referred to as the Neutrino Mass Ordering (MO) problem. While the sign of Am3; is measured
to be positive, the sign of Am§2 and Am%l depends on the MO. The two possibilities of the
MO are usually named the Normal Ordering (NO), in which v3 is the heaviest neutrino,
and the Inverted Ordering (10), in which v3 is the lightest neutrino. In Table the value
Am?Z, stands for the mass splitting with the larger absolute value, Am%; for NO and Am3,
for IO. Reference [62] was not able to reproduce the results from the SUPER-KAMIOKANDE
collaboration using atmospheric neutrinos using publicly available data. As this table is used
here for illustrative purposes, the conservative values, excluding the SUPER-KAMIOKANDE
data from atmospheric neutrinos, are presented.

Table 2.1: The neutrino oscillation parameters from the global analysis in [62]. The mass
splitting Am%l stands for mass splitting with the larger absolute value regarding the MO.

Parameter NO (best-fit) | 10 (Ax? =6.2)
sinZ 615 0.31075013 0.31070015
sin? g 0.558 0920 0.56370 050
sin? 013 0.0224170:00098 | 0.02261 7500007
scp/° 222138 285124
Am3, /1075 eV 7.3915:28 7.39%5:20
Am2/1073eVeV | 2.523+0032 —2.5090:052

One can clearly see the large difference between the small mass splitting Am3; to the large
mass splittings Am%, and Am3;. This allows many experiments to use the two-flavor neutrino
oscillation probabilities (Eq. and as good approximation of the three-flavor formalism.
In this scheme Am3, and 612 are often referred to as the solar parameters, as they were
important for the measurement of electron neutrino disappearance of solar neutrinos. Major
contributions to the mixing angle were made by the SUPER-KAMIOKANDE experiment |9
and the SNO experiment [§], but also by the reactor neutrino experiment KAMLAND [63],
which measured also precisely the mass splitting in the channel using electron anti-neutrinos
from surrounding reactors. KAMLAND measures the electron anti-neutrino flux from many
surrounding Japanese NPP with a large baseline of typically 180 km, which makes it sensitive
for this oscillation channel.

The parameters Am%2 and 6,3 are often called atmospheric parameters, as they were observed
by SUPER-KAMIOKANDE in the measurement of atmospheric neutrinos. These parameters
are important for the muon neutrino disappearance probability. This oscillation channel is
also measured by the beam neutrino experiments NOvA [12], T2K [64], and MINOS [65,
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66]. As it can be seen in the two-flavor model, the neutrino oscillation probability depends
in leading order on sin? 26, which is measured to be close to 1 in the case of fa3 (compare
Table . This leaves a large parameter space for sin? 63, as a deviation from 1 is possible
for either sin® @3 < 0.5 or sin® @3 > 0.5, which is known as the a3-octant degeneracy. The
global analysis in [62]| slightly prefers a value of sin?#fs3 > 0.5, but is not able to exclude
sin? fy3 < 0.5 significantly, which leaves the determination of the octant as an open question
in neutrino physics.

The smallest mixing angle 6135 was measured precisely and proven to be non-zero by the
experiments DAYA BAy [67], DOUBLE CHOOZ [68]|, and RENO [69]. These experiments
measure the electron anti-neutrino disappearance at baselines of about 1-2km at about the
minimum of the expected Am3;-oscillation. Further measurements of this mixing angle are
performed by the mentioned beam experiments using electron neutrino and anti-neutrino
appearance. However, the precision of the #13-measurement in beam experiments is limited
by the unknown 6s3-octant degeneracy.

2.3.2 Absolute neutrino mass scale

As the measurement of neutrino oscillations only allows to measure mass splittings, the ab-
solute values can not be measured in the effect of neutrino oscillations. A direct approach
to measure the neutrino masses is the measurement of the endpoint of the S-spectrum. This
was done in the past in the MAINZ NEUTRINO-MASS SEARCH [70] and the TROITSK experi-
ment |71] with the 5~ -decay of Tritium. Currently, the running KATRIN experiment gives
the best upper limit on the neutrino mass using the endpoint of the Tritium spectrum of

(m)e = /> ;m?|Uei| < 1.1€V at 90% C.L |46]. During its full lifetime, the KATRIN exper-

iment has a sensitivity of (m). = 0.2eV. Similarly,the PROJECT 8 experiment [72| aims to
measure the S-spectrum of Tritium via Cyclotron Radiation Emission Spectroscopy (CRES)
to reach a sensitivity of about 40 meV. Another direct measurement of the neutrino mass is
the HOLMES experiment 73], which uses the electron capture reaction of '63Ho.

A different approach to measure the neutrino mass is the measurement of the OvSS-decay [74].
These decays are only possible, if the neutrino is a Majorana particle, instead of a Dirac parti-
cle (see Sec. . The measurement of OvS[-decays would be sensitive to me. = Y, m;U, 621
This mass depends on the Majorana phase o in the PMNS-matrix. From their lower limit
on the half-life of Tf/”fﬁ > 10.7 - 10%° yr of the OvBB-decay of 3¢Xe, the KAMLAND-ZEN
collaboration derived the currently most stringent upper limit of [mee| < (61 — 160) meV [75].
Under certain model assumptions the sum of the neutrino masses can be retrieved from cosmol-
ogy, especially from the measurements of the cosmic microwave background and large scale
structures. The analysis of the data from the Planck satellite yields the current strongest
upper limit of ). m; < 0.23eV at 95% C.L. [76].

2.3.3 Nature of neutrino masses

As neutrinos are electrically neutral, they are allowed to be Majorana particles, which is
represented by the existence of a Majorana mass. Contrary to a Dirac mass, a Majorana
mass does not conserve the lepton number. Thus, a Majorana mass has the consequence, that
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the neutrino mass eigenstates are their own anti-particles, even if also an Dirac mass of the
neutrino mass eigenstates are present. As neutrinos are produced at ultra-relativistic energies,
the difference between a Dirac and a Majorana neutrino vanishes, as the weak interaction
violates parity. As a consequence of this parity violation, only neutrinos with left-handed
helicity and anti-neutrinos with right-handed helicity are allowed to interact. Even if the
neutrino is the same particle as its anti-neutrino, they would be distinguished by their helicity
at sufficiently high energies, making it impossible to measure the Majorana nature of the
neutrino mass.

The currently favored approach to address this question is the measurement of the Ov3g3-
decay |77] as mentioned before. These decays would directly violate the lepton number and
would not be allowed for neutrinos with pure Dirac masses. Contrary to the continuous energy
spectrum of the electrons from 2v35-decays, Ov35-decays emit mono-energetic electrons at
E = Qgecay/?2, which makes both decays distinguishable. While the 2v33-decay was already
measured with typical half-lifes of T} /5 ~ 10 — 10?4, the current lower limits for the Ov3p3-
decay half-life are about 77,5 > 10%6. The search for OvBS-decays is a highly active field
with many current and future experiments contributing [77]. Among these, there are plans
existing to use the JUNO detector, which will be described in Chapter [3] for the search for
the Ovpp-decay |78].

As it can be seen in Fig. [2.1] the allowed region for Ovj3/3-decays depends on the MO of the
neutrinos.

1000 . . —— e
B 100¢ E
E ]
n Inverted 1
(%2} i
=
= 10F .
= r ]
G) | -
P 1
8 Normal ]
NCB 1L 0 2 _
v, : 0, =33.58" sm_ = 75.8 meV E
| 2 -
i 613 :OO ﬁmza[m = 2350 mEV ]
0.1 P A R S R Z 3 4567
1 10 100 1000

Minimum Neutrino Mass (meV)

Figure 2.1: The allowed region for the OvgBp-decay calculated with the shown parameters
from [79]. The label Effective 33 Mass denotes me. and the label Minimum Neutrino Mass
denotes the mass of the lightest neutrino. The green band shows the allowed region in the
case of IO and the blue band shows the allowed region in he case of NO. For low values for the
lightest neutrino mass, the allowed parameter spaces for the different MO are fully separated.
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2.3.4 Leptonic CP-violation

The formalism of neutrino oscillations allows CP-violations through the phase § in the PMNS
matrix (Eq. [2.3).

The asymmetry of leptonic CP-violation A.s = P (v — vg) — P(Va — ) is given by:
Am3, L sin Am3, L sin Am%zL,
4F 4F 4F
(2.15)
with «, 8, and « describing the lepton flavors e, i, and 7. It can be seen directly, that all
mixing angles need to be non-zero for CP-violating processes to occur. The smallest mixing
angle in the three-flavor model 613 was confirmed to be non-zero in 2012 by the DAYA BAy
experiment [80]. For values of § of 0 and 180°, there would be no leptonic CP-violation. This
phase is being measured by neutrino beam experiments as the beams can change their mode
from a neutrino mode to an anti-neutrino mode. Using the data from these experiments, the
global analysis in [62] is not able to exclude CP-conservation. As it can be seen in Table
the measured value of § strongly depends on the assumed MO. The current best-fit value is
compatible with maximal CP-violation at 6 = 270°. This global analysis does not contain

recently published results from the T2K experiment, which could exclude the non-existence
of leptonic CP-violation with 97% confidence level for both, NO and IO |81].

Aapg = 25in 201 cos 613 sin 26013 sin 2023 sin § Z €~ SiN
¥

The existence of CP-violating processes could explain the matter-antimatter imbalance in
the universe. While the discovered CP-violation in quark mixing is too small to explain the
matter-antimatter imbalance, the leptonic CP-violation could explain it, if it is measured to
be large enough. One explanation would be the so-called Leptogenesis mechanism like it is
described in [82], which is implied by leptonic CP-violation under the assumption of non-zero
Majorana masses.

2.3.5 Neutrino Mass Ordering

One of the major problems in neutrino physics is the unknown MO, as introduced earlier in this
section. Figure illustrates the mass spectrum of the neutrinos in the three-flavor model.
The MO can be measured in beam experiments with measuring the electron (anti-)neutrino
appearance from initial muon (anti-)neutrinos. In this kind of experiments the MO is measured
through the MSW effect. For NO, the electron neutrino appearance is enhanced and the
electron anti-neutrino appearance is suppressed, while for IO the electron neutrino appearance
is suppressed and the electron anti-neutrino appearance is enhanced. By measuring this
asymmetry, the false MO can be rejected. Moreover, a phase shift to the oscillation pattern
is introduced by the matter effect, which depends on the MO. This measurement channel
is used by the NOvA experiment [12] and the planned DUNE-experiment [13]. Another
similar approach is the measurement of oscillation probabilities from atmospheric neutrinos. In
atmospheric neutrino experiments many baselines, typically represented by the zenith angle, as
well as many energies are measured. The oscillation probabilities change in these experiments
depending on the zenith angle and the energy due to the different MO. Also here the cause of
these differences is the MSW effect. The measurement of the MO via atmospheric neutrinos is
planned by the INO experiment [14], the PINGU experiment [15|, the ORCA experiment |16,
and the HYPER-KAMIOKANDE experiment [17].
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Figure 2.2: The two possible neutrino mass ordering schemes. The colors red (ve), green (v,),
and blue (v;) illustrate the flavor composition of the mass eigenstates with the colored area
being proportional to |Uai|?. The size of the mass splittings is not drawn to scale. Taken
from [11].

Complementary to measuring the MO by the MSW effect, it is possible to measure the MO
directly from the vacuum electron (anti-)neutrino disappearance probability. The planned
JUNO experiment [11], which will be described in detail in Ch. |3} and the proposed RENO-
50 experiment [83] intend to measure the MO using reactor neutrinos. Figure shows this
vacuum oscillation probability (Eq. with the well visible difference between the MO.
The green area shows the expected measured spectrum of the JUNO experiment under the
assumption of no oscillations. It is well visible, that the baseline of JUNO was optimized for
the measurement of MO. The proposal of the RENO-50 experiment foresees a similar baseline
and expects the same energy spectrum.

In the global analysis in |62], the IO can be excluded with Ax? = 6.2 without the atmospheric
neutrino measurement by SK. With the atmospheric neutrino measurement by SK, this global
analysis can exclude the IO with Ax? = 10.4, which is a strong hint towards NO.

The determination of the MO would be of great importance in the field of neutrino physics.
As it can be seen in Fig. the measurement of the MO confines the parameter space in
the search for the OvBp-decay. Moreover, the MO is an important parameter in neutrino
oscillation physics. Especially in the search for leptonic CP-violations, the MO takes a crucial
role as the wrong assumption on the MO would lead to a wrong value of §. As the MSW effect
depends on the MO and reverses its effect for neutrinos and anti-neutrinos, the knowledge of
the MO is crucial in the correction for the MSW effect. In models to explain the neutrino
masses, mixing and its origin, the MO is of imminent importance. Also in astroparticle physics
as well as in cosmology, the MO is a key parameter |11].
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Figure 2.3: The measured L/E pattern for the neutrino mass ordering measurement using re-
actor neutrinos. The blue curve shows the vacuum electron neutrino disappearance (Eq.
for NO and the red curve shows it for IO using the values from Table The green area shows
the expected reactor anti-neutrino spectrum in a distance of 53km. The expected spectrum
was calculated using the Huber+Mueller model with the detection cross-section of the
Inverse Beta-Decay (IBD) [84], which will be used in the JUNO experiment. It is visible, that
this maximum of the spectrum lies near the maximal expected difference between the MO as
the baseline of 53 km of the JUNO experiment was optimized to be maximally sensitive to the
MO.

2.3.6 Sterile neutrinos

Measurements of the decay width of the Z-boson have shown the existence of three light
neutrino flavors with m, < myz/2 . However, several experiments have found evident
excesses and deficits from their expected neutrino rates, summarized in . One way to
solve these deviations would be the introduction of a fourth neutrino mass eigenstate |v4). The
corresponding fourth flavor state |vs) would be introduced then without introducing a fourth
charged lepton making the neutrino flavor state inert under the weak force. This yields the
name Sterile Neutrino. On the other hand, the flavor states participating in weak interactions
are usually called active neutrinos. The mass eigenstate |v4) would still participate in lepton
mixing, thus leading to different appearance and disappearance probabilities in the neutrino
oscillation formalism. Different to the three-flavor formalism, the oscillation pattern in L/FE
would not only occur in the charged-current interactions, but also in the neutral-current
interactions of the weak force.

Sterile neutrinos are used to explain several measured event excesses and deficits in neutrino
physics. For reactor anti-neutrinos these are the reactor anti-neutrino anomaly and the
reactor anti-neutrino excess around 5 MeV . As this excess is found to correlate with
the reactor power, it is unlikely to be explained with sterile neutrinos.
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Moreover, the LSND experiment [88| reported an significant excess of electron anti-neutrinos
in an almost pure muon anti-neutrino beam. This excess can be interpreted as a higher
electron anti-neutrino appearance probability. The MINIBOONE experiment [89] confirmed
this excess significantly in electron neutrinos and electron anti-neutrinos, which is compatible
with the results from the LSND experiment.

In the radio-chemical experiments GALLEX [90, 91| and SAGE [92], the cross-section for
neutrino captures was measured to be lower than theoretically predicted. These experiments
used the neutrino capture on "*Ga to produce "'Ge to measure the flux from solar neutrinos.
This lower cross section is visible in the event rates in the calibration with radioactive sources,
which is lower than expected. Also here, a possible explanation of the low event rates could
be the disappearance of electron neutrinos at very low baselines, which is not expected in the
three-flavor model.

To explain these effects, it is expected, that v4 has a rather high mass, such that Ami- ~ 1leV?
for i € {1,2,3}. Also the precise measurements of the three-flavor mixing parameters only
allow the fourth mass state to be mostly consisting of the sterile flavor state. Due to this high
mass splitting, most searches for sterile neutrinos are conducted on very short baselines [86].
At these short baselines, it is expected to see the oscillatory behavior in L/FE as it is expected
from neutrino oscillations.
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The JUNO experiment

The Jiangmen Underground Neutrino Observatory (JUNO) is a next-generation neutrino ex-
periment being under construction in Southern China expected to start data-taking in 2022.
Its main detector part consists of a large 20 kton liquid scintillator (LS) target instrumented
by a dense array of about 18,000 large 20” Photo-multiplier Tubes (PMT’s) and 25,000 small
3” PMT’s.The main goal of JUNO is to measure the MO. Following the assumptions in |11,
a significance of 3-4¢ in 6 years is expected. Therefore, it will measure the oscillated en-
ergy spectrum of electron anti-neutrinos from two nuclear power plants at a baseline of about
53km with an unprecedented energy resolution of 3% at 1 MeV. The measurement of reactor
electron anti-neutrinos also aims to measure the oscillation parameters 612, Am3,, and Am2,
to sub-percent precision. Furthermore, it intends to measure geo-neutrinos, solar-neutrinos,
atmospheric neutrinos, supernova burst neutrinos, and the DSNB. The JUNO experiment is
expected to improve the current knowledge on the proton lifetime in the decay into kaons.

This chapter should provide an overview of the current status and the physics programme of
the JUNO experiment. It is based on the comprehensive overview of the JUNO experiment
in |11], which is outdated in some points due to the active research and development in the
JUNO collaboration. The updated status can be reviewed from recent conference presentations
and their proceedings, which are held on behalf of the JUNO collaboration |93, (94].

3.1 Site and reactors

The JUNO experiment is located about 200 km to the west of the Pearl River Delta Metropoli-
tan Region in the Guangdong Province in the south of China. It is placed in a distance of
about 53km to the Yangjiang and the Taishan Nuclear Power Plants (NPP). In order to
achieve minimal smearing of the reactor electron anti-neutrino oscillation pattern, the reactor
baseline variation is required to be smaller than 0.5 km. The location of the JUNO experiment

is shown in Fig. B.1]

The Yangjiang NPP has six reactor cores of the pressurized water reactor type CPR1000 [96].
Since July, 2019 all cores are operational with a thermal power of 2.9 GWy,. From the four
reactor cores of the Taishan NPP, which were used in past studies of the JUNO experiment in
[11], only two reactor cores were realized. They are of the Evolutionary Power Reactor (EPR)

21
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Figure 3.1: The location of the JUNO experiment in southern China. One can see locations
of the Yangjiang NPP, the Taishan NPP, and the Daya Bay NPP as well as the cities of the
metropolitan region. Map taken from with location markers and names added externally.

type and are both operational with a thermal power of 4.9 GWy, since September, 2019 .
The total thermal power of the two NPP in 53 km distance is 26.6 GWyy,.

The Daya Bay complex consists of the Daya Bay NPP, the Ling Ao NPP and the Ling Ao-I1
NPP with two reactor cores with 2.9 GWyy, each. It is in a baseline of about 215 km from the
JUNO site. As this baseline is not matched with the baselines of the Taishan NPP and the
Yangjiang NPP, the neutrinos from the Daya Bay complex show a different oscillation pattern
and are considered as background for the measurement of the MO.

Apart from the mentioned, there are no NPP in a region of 500 km radius around the position
of JUNO.

To suppress background induced by cosmic muons, it is favorable for neutrino experiments to
have a high rock overburden. For this reason, the detector cavern of JUNO is placed around
460 m under Daishi Hill, which is another 268 m high. The more than 650m overburden in
total is equivalent to about 1900 m of water.

The JUNO site is not connected to any existing infrastructure. Several surface buildings pro-
vide some of this local infrastructure. Besides buildings for the personal infrastructure like
dormitories and offices, the surface buildings also provide buildings for the technical infras-
tructure. These include storage halls, power supply, as well as data storage and processing
facilities. The underground facilities include, besides the main detector, rooms for data ac-
quisition electronics and the LS handling.

3.2 Detector systems

The original proposed design in [97] consists of a single detector, the main detector. This
main detector system is responsible for detecting events for the physics programme of JUNO,
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described in Sec. However, during the ongoing research and development of the JUNO
collaboration it was found, that subsidiary detector systems might be necessary for JUNO to
reach its physics goals. Described in Sec. these are the OSIRIS detector for ensuring the
radio-purity of the LS in JUNO and the TAO detector to measure a reference reactor electron
anti-neutrino spectrum with negligible oscillation effects.

The main detector of JUNO can be further divided into several sub-detector systems. These
are the Central Detector (CD), the Water Pool (WP), and the Top Tracker (TT). A schematic
view of the main detector is shown in Fig.

Central Detector Acrylic sphere
Diameter = 35.4 m

Thickness = 120 mm

SSLS

Acrylic sphere o 5 SSLS
(20 kt LS) E% . - ) I-Diameter =40.1 m
O-Diameter =41.1m
~18,000 20" PMT
~25,000 3" PMT Water Pool

Diameter =43.5m
Height =44 m

Water Depth = 43.5m

Water Pool

~2000 20" PMT

—

SSLS = Stainless Steel Lattice Shell

Figure 3.2: Scheme of the main detector of JUNO.

The purpose of the CD is the detection of the physics events for the broad physics programme
of JUNO. Its driving requirements of the design are the energy resolution of 3% at 1 MeV and
the large event statistics required by the MO measurement , which will be described in
Sec. [3.6.1] Large event statistics are reached with the use of a large target volume of 20 kton
of LS, contained in an acrylic sphere with a diameter of 35.4m. The good energy resolution
is based on the high photon statistics. Therefore, the LS volume is observed by about 18,000
large, 207 PMT’s and about 25,000 small, 3”7 PMT’s, which are attached to the surrounding
Stainless Steel Lattice Shell (SSLS). The SSLS is also holding the acrylic sphere. The space
between the SSLS and the acrylic sphere is filled with water and serves therefore as a buffer
volume. As it is not an active scintillation volume, it does not produce light and shields the
LS volume from several sources of radioactivity like the SSLS itself and the PMT array. The
efficiency of large volume PMT’s is highly affected by magnetic fields. To shield them against
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the Earth’s magnetic field, coils are spanned around the CD, which provide a compensating
magnetic field.

Optically separated, around the CD, is the WP. It is a cylindrical tank with a height of
44m and a diameter of 43.5m, which is filled with ultra-pure water up to 43.5m. It is
instrumented by about 2,000 large, 20”-PMT’s, which are attached to the outside of the SSLS
on the upper hemisphere of the CD and on the walls and the bottom of the WP below. The
WP instrumentation is designed to detect cosmic muons which are entering the detector via
their Cherenkov light emission, as they are a major source of background in LS experiments.
Moreover, the WP adds another layer of shielding from the outside rock, which reduces the
background rate. The needed ultra-pure water in the JUNO experiment will be produced in
a water production and purification cycle on-site.

Another system for muon detection and tracking is the TT. It is a plastic scintillator strip
detector from the decommissioned target tracker of the OPERA experiment . These are
arranged in 62 walls with a sensitive area of 6.7 x 6.7m? each. Each of these walls divides
in its eight modules, from which are four arranged in the same direction and the other four
perpendicular to the first. Every module is 26.4 mm wide and consists of 64 plastic scintillator
strips, which are each instrumented by a 64-channel multi-anode PMT. As the TT is expected
to have a very high noise rate, introduced by background events from the radioactivity of the
rock and detector material, it will be built in a 3-layer design, yielding coincident detection
of passing muon events. In the design of the JUNO experiment, the TT is placed as a bridge
centered on top of the WP, covering about 50% of its area. Together with the WP and the
CD, the TT and its placement can be seen in the 3D-rendered image in Fig. |3.3

The CD is accessible from the experimental hall via the chimney, which is placed on the top
in the center. It will be used to deploy calibration sources into the detector.

Figure 3.3: A 3D-rendered image showing the placement of the T'T in the design of the JUNO
experiment. From .
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3.2.1 Liquid scintillator

As detection medium, the JUNO experiment uses LS, as it allows to be purified and cleaned
in large amounts, allowing the construction of large detectors, like the 1kton KamLAND
detector 63|, which is the largest LS detector built so far. Using LS, calorimetry is possible as
the amount of emitted light is nearly linear to the deposited energy of the detected particle.

As the JUNO experiment requires a high energy resolution via high photon statistics, the LS
needs to have a good light yield and, due to the large size of the JUNO detector, an excellent
transparency. Low chemical reactivity ensures the chemical stability and a high flash point
aids the safety in the use of the LS. Moreover, the LS needs a precise timing as it affects
strongly the resolution of the vertex reconstruction. Due to light non-uniformity effects, an
imprecise vertex reconstruction directly affects the quality of the energy resolution.

To reach these goals, the JUNO experiment uses linear alkylbenzene (LAB) as solvent for the
LS mixture, based on the experiences from the DAYA BAY experiment [100]. LAB is a straight
alkyl chain of 10-13 carbon atoms attached to a benzene ring. The ionization energy loss of
traversing charged particles leads to the excitation of electrons in the LS molecules. The
emission spectrum of the solvent of a LS is slightly shifted to the absorption spectrum due to
the stokes shift [101]. In order to make the LS transparent to its own light emission, an organic
fluor is added in LS mixtures. In the case of the JUNO experiment, 2,5-di-phenyloxazole
(PPO) is used as fluor in a concentration of 2.5g/l. The fluor absorbs the emitted photons
from the solvent and re-emits them at higher wavelength, allowing them to propagate through
the LS. As the emission wavelength of about 390 nm of PPO does not allow efficient detection
with PMT’s, p-bis-(o-methylstyryl)-benzene (bis-MSB) with an emission wavelength of about
430 nm is added as a wavelength shifter in a concentration of 1-3mg/1.

Besides the chemical composition of the LS mixture, the cleanliness and radio-purity of the LS
is important. To ensure these, a purification plant is planned on-site in the underground lab-
oratory of the JUNO experiment [102]. As there are no storage options for the large amounts
of the JUNO LS, it needs to be purified directly before it is filled into the CD. The purification
plant uses several techniques. Using an AlO column, it filters the LS to remove impurities.
This increases the attenuation length. By distilling the LS, heavy elements are removed and
the transparency is increased. Radioactive heavy isotopes, namely Uranium, Thorium, and
Potassium are removed by water extraction and the noble gases Argon, Krypton and Radon
are removed via gas stripping. For the MO analysis (Sec. concentrations of less than
10715 g/g of 238U and ?*2Th are required, while for the solar neutrino analysis (Sec. con-
centrations of less than 10716 g/g are required. These high requirements of the radio-purity of
the JUNO LS were only achieved by the BOREXINO [24] and the KAMLAND [103] experiment
so far.

The functionality of the purification plant for JUNO is being tested at one of the detectors
of the DAYA BAY experiment [102]. Moreover, the OSIRIS detector, described in Sec.
is planned to measure the radio-purity of the LS before it enters the CD, in order to detect
failures of the purification plant.

After purification, the JUNO LS is expected to have a light yield of about 10,000 emitted
photons for 1 MeV deposited electron energy and an attenuation length of more than 20 m.
The timing of a LS mixture depends on the energy loss per path length and therefore on the
particle type. If the difference of the time profiles of two particles, which deposited energy in
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the LS, is large enough, these time profiles can be assigned to a particle type. The distinction
of different scintillator time profiles is usually called Pulse Shape Discrimination (PSD).

In [104] the time profile of LAB was measured for different PPO concentrations. Figure
shows the time profile of LAB with a PPO concentration of 3 g/l
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Figure 3.4: Measured time profile of LAB with a PPO concentration of 3g/l. The different
time profiles for a- and (-particles are shown. Taken from [104].

1C contamination

As LAB is an organic substance, it consists mainly of carbon and hydrogen. Therefore,
another important radioactive contamination of the LS is the radioactive isotope of carbon,
14C. Natural carbon consists mainly of the isotopes 2C (~99%) and '3C (~1%), which are
both stable. Due to the interaction of cosmic rays with the stratosphere and troposphere,
thermal neutrons are produced. These neutrons may interact with '“N atoms, forming “C
and free protons , giving the major source of *C in the atmosphereﬂ The isotope C is
unstable and undergoes the (-decay

UesMUNte 47 (3.1)

with a half-life of 5730+40 years and a decay energy of = 0.156 MeV . Typical
values for the "4C concentration in the atmosphere are around 10~2 C atoms per 2C atom.
Organic LS is produced out of fossil petroleum, in which major amounts of the *C already
decayed. The JUNO LS is required to have a '4C concentration of less than 1077 ™C atoms
per 2C atom . However, due to the chemical similarity of C to 2C, the concentration
of ™C can not be reduced by purification, but only through to the selection of raw materials
in the LS production. In the case of the JUNO experiment, it means, that a high initial **C
concentration can not be reduced by purification and needs to be taken into account in the
data-analysis. Even as the upper limit for the '4C concentration seems to be small, due to

! Artificial sources of '*C are the tests of nuclear weapons and nuclear power plants \\
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the high amount of carbon atoms in the JUNO LS, it corresponds to a total activity of about

20 kton 5730 years
_ . o : ————— ~40kBq, 3.2
939 g/mol Avogadro * CLAB * €14C 1n(2) q ( )

with cr,ag being the amount of carbon atoms per LAB molecule and ci4¢ being the concen-
tration of 1077 C atoms per '2C atom, assuming a sum formula for LAB of C'7TH?8,

3.2.2 PMT array
Operating principle

PMT’s have been found to be a highly efficient solution to detect light on the intensity level
of single photons. The principles of light detection for different kinds of PMT’s is described in
detail in [110] and shown exemplary in Fig. on the scheme of a conventional dynode PMT.
In a PMT, an incoming photon hits the photo cathode behind the PMT surface glass and emits
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Figure 3.5: Scheme of the working principle of a PMT. From [110].

a so-called photo-electron (p.e.) via the photo-electric effect. This electron is accelerated to the
first dynode to knock-out more electrons upon hitting the dynode. By using multiple dynode
stages, high multiplications are reached until the cascade of electrons reaches the anode. For
the acceleration of the electrons, the PMT is connected to a high voltage generator with
usually 1-2kV with a voltage divider, such that there is a potential gradient from the photo
cathode over the consecutive dynodes to the anode. The high number of electrons at the anode
can be measured as a short voltage drop, which is separated from the high voltage using a
splitter module. An observable to describe the signal strength is the integral of the voltage
difference to its baseline. This signal strength is typically called charge. If more than one p.e.
is amplified, the measured charge increases nearly linear to the amplified p.e. number.

A different approach to using a discrete dynode structure is the use of microchannel plates
(MCP) for electron multiplication. A MCP consists of a great number of parallel capillaries
(channels) on a disk. Each inner wall of the channels is processed to have the right elec-
trical resistance and secondary electron emission properties to act as an electron multiplier.
Analogous to the dynode PMT design, the dynodes in an MCP PMT are replaced by the
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inner walls of the MCP. As the channels have a small diameter of just a few micrometers, the
amplification in the MCP is less affected by the deflective effects of magnetic fields than the
amplification in a dynode structure.

Various parameters describe the properties of a PMT. Among the most crucial parameters
for the light detection in the JUNO experiment are the detection efficiency (DE), the dark
count rate (DCR), and the transit-time spread (T'TS). The DE is the product of the so-called
quantum efficiency (QE) and the collection efficiency (CE). The QE describes the ratio of
emitted p.e.’s to incident photons at the photo cathode. It depends mainly on the material
of the photo cathode and on the wavelength of the incident photons. The CE is defined as
the ratio of p.e.’s, which land on the effective area of the first dynode to total emitted p.e.’s.
The DE can be therefore understood as the probability to measure the signal caused by an
incident photon.

As a PMT is designed to by a highly sensitive photo-detector, it will produce false signals,
called dark counts. Typically these are caused by thermionic emission of electrons in the photo
cathode or dynode. As caused by such, the DCR depends on the operating temperature, the
design of the photo cathode, and the applied high voltage.

After the p.e. is emitted at the photo cathode, it needs the transit time until it is amplified and
measurable as electric current. While the central value of this time only creates a constant
offset, which can be determined in calibration studies, the spread of this time, the TTS,
directly translates to an uncertainty in the photon detection time. The TTS is typically given
as the FWHM of the distribution.

Large PMT array

The large PMT array of the JUNO experiment, uses PMT’s with a diameter of 20”, which will
be called LPMT’s in the following. It uses both, the dynode PMT type R12860 [111]| from
the Hamamatsu Photonics company and a MCP PMT type [112], designed for the JUNO
experiment, produced by the NNVT company. In the CD, it is planned to use about 18,000
LPMT’s, 5,000 dynode and about 13,000 MCP PMT’s. These LPMT’s will reach a optical
coverage of the CD of 75%. Additional 2,000 MCP PMT’s will be used to instrument the WP.

Among other parameters, the DE, DCR, and T'TS for each of the LPMT’s are being measured
by the JUNO collaboration using dedicated experimental setups [113}/114]. This testing serves
the purpose of rejecting LPMT’s, which are not satisfying the requirements stated by JUNO
collaboration on each LPMT. Here, three types of LPMT’s can be distinguished: Dynode
PMT’s, High-QE MCP PMT’s, and Low-QE MCP PMT’s. High-QE MCP PMT’s are a
newer version of the Low-QE MCP PMT’s with an improved photo cathode, which reaches
higher QE values. From the total of 15,000 MCP PMT’s used in the JUNO experiment, about
5,000 are expected to be High-QE MCP PMT’s; which are all planned to be installed in the
CD. Table summarizes the obtained values from the PMT testing from [114]. With the
optical coverage and the shown DE’s, the full LPMT array of JUNO is expected to detect
about 1200 p.e./MeV from the emitted scintillation photons. This rather high number of
detected p.e. is needed to reach the energy resolution of 3% at 1 MeV.

2As the TTS of the LPMT’s was not measured in the testing site so far, these values are given by the
vendor in |111] for the dynode PMT’s and [112] for the MCP PMT’s.
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Table 3.1: Measured parameters of the LPMT system from [114]. These parameters were not
measured with the final optimized readout electronics and must be seen as preliminary values.

Dynode PMT’s MCP PMT’s
Parameter | Requirement | Average | Requirement | Average (High-QE) | Average (Low-QE)
DCR (kiz) <50 15.3 <100 487 479
DE (%) > 24 28.1 > 24 30.1 26.9
TTS (ns) <35 (2.4)7 <15 (12)? (12)?

To measure the charge and the photon detection time in each LPMT, they are connected in
groups of three LPMT’s each to under water bozes (UWB’s), which contain readout electron-
ics [115]. The central part of these readout electronics is the Analogue-to-Digital Unit (ADU),
which allows the measurement of the time evolution of the LPMT signal. It records the LPMT
signal with a digitized time in a range of up to 1000 p.e. in 1ns steps. The signals from each
UWRB are send via Ethernet cable to centralized electronic parts, where the UWB clocks are
synchronized and the global trigger is formed. For the global trigger, a vertex fitting logic is
planned, which creates a positive trigger if the PMT hit multiplicity under the assumption of
a possible vertex is high enough.

Small PMT array

To apply the concept of double calorimetry |116] in JUNO, an additional system of about
25,000 small 3" PMT’s (SPMT’s) is planned to instrument the CD, placed in the gaps between
the dense LPMT array. The SPMT’s are of the type XP72B22 of the HZC company [117].
If a PMT detects more than a single photon at a time, the amount of measured charge does
not increase linearly with the amount of detected p.e. This effect is usually called electronics
non-linearity. As each SPMT covers only about 1/50 of the area of a LPMT, multiple photon
hits are unlikely and the effect of electronics non-linearity is highly suppressed. The SPMT
array is designed to work entirely in the photon-counting mode for events with visible energies
in the reactor electron anti-neutrino range. This property allows the electronics non-linearity
calibration of the LPMT system. Moreover, while the LPMT’s are expected to show saturation
effects at high energies, e.g. from atmospheric neutrino events, the SPMT array are less
affected by those and can help in calorimetry.

3.2.3 Subsidiary detector systems
OSIRIS

The radio-purity of the LS in JUNO is crucial for the success of the experiment. As the in-
ternal radioactivity events are in the energy region of the low energy solar neutrino measure-
ments, they influence these measurements the most. For the reactor electron anti-neutrino
measurement, the internal radioactivity is a source of the accidental background and the
(v, n)-background, which will be introduced in Sec. Moreover, due to pile-up of the
radioactivity events with events from reactor electron anti-neutrinos, the radio-purity of the
LS also has an influence on the MO measurement. Therefore, the JUNO collaboration has set
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Figure 3.6: The OSIRIS detector design.

stringent limits on the radio-purity level of the LS. For the solar neutrino analysis of JUNO a
requirement of a 238U and 232Th concentration of less than 1076 g/g is formulated while for
the MO analysis a concentration of less than 1071% g/g is required. The purpose of OSIRIS
(Online Scintillator Internal Radioactivity Investigation System) is to ensure that the LS of
JUNO meets these requirements . Its baseline design intends to measure the contamina-
tion of the LS by the natural decay chains of 223U and 232Th. The principle of measurement
is the tagging of the fast time-coincident decays of the isotope pairs 2!4Bi-2'4Po and 2'2Bi-
212Po. The rate of the measured 2!*Bi-214Po and 2?Bi-212Po coincidence events can then be
converted into a concentration of 2**U and ?*2Th. OSIRIS is designed to reach the required
sensitivities in the measurement time of about one day. If the LS purification process has a
leak, which introduces a contamination by Radon in the scintillator, it will be also detected
by OSIRIS. Additionally to the tagging of Bi-Po coincidences, which drives the development
of OSIRIS, it is capable of measuring the '*C concentration down to a ratio of 10717 14C/12C
at 90% confidence level. The capability of detecting a contamination with 2!9Po is still under
investigation.

The OSIRIS detector design is shown in Fig. [3.6] It consists of two vessels. The inner vessel is
an acrylic glass cylinder with a diameter and heights of each 3m. It holds the scintillator and
is observed by 64 LPMT’s, which are the same dynode PMT type as in the CD. These PMT’s
are held by a steel frame which is fully contained in the outer vessel. Due to the purpose of
OSIRIS of constantly observing the LS, which is to be filled into the JUNO detector, it has an
inlet on the top and an outlet in the bottom of the inner vessel. Both, the inlet and the outlet,
are equipped with an diffusor to ensure an equal distribution of the scintillator in the vessel.
This outer vessel, a stainless steel cylinder, which is filled with water, serves as buffer volume
to shield against external radioactivity from the surrounding rock. Additional 12 LPMT’s are
observing this volume to use it as a veto detector against cosmic muons. Both vessels are
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optically separated. The diameter and heights of the outer vessel are also 9m each. These
dimensions are limited by the available space in the JUNO underground LS hall.

The readout design of the OSIRIS LPMT’s will use a novel approach. To maximize the quality
of the signal, the readout electronics as well as the digitizer is placed directly at the base of the
PMT. This enables better impedance matching of the PMT base and therefore a higher quality
of the signal. The PMT’s are sending a digital signal to the data acquisition system, which
can contain either the full pulse form or an already extracted time and charge information of
the hit.

TAO

The spectral structure of the reactor electron anti-neutrinos is only known with a limited pre-
cision, allowing currently unknown but possible fine structures [119]. These could cause the
MO measurement of JUNO, described in Sec. to be unfeasible as it relies on the precise
knowledge of the reactor electron anti-neutrino spectrum. To measure this spectrum pre-
cisely the Taishan Antineutrino Observatory (TAO) is planned [120], following the suggestion
in [121]. It consists of a small spherical detector, which holds about 2.6 tons of Gadolinium-
doped LS, of which about 1ton is used as fiducial volume. The doping with Gadolinium is a
common technique to enhance the neutron tagging efficiency in LS experiments [67H69]. As
to be described in Sec. [3.3] the neutron tagging efficiency is of major relevance for detecting
electron anti-neutrino events. This detector is placed in a very short distance of about 30 m
to a core of the Taishan NPP. To assist the JUNO experiment with a highly precise refer-
ence spectrum for reactor electron anti-neutrinos, the TAO detector is instrumented by silicon
photo-multipliers (SiPM’s) with a DE of about 50%. These SiPM’s can be densely packed
over the inner surface of the TAO detector to reach nearly full optical coverage. To reduce
the DCR of the SiPM’s, the whole detector is cooled to a temperature of about —50°C. With
about 4500 p.e./MeV detected, the TAO detector is expected to reach an energy resolution of
about 1.5% at 1 MeV.

Apart from providing the highly precise reference spectrum, TAO is expected to improve
nuclear databases.

A detailed description of the TAO detector by the JUNO collaboration is in preparation [122].

3.3 Particle interactions and detection at MeV-scale energies

Different particles show different interactions with the detection medium, the LS. These can be
distinguished into charged particles, which can be directly detected through the ionization of
LS molecules, and uncharged particles, which are detected only via the creation of secondary
charged particles. This section introduces the different interaction channels of different par-
ticles in the JUNO LS. The description of the light production of electrons, gammas, and
positrons will be studied in detail in Chapter [4] while this section introduces the principles of
differences of light production for different particles.

As the study of reactor electron anti-neutrinos in JUNO is in the main focus of this thesis, this
section focuses on the energy scale below 10 MeV and LS as the detection medium. The total
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detection energy range of the physics programme of JUNO starts from the sub-MeV scattered
electrons from solar neutrinos up to the detection of muons and electrons from GeV-scale
atmospheric neutrinos |11].

3.3.1 Charged particle detection

Electrically charged particles deposit kinetic energy in the liquid scintillator via the ionization
and excitation of the medium [22|. As in each of the interactions with the medium, typically
only some eV of the MeV-scale energy are transferred, the energy deposition can be seen as
a continuous process. This deposited energy will be called ionization energy in the following.
For electrons, protons, and a-particles it is the dominant energy loss channel. Due to their
light mass, electrons of sufficiently high energy can also loose energy through the emittance
of gammas due to Bremsstrahlung. The deposited ionization energy causes the production
of scintillation light. Moreover, independent of the scintillation process, Cherenkov light is
produced by charged particles.

Ionization quenching

As the light output increases with the number of primary excitations in the medium, it in-
creases with the amount of deposited ionization energy. If the density of excited molecules
is sufficiently low, the light output increases linearly with the amount of deposited ionization
energy. At the end of the particle’s track, the energy loss per unit depthﬂ (dE/dX) increases
sharply. This increases also the density of excited molecules. Due to interactions between the
molecules, which occur at high excitation densities, the light output per ionization energy of
scintillation light is reduced. This effect is called ionization quenching. Low initial particle
energies causing it to deposit high fractions of its energy with high (dFE/dX). This causes
the scintillation light output of the LS to be increasing non-linearly with the particle’s energy.
Heavy charged particles like protons and a-particles have a much higher (dE/dX) at the same
kinetic energy as positrons or electrons. This causes a higher suppression of the light output
for heavy charged particles.

The light output of a scintillator per unit depth, including ionization quenching, is empirically

parametrized by Birks’ formula
dF
<dL> = L07<W> (3.3)
dx 1+ kB ()’
where L is the light yield, Lg is the scintillation light yield normalization, (dF/dX) is the
energy loss of the particle per unit depth, and kB is the Birks’ material constant [123]. The

parameter Ly can be interpreted as the scintillation light output under the absence of ionization
quenching.

Cherenkov light

Besides scintillation light, also Cherenkov light is used to detect charged particles in LS ex-
periments. Cherenkov light is caused by the short-timed polarization of atoms along the

3The unit depth dX describes the traveled unit distance dz weighted with the density of the medium p.
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propagation path of charged particles. For slow non-relativistic particles, the radiation caused

by such polarizations of nearby atoms interferes usually destructively, so that no light can be

detected. However, if the particle velocity exceeds the phase velocity of light in the medium,

the emitted radiation interferes constructively, creating a coherent detectable light cone. This

can be translated to a mass-dependent threshold energy for the emission of Cherenkov light
mcgn(w) 2

— mcg, (3.4)

E =
thr nQ(w) —1

with the particle mass m, the light frequency-dependent refractive index n(w), and the light
vacuum velocity cg. In the considered energy range, only electrons and positrons produce
Cherenkov light. Using an approximate refractive index of n = 1.5 for the considered LS
mixture, the Cherenkov threshold for electrons and positrons is about 0.17 MeV. The emitted
spectrum and amount of Cherenkov light is described by the Frank-Tamm formula [124]:

d’F ¢ c?
1 1——0 3.5
dzdw 47Tu(w)w ( v2n2(w)) ’ (8:5)

where ¢ stands for the particle’s charge, pu(w) the permeability of the medium, and v the
particle’s velocity. Cherenkov light is typically emitted at short wavelengths. This is causing
the Cherenkov light to be absorbed and re-emitted as scintillation light [125]. Therefore, in
the JUNO experiment, the contributions from Cherenkov light and scintillation light to the
total light output of the scintillator can not be distinguished. In the case of electrons and
positrons, Cherenkov light is expected to contribute by a few percent to the total detected
light in the JUNO LS.

Positrons

The energy deposition of positrons needs a more complex description than the one of electrons
as it happens typically in two steps. First, the positron deposits kinetic energy like other
charged particles in form of ionization energy in the scintillator. After that, the positron
annihilates with an electron of the detector material or forms positronium with it. The
positron annihilation releases two gammas. The most common case is the positron annihilation
at rest with the production of two gammas with the energy of E, = m.c? ~ 511keV each. If
positronium is formed, there is a chance to form para-positronium (p-Ps) or ortho-positronium
(0-Ps) [|126] |127]. If o-Ps is formed in vacuum, it can not decay into two gammas as o-Ps
has a total spin of 1 and therefore needs to decay into an odd number of photons. Due to
this reason o-Ps has a much longer vacuum lifetime of 142 ns compared to p-Ps with 125 ps.
However in matter, several effects like chemical reactions, spin-flip at para-magnetic centers,
or pick-off annihilation with another anti-parallel spin electron, cause o-Ps to decay into two
gammas instead of three. This causes the lifetime of o-Ps to be measured in the order of a
few nanoseconds in matter [128].

3.3.2 Neutral particle detection

Electrically neutral particles do not directly deposit ionization energy in the scintillator in a
continuous energy loss process. Instead, they interact with the LS medium in discrete particle
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reactions to produce secondary charged particles, which can produce ionization energy. The
important electrically neutral particles in JUNO are gammas and neutrons. The detection of
neutrinos will be the focus of the next subsection.

Gammas

Gammas are interacting with the LS with several particle reactions [22], whose cross sections
can be extracted from [129]. Below the energy of E, =2 - mect, gammas can undergo three
types of interaction with matter. These are Compton scattering, Rayleigh scattering, and the
photo-electric absorption. Compton scattering is the incoherent scattering of a gamma with
an electron of the medium. For this type of scattering, a fraction of the gamma energy is
transferred to the electron, depending on the energy of the gamma and the scattering angle.
During the Rayleigh scattering process, the coherent scattering, no energy is transferred to
the scattered-off electron of the medium, just the direction of the gamma is changed. If
the energy of the gamma becomes low, the dominant interaction process becomes the photo-
electric absorption. In this process, the gamma transfers its full energy to an electron of the
medium. Above the energy of £, = 2- mect, gammas can produce electron-positron pairs in
the fields of electrons or nuclei of the LS medium.

In the considered energy regime below 10 MeV, a gamma dominantly undergoes Compton
scattering several times until it is absorbed via the photo-electric effect. The scattered-off
electrons deposit their energy in form of ionization energy in the scintillator, producing de-
tectable light. Gammas can travel distances on the centimeter-scale between single Compton
scattering processes in the LS. Compared to single electrons, which travel only a few mil-
limeters, their signal is spread over a larger region. Figure shows an example distribution
of deposited energy for electrons and gammas in the JUNO detector evaluated by the JUNO
software, which will be introduced in Sec. Both particles were simulated with a kinetic en-
ergy of 1 MeV, traveling in the x-direction in the JUNO detector. The figure shows the energy
depositions at different positions projected on the x-y-plane with the color scale. Addition-
ally, the tracks of electrons are shown in blue, while gamma tracks are shown in red. One can
clearly see, that the simulated electron continuously deposits energy along its relatively short
track of a few millimeters. Contrary to that, the simulated gamma travels a relatively long
path of tenth of centimeters without any energy deposited until it starts to create secondary
electrons. These secondary electrons deposit their energy approximately point-like compared
to the long paths of the gamma between interactions.

Neutrons

In LS experiments one can distinguish thermal neutrons and fast neutrons due to their different
interactions.

Thermal neutrons are detected mainly via their capture reaction on free protons in the LS.
The cross section for such a capture reaction increases with decreasing neutron energy [130]. If
a neutron is captured on a free proton, a deuteron is formed and a gamma with the deuteron
binding energy of about 2.2MeV is released [11]. Another less abundant neutron capture
reaction is the one on Carbon with an energy release of about 4.9 MeV. The detection of
thermal neutrons is part of the anti-neutrino detection described in Sec. [3.3.3]
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Figure 3.7: Exemplary comparison of the energy deposition pattern of electrons and gammas.
The initial electron on the left side, as well as the initial gamma in the right side, were
simulated with the JUNO software (Sec. traveling in x-direction with a kinetic energy of
1MeV. The energy deposition is shown in the colored bins, while electron tracks are marked
blue and gamma tracks are marked red. One can clearly see the different energy deposition
behavior. Details can be found in the text.

In dense materials in the vicinity of the detector, cosmic muons can cause the production of fast
neutrons. These neutrons cause the fast neutron background, which is a common background
in reactor electron anti-neutrino experiments. In the interaction with the detector, these
fast neutrons scatter mainly on free protons of the detector material. If high energies are
transferred to a proton, it is visible in the detector through its deposition of ionization energy.
Through these scatterings on protons, the neutron thermalizes and might be detected as a
thermal neutron.

To increase the neutron capture cross section of the LS, Gadolinium can be added, like it
is done in small LS detectors , . Gadolinium has a high cross section for neutron
captures with an energy release of about 8 MeV in gammas. In JUNO, Gadolinium is not
added in the CD, but only in the TAO detector.

3.3.3 Neutrino interactions

Neutrinos and anti-neutrinos are detected via weak force interactions. This leads to extremely
small interaction cross sections, yielding small event rates. These can be distinguished in
charged-current (CC) interactions, which are mediated by a W-boson, and neutral-current
interactions, which are mediated by a Z-boson. CC interactions cause the absorption or
creation of a charged lepton. As muons and tauons are not present in the LS medium and
have masses above the considered energy scale, they can not be absorbed or produced, which
leaves only electron flavor CC interactions.



36 CHAPTER 3. THE JUNO EXPERIMENT

Elastic scattering The commonly used elastic scattering (ES) interaction of neutrinos of
MeV-scale energies is the one with electrons:

vi+e —uy+e and py+e —pyte” (3.6)

with [ € {e, p, 7}. This interaction is possible in NC interactions for all flavors, and CC inter-
actions, which are only allowed for electron-flavored neutrinos in the considered energy range.
While the NC interaction cross sections are equal for all flavors, due to the exclusive electron
neutrino CC interaction, the total cross section for ES is different for electron neutrinos. As
this interaction channel allows the detection of electron neutrinos without a threshold, it is
typically used for the detection of solar neutrinos as in [24]. The detection of a neutrino via
neutrino-electron ES is done in a LS detector via the detection of the scattered electron. The
cross section of (ve.e™)-ES can be approximated by

O —ve- = 9.5-107*(E, [MeV]) cm? (3.7)
and the cross section of (Z.e™)-ES can be approximated by
Oppe —pee- = 4.0-107*(E, [MeV]) cm?. (3.8)

These approximations for these ES cross sections are taken from [131].

Besides electrons, ES on nuclei and nucleons is also possible. Despite the larger cross section,
the challenge is the detection of these particles due to their high ionization quenching. Here,
all neutrino flavors have the same interaction cross sections, which increases in quadratic order
with the energy.

Inverse Beta Decay The inverse beta decay (IBD) interaction is the most common interac-
tion to detect electron anti-neutrinos. It is a CC interaction between an electron anti-neutrino
and a proton, creating a positron and a neutron:

Ve +p— et +n. (3.9)

Due to the higher total mass of the products of the reaction, it requires an energy threshold
of Eypy = 1.8 MeV.

Detecting an IBD event consists of the detection of two particles: the positron and the neutron.
In the kinematics of the IBD reaction, the positron carries the dominant part of the energy
information of the electron-neutrino as it has a much lower mass than the produced neutron.
It can be measured with a total deposited energy of about

Eprompt = Ep, — 0.784 MeV. (3.10)

This allows a highly precise energy measurement of the electron anti-neutrino in IBD reactions
up to a sub-percent level without measuring the neutron kinetic energy [132]. In the detection
of electron anti-neutrinos with the JUNO detector, the intrinsic energy smearing of the IBD
reaction due to the neutron recoil is negligible compared to the limited energy resolution of
the detector. The neutron in the IBD reaction is produced with an kinetic energy of a few
tens of keV. As the neutron capture cross section is small at such energies, it thermalizes with
an average time of about 200 us, before it is captured [11]. The measurement of the IBD
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reaction, the coincidence in space and time of the positron signal and the neutron capture
signal significantly suppresses the background. Due to the time delay between both events,
the positron signal is usually called prompt event and the neutron capture signal is usually
called delayed event.

The total cross section of the IBD reaction can be approximated by

Eepe

ke 10743 cm?, (3.11)

ot = 0.952 -
Otot 1

(§

from [84]. Here, E. and p. are the zeroth order energy and momentum of the positron with
E. = Ey, — (my, —m,). This cross section is much higher than the cross sections obtained by
ES, yielding higher event rates as shown in Fig. [3.8] which compares the cross section of the
IBD reaction with the cross sections of several elastic scattering processes. At an energy of
about 6.5 MeV the IBD reaction has an about 100 times larger cross section than the elastic
scattering reaction for electron anti-neutrinos.
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Figure 3.8: Comparison of neutrino interaction cross sections. The cross section of the IBD
reaction is taken from [84] and the cross sections for ES are taken from [131].

The detection of electron anti-neutrinos via the IBD reaction has the advantages of the high
detection cross section, the precise energy information, and the characteristics of the coincident
signal. It is used by the JUNO experiment for the detection of reactor electron anti-neutrinos.
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3.4 Calibration programme

The calibration system of the JUNO CD has three major tasks. It needs to calibrate the
light non-linearity of the scintillator, the electronics non-linearity of the PMT system, and the
position dependent light collection non-uniformity [133].

3.4.1 Light non-linearity

To calibrate the light non-linearity, introduced by ionization quenching and the non-linear
Cherenkov light contribution, various gamma and neutron sources are used. For the precise
calibration of the light output for neutrino measurements via electron ES and IBD reactions,
the use of positron and electron sources would be desirable. Due to the short range of the
ionization energy loss, these sources are not feasible, as they need to be contained in a source
carrier capsule. Gammas have a long range, which lets them deposit most of their energy
outside of this capsule, which is not the case for the primary ionization energy of electrons
and positrons. The calibration source energies range from the positron annihilation gamma
energy of %8Ge at 511keV, to the neutron capture gamma energy of °Fe at about 7.6 MeV. The
different non-linearity curves for electrons and positrons are then obtained by converting the
gamma non-linearity under the use of an appropriate model. Such a model will be presented
in Sec. [d Besides source calibration, events from cosmogenic isotope decays like the decay
of 2B or internal radioactivity can be used to calibrate the light non-linearity. These allow
the direct calibration of the positron and electron light non-linearity. Figure [3.9] shows the
spectrum of gamma sources and the corresponding usage in light non-linearity calibration from
the DAYA BAY experiment in [134]. The light non-linearity calibration strategy for the JUNO
experiment is planned to be similar to the calibration strategy for the DAYA BAY experiment.

For the MO analysis, the light non-linearity is required to be known with a relative accuracy
of less than 1%.

3.4.2 Light non-uniformity

Due to the large size of the JUNO detector, the amount of detected light is dependent on the
position of emission. This effect is called light non-uniformity. It is caused by the absorption,
attenuation, re-emission, and scattering of light in the detector. Several systems are planned
in JUNO to deploy calibration sources at different positions in the CD to precisely measure
the light output dependent on the source position. These are the Automated Calibration Unit
(ACU), the Cable Loop System (CLS), the Guide Tube (GT), and the Remotely Operated Ve-
hicle (ROV).

The ACU is an automated calibration source deployment system. It can lower calibration
sources through the chimney along the central axis, the Z-axis, of the detector.

The CLS system uses also a cable to lower a calibration source into the detector. However,
this cable is connected to pulleys at the CD wall. Using two spools, a two-dimensional area
in the detector can be reached. For this kind of calibration, the source position is determined
via an ultrasonic sound system and CCD sensors inside the detector.

The GT is an acrylic tube, attached in a circular loop around the outside of the acrylic sphere,
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Figure 3.9: The light non-linearity source calibration of the DAYA BAY experiment. One
can see the spectrum of gamma calibration sources, which will also be used in the JUNO
experiment. From [134].

starting and ending at the chimney. Here, sources can be pulled through the tube via two
spools with a precise positioning.

The ROV is a submarine-like source carrier, which can reach nearly any position of the de-
tector. Also the position of the ROV can be determined via the ultrasonic sound system and
CCD cameras. Due to the unstable position of the ROV, it is only known up to an accuracy
of a few centimeters [133].

The expected light non-uniformity extracted from the JUNO simulation software described
in Sec. can be seen in Fig. It can be seen that on the left side in Fig. that
the major non-uniformity is in the radial coordinate, especially at large radii. Due to the
total reflection of photons on the border between the acrylic glass and the buffer water, the
amount of detected light decreases drastically. Another non-uniformity effect can be seen in
the zenith angle 6, caused by the PMT placement. In Fig. this non-uniformity in the
radial distance and the zenith angle was corrected and no light non-uniformity can be observed
in the azimuth angle ¢ due to the symmetry of the JUNO detector.

3.4.3 Electronics non-linearity

The electronics non-linearity of the LPMT system for energies in the reactor electron anti-
neutrino range is expected to be small, as each LPMT is expected to detect only up to a few
p-e. Besides its calibration via tunable LED’s, the electronics non-linearity is calibrated via
the usage of the SPMT system. If a LPMT is hit by many photons, its electronics non-linearity
can be measured with the signal on its adjacent SPMT’s.



40 CHAPTER 3. THE JUNO EXPERIMENT

s 1ﬁ 1450 < = 2
8 o8 2 c 8
Helnp = pd
o o 3 é 350
0.6F a8 ¥
u g
0.4F )
[+
0.2 A
g
0 | %
n
0.2
_0.4F
—0.6F
-08F

_ Lo e |
D 1000 2000 3000 4000 5000
R® (m°)

(a) (b)

Figure 3.10: Expected light non-uniformity map from the JUNO simulation software (Sec. .
The left plot shows the light non-uniformity in the radius and the zenith angle created from
an electron simulation in the JUNO simulation. The right figure shows that no light non-
uniformity remains in the azimuth angle after correcting for the non-uniformity in the radius
and zenith angle.

3.5 Simulation and event reconstruction framework

For its simulations and analysis of events, the JUNO experiment uses a software frame-
work based on the Software for Non-collider Physics Experiments (SNiPER) frame-
work . SNiPER is developed as a general framework to meet the requirements of both,
reactor electron anti-neutrino experiments and cosmic ray experiments. It follows the idea of
being a modular framework consisting of many dynamically loadable plug-ins. The Python-
language is used for the implementation of a user-interface, which calls the plug-ins, which
are written in C++. Furthermore, the JUNO software uses the Geant4 and the
ROOT libraries. As the development of the JUNO software is ongoing, properties of
the simulation are expected to change continuously. To provide consistency, this thesis uses
the same revision number 3386 from October 2018 for all its studies with the JUNO software.
This revision uses the ROOT version 5.34.11 and the Geant4 version 9.4.p04.

The event treatment of the JUNO software uses a multi-staged approach, which can be divided
into the simulation part and the reconstruction part, which will be summarized in the following.
Both, the simulation part and the reconstruction use the same coordinate system, centered
around the CD center with the Cartesian z-coordinate pointing up from the detector center
to the center of the Chimney. The x- and y-coordinate are arranged perpendicular to it in
arbitrary, but fixed, directions.
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3.5.1 Event simulation

For the simulation part in the JUNO software, the three stages of the physics generator, the
detector simulation (DetSim), and the electronics simulation (ElecSim) are implemented. The
physics generator produces the particle list to be simulated. Besides a simple particle gun,
which allows the placement of particles with defined properties in the JUNO detector, various
generators for different studies of the JUNO experiment are implemented. These include the
generators for isotope decay simulations as the S -decay of C as well as generators for
positron-neutron pairs from an IBD reaction following the expected JUNO spectrum.

The DetSim stage simulates the interactions of particles inside the JUNO detector. It bases
on the Monte Carlo (MC) simulation by the Geant4 framework [135]. To simulate particles in
Geant4, the model of the detector and its components is implemented in detail. The so-called
Physics List is a set of particle interactions to be simulated required from the user by the
Geant4 software. The used Geant4d Physics List of electromagnetic interactions, which are
used in this thesis, can be found in Appendix [A] If a particle produces ionization energy, the
respective optical photons from the scintillation and Cherenkov light are also propagated by
the simulation. The output of the DetSim stage used by further simulation stages is a set
of PMT hits, which represent p.e.’s released at the photo cathode, but not amplified by the
PMT. This includes the treatment of the QE of the PMT, but not the CE. Besides that, it also
calculates useful event data during the simulation, such as the event vertex, as the weighted
average of energy depositions.

The purpose of the ElecSim is to simulate the behavior of the PMT readout electronics. In
order to simulate the information of the multiplicity trigger and the merging of p.e. to single
high-charge hits in a realistic way, all hits from the DetSim are time aligned. After merging
hits, the so-called waveforms, the time-evolutions of the detected PMT signals, are simulated
with a digitization window of 1ns. From these, the event trigger is simulated. In the software,
the event trigger is simulated as a multiplicity trigger with the default trigger condition of
800 LPMT hits in the CD in 300ns. A positive trigger decision bundles all waveforms in a
default window of 1250 ns, from -100 ns before the trigger time until 1150 ns, to an event. If
needed, the ElecSim stage is also capable of mixing events from different DetSim sources with
randomly arranging the corresponding hits on the time-alignment according to specified event
rates. Due to the time-alignment on a single-hit level, the correspondence of ElecSim events
to DetSim events is not trivial anymore, as the ElecSim redefines an event by the trigger
condition instead of the definition by physical origin used in the DetSim stage. Therefore, the
ability to assign ElecSim events to DetSim events is only implemented if no events are mixed
and each DetSim event is processed consecutively. The output of the ElecSim stage consists
of the aforementioned events, containing the PMT waveforms. This output format is designed
to represent the output of the data acquisition system in JUNO.

3.5.2 Reconstruction

The reconstruction part of the JUNO software consists of two additional stages, the calibration
stage and the event reconstruction stage. The ElecSim or the data acquisition system have
PMT waveforms as output. In the calibration stage, the charge and time from each PMT
waveform are reconstructed. The PMT waveforms contain systematic electronics noise and
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its signals often shows an overshoot behavior, which can make an accurate reconstruction
challenging. Different algorithms are implemented in the JUNO software for the waveform
reconstruction, described in |138]. The default algorithm uses a Fast-Fourier Transformation
(FFT) with the idea to deconvolute the high-frequent electronics noise from the low-frequent
PMT signal.

The event reconstruction stage takes the reconstructed PMT charges and hit times as inputs
and estimates the event properties, such as the event vertex, the total deposited energy,
or the particle’s identity. As default algorithm for the vertex reconstruction, an algorithm
is implemented, which performs a Likelihood fit on the detected PMT hit times described
in |139]. The vertex reconstruction in the JUNO CD is being studied as part of this thesis in
Chapter [f

3.6 Physics goals with the JUNO detector

The large size and unprecedented good energy resolution enable the JUNO detector to be a
unique state-of-the-art tool for addressing various physics questions. Besides being designed
to study the MO, the JUNO experiment is able to contribute significantly to a broad range
of questions in modern neutrino and astroparticle physics, as well as in the searches for rare
processes beyond the standard model of particle physics.

3.6.1 Neutrino Mass Ordering

Like shown before in Fig. 2.3] the NO and the IO can be distinguished by their different
oscillation probabilities in the measurement of reactor electron anti-neutrinos. Figure [3.17]
shows the expected energy spectrum of JUNO with both MO including the effect of the

energy resolution of 3%/+/E[MeV].

To measure the MO, the JUNO collaboration formulated several requirements in [11]. As
the JUNO detector measures reactor electron anti-neutrinos from two NPP’s with several
reactor cores each, the baseline variance impacts and degrades the expected difference between
the MO’s. To minimize this effect the baseline difference is required to be less than 500 m
between two reactor cores. The JUNO site fulfills this requirement. The MO information
in the JUNO experiment is extracted from the spectral shape of the prompt event from
the IBD-reactions. Therefore, this shape needs to be precisely known, which introduces the
challenging requirement of an energy resolution of about 3% at 1 MeV. A high uncertainty on
the reconstructed neutrino energy would conceal the neutrino oscillation pattern, making the
good energy resolution a crucial requirement of JUNO. It is realized by the detector design,
which gives high photon statistics via the high light yield and excellent transparency of the LS
and the high coverage and DE of the PMT array. Besides the energy resolution, the energy
scale of the IBD measurement needs to be known with an relative accuracy of less than 1%. An
inappropriate model of the non-linearity would bias the determination of the MO and needs
to be addressed carefully. For that, the non-linear detector response needs to be determined
from the calibration data using gamma sources. A model to describe the positron non-linear
light response, which can be determined using gamma calibration data, will be presented in
Chapter [
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Figure 3.11: Expected energy spectra of the prompt IBD candidates in the JUNO experiment
in no oscillation (dashed line) and three-neutrino oscillation models assuming normal (solid
blue line) and inverted (solid red line) MO. The calculation was performed with the GNA
software [20] assuming 3%/+/ Eprompt|MeV| energy resolution and normal ordering oscillation
parameters from [22]. To display the inverted ordering, only the sign of Am32, was inverted.
The insert shows in detail the energy region between 2 - 4 MeV, which is the most depen-
dent on the MO. The features of the spectra sensitive to 612 and 613 mixing angles are also
demonstrated.

The standard procedure planned by the JUNO collaboration to discriminate the wrong mass
ordering is the application of a hypothesis test with both MO’s [11]. For this test, two x2-fits
are performed under the assumption of each MO to the measured energy spectrum of JUNO.
It is expected, that the wrong MO has a higher minimized y2-value than the true MO. The
significance of the discrimination of the wrong MO can be then obtained by the difference of
both minimized y2-values, the Ay?-discriminator

AX%&O = ‘sznm(NO) - X?nm(lo)‘ . (312)

The best estimate for the MO is the model, which yields a lower X?nin value. Using this
standard procedure, the JUNO experiment expected to reach a sensitivity of Axﬁ/lo > 91in 6
years measurement time without external constraints on oscillation parameters in [11]. Due
to its early publication, this analysis uses outdated assumptions. It assumes a rather high
value of A3, which enlarges the difference of the MQO’s, as shown in Fig. Moreover,
the construction of two more reactor cores at the Taishan NPP and an additional NPP at
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Huizhou is assumed. An updated study, concerning these major changes among others, is in
preparation by the JUNO collaboration.

While other experiments typically aim to determine the MO using its appearance in matter
effects in neutrino oscillations, the JUNO experiment uses the effect of the MO on vacuum
oscillations to determine it. Due to the different approach, a combined analysis between
experiments of both types drastically increases the sensitivity due to synergy effects. This
was demonstrated for the combination of the JUNO experiment with the PINGU experiment
in |140).

Backgrounds of the MO analysis

Due to its large overburden, the coincidence requirement in the IBD event selection, and the
selection of a fiducial volume, the background contribution in JUNO is largely suppressed.
Nevertheless, various background sources are barely distinguishable from IBD events as they
mimic the coincidence characteristics of an IBD event.

Accidental background The term accidental background is used to describe uncorrelated
events, which fall randomly together to form a random coincidence. Accidental background
can be caused by all kinds of single sources. Due to the high rates, it is typically caused
by gamma radiation from the surrounding rock or the detector material, as well as internal
radioactivity from the scintillator.

Pile-up events If a positive trigger condition is stated in the data acquisition process of
JUNO, a time window around the trigger time is opened. All PMT hits, which fall into this
time window are then collected into one data acquisition event structure. If two physical events
fall closely together in time, they are both read out in the same data acquisition event. This
random coincidence makes it challenging to reconstruct the information from each physical
event. Contrary to other background sources, pile-up events are not visible as another species
in the spectrum, but distort the spectra of the other species. As the MO measurement of
JUNO extracts the information from the spectral shape measurement, this background can
crucially degrade its sensitivity. The rate of most background sources is not high enough to
yield a significant amount of pile-up events. As shown before in Sec. the large amount of
JUNO LS is expected to contain high absolute amounts of *C with a expected high total rate
of about 40kHz. While single '4C-decays can be easily discriminated by a trigger threshold
from IBD events, the high rate can cause the pile-up of IBD events and '*C-decays. The rate
of pile-up depends on the length of the data acquisition time window, which is to be decided
upon by the JUNO collaboration. In the JUNO software, a time window of 1250 ns is used.
Under that assumption, the ratio of affected events can be roughly estimated with

Risc - Toaq = 5%, (3.13)

with the total '4C decay rate Risc and the data acquisition time window Toaq. To re-
duce the distortion of the measured reactor electron anti-neutrino spectrum, algorithms are
needed, which identify pile-up events. A strategy and performance for this will be presented
in Chapter [6] as part of this thesis.
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Cosmogenic isotopes Cosmic muons, which interact in the detector can be identified due
to their large energy deposition and are therefore no background for the MO measurement.
However, besides their ionization energy deposition, these muons can interact with carbon
atoms of the LS to create a wide range of so-called cosmogenic isotopes from 3He to '®N
and free neutrons [97|. These isotopes mostly decay in a close range and time to the initial
muon. Therefore, most of this background contribution can be largely suppressed by a time
and position cut around the muon track, which requires a precise muon track reconstruction.
The more challenging cosmogenic isotopes are Li and ®He, which undergo a (37, n)-decay.
In a (87, n)-decay, the isotope emits an electron, shortly followed by a neutron. The electron
spectrum of these decays overlays completely with the IBD-spectrum from reactor electron
anti-neutrinos, making this background barely distinguishable from the signal. Due to the
long half-lifes of Li and ®He of 0.178s and 0.119s, respectively, the discrimination of these
decays by a time cut would result in a large loss of signal events in JUNO. A novel approach
to discriminate this background is the particle identification of electrons and positrons. Due
to the similar LS time spectrum of electrons and positrons, this approach is challenging, but
preliminary studies show discrimination power [141].

Fast neutron background The fast neutron background originates from cosmic muons
as well. Fast neutrons are created in dense material around the detector by interactions of
cosmic muons with the material. Fast neutrons can scatter on free protons, which then ionize
the scintillator, as well as being captured on free protons to emit a gamma of about 2.2 MeV.
For this kind of background, the prompt event can be mimicked by the ionization light from
a proton and the delayed event can be mimicked by a neutron capture.

Geo-neutrinos As they are detected in the same interaction channel (see Sec. , geo-
neutrinos can not be distinguished from reactor electron anti-neutrinos in the IBD energy
spectrum. Due to their endpoint energy of about 2.6 MeV, they only affect the low energy end
of the reactor electron anti-neutrino spectrum.

(or,n) background The (o, n) background stems from internal a-radiation from the Ura-
nium, Thorium, and Polonium contamination in the LS. These a-particles can interact with
13C atoms in the scintillator, which can cause the production of a fast neutron and a gamma
from the de-excitation of the created '60. If the neutron is fast enough, there is a de-excitation
gamma, the 13C(a, n)!®O-reaction can cause a correlated background.

Event selection The selection of IBD events presented in |11] uses the following simple
cuts to discriminate background:

e Fiducial volume cut: R < 17m
e Prompt event energy window: 0.7 MeV < Epompt <12 MeV
e Delayed event energy window: 1.9MeV < Epompt <2.5 MeV

e Time coincidence between prompt and delayed event: AT <1.0ms
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e Vertex coincidence between prompt and delayed: distance < 1.5m

Moreover, muon veto cuts are applied. If the muon was not trackable, the whole CD is vetoed
for 1.2 s to reduce cosmic background. Also if the muon was detected by the WP measurement,
the whole CD is vetoed for a time of 1.5 ms. As the vetoing of the whole detector on the second
scale at a muon rate of about 3.5 Hz reduces drastically the efficiency of the event selection,
for trackable muons a local veto cut is applied. This local veto includes all events within a
radius of 3m around the muon track within a time of 1.2s after the muon signal.

This event selection of JUNO is expected to have a signal efficiency of 73%. From the assumed
83 IBD events per day including the Taishan-3 and Taishan-4 reactor, about 60 IBD events per
day remain after the application of all cuts. The dominant contributions are here the selection
of the fiducial volume with 91.8% efficiency and the muon veto cuts with 83% efficiency. After
the application of all cuts, only 3.8 background events per day are expected to remain in the
data selection.

3.6.2 Extended physics programme

Besides the determination of the MO, the JUNO experiment aims to address a broad spectrum
of physics questions. Due to its unprecedented detector design, it is expected to be able to
make crucial contributions to many of the presented physics topics. This section should give
an overview of selected topics from the physics programme, comprehensively presented in [11].

Precision measurement of oscillation parameters

As the first experiment measuring the fast Am3;, and Am3, neutrino oscillations simultane-
ously with the slow Am3; neutrino oscillations JUNO has the ability to improve the current
knowledge on the oscillation parameters significantly. This measurement is closely related
to the determination of the MO, as these parameters will be extracted from the same fit.
The oscillation parameters |Am3,|, Am2, and sin? #12 are currently known to a precision of
1.2%, 2.8%, and 4.0%, respectively [62]. JUNO aims to measure these parameters to a preci-
sion of 0.5%, 0.6%, and 0.7%, respectively, using the measured reactor electron anti-neutrino
spectrum.

Solar neutrinos

JUNO aims to measure electron neutrinos from "Be and ®B in the pp Solar Fusion Cycle.
"Be neutrinos are mono-energetic at 0.862 MeV and 8B neutrinos have an energy from 0 up
to 14.6 MeV. These neutrinos are detected via ES on electrons. To measure "Be neutrinos a
low sub-MeV detection threshold and a high radio-purity is needed. For ®B neutrinos JUNO
needs to effectively suppress the background from '°C decays. The measurement of these
neutrinos by JUNO would help in solving the solar metallicity problem and it would provide
more information on the matter effects of neutrino oscillations.
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Geo-neutrinos

Besides being a background to the measurement of reactor electron anti-neutrinos, geo-neutrinos
are also part of the physics programme of JUNO. Due to its large size, the JUNO experiment
is expected to measure about 400 geo-neutrinos per year, which is by far more than the cur-
rent leading experiments KamLAND [142] and Borexino [25] detected so far. Nevertheless,
the geo-neutrino measurement by JUNO suffers from the large reactor electron anti-neutrino
signal. The prediction of the geo-neutrino signal in JUNO was performed in a dedicated study
of the local crust around the position of the JUNO detector [143].

Supernova burst neutrinos

JUNO will be able to measure the released neutrinos from a SN burst mainly in the IBD
reaction channel among others. Due to the large dimensions of the JUNO detector, it is
expected to measure a SN signal with high event statistics. For a SN in the distance of 10 kpc,
an event rate of 5000 IBD events in the first 10s is expected. Moreover, 2000 neutrino-proton
ES events and about 300 neutrino-electron ES events are expected. For the readout of such a
high event rate, a specialized read-out buffer is planned in the data acquisition system of the
JUNO detector. To take part in the supernova multi-messenger astronomy, JUNO is part of
the Super-Nova Early Warning System (SNEWS) [40].

The observation of the time-development of the neutrino signal of a supernova together with
the observations from other experiments will lead to a better understanding of the respective
supernova model. It will also give additional information on the MO discrimination.

Besides the accurate optical measurement, the neutrino emission will be a handle to locate the
SN. In LS detectors, such as JUNQO, the direction of electron anti-neutrinos, which undergo IBD
reactions, can be estimated by the difference between the vertex of the delayed event and the
vertex of the prompt event [144]. Due to the thermal movement of the neutron from the IBD
interaction position and the large spread of the gamma energy deposition, this directionality
measurement is not possible on a single event basis and requires large event statistics and
a precise vertex reconstruction. This directional information becomes especially important,
if the SN is hidden behind dense gas or dust clouds, which make the optical measurement
impossible. A possible resolution of such a directionality measurement for low energy events

will be presented in Sec. [5.5.2]

DSNB neutrinos

Related to SN burst neutrinos, also DSNB neutrinos are part of the physics programme of
JUNO. Different to SN burst neutrinos, which are expected to appear in a very high rate
for a short time, DSNB neutrinos are expected to be measured as a continuous flux with a
very low rate. Also DSNB neutrinos are measured via the IBD detection channel. Due to
this low signal rate, the background rate is relatively high. At low energies the high reactor
electron anti-neutrino flux is limiting the measurement, while at high energies, the atmospheric
neutrino CC interactions are dominating the spectrum. Depending on the DSNB rate and
spectral shape, a small window of about 13 MeV to 18 MeV measured prompt energy is left
to search for the DSNB flux with fast neutrons as major background. Under the assumption
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of typical DSNB parameters, JUNO is expected to be able to measure a DSNB signal with
about 3o significance. A non-detection would strongly improve current limits on the DSNB
parameter space.

Indirect dark matter detection

Dark matter is a hypothetical type of non-baryonic matter, primarily introduced to explain
various gravitational effects in galaxies [145], such as the rotation curve of a galaxy or grav-
itational lensing effects. The existence of dark matter is a To be able to explain the effects
dark matter is assumed to be highly abundant in the universe, accounting for about 85% of
all matter. To explain these effects, dark matter is assumed to be highly abundant in the
universe, accounting for about 85% of all matter in the universe. The searches for dark matter
utilize three different detection channels: the direct detection via nuclei recoils, the indirect
detection via dark matter self-annihilation, and the production of dark matter in collider ex-
periments. JUNO can contribute to the indirect dark matter searches with the measurement
of the dark matter self-annihilation channel into neutrinos:

X+x—v+r, (3.14)

with x denoting the dark matter particle. This reaction would produce a neutrino flux with
an energy of the mass-equivalent of the dark matter particle. Assuming a dark matter particle
mass between 10 MeV and 100 MeV, the backgrounds for the dark matter detection are DSNB
neutrinos, fast neutrons, and atmospheric neutrinos.

Proton decay

Besides neutrino physics, JUNO is able to contribute to the search for proton decays due
to its large mass and proton number. The most stringent limits on the proton life time are
published by the Super-Kamiokande collaboration in [146]|. However, the Super-Kamiokande
experiment focuses on the proton decay channel into pions. Depending on the model for the
proton decay, the channel p — K + v might be the dominant channel. In JUNO up to three
signals are expected for each of these decays. First, the kaon deposits kinetic energy in the
scintillator and produces scintillation light. The kaon decays in about 12ns into a positive
charged muon, which decays into a positron after 2.2 us. Also the muon and the positron
might deposit energy in the detector and cause a visible signal. This channel benefits from
the detection of the Kaon which is under the Cherenkov threshold in water and can therefore
not be measured by the Super-Kamiokande experiment. As JUNO uses liquid scintillator as
detection medium it has a large advantage above water Cherenkov detectors in this detection
channel.

Atmospheric neutrinos

Although not being designed for the high energy spectrum of atmospheric neutrinos, JUNO
can measure the atmospheric neutrino spectrum with a good energy resolution. With the
measurement of atmospheric neutrinos, JUNO aims to address the questions of the MO, the
octant degeneracy of 6a3, and the CP violation phase § in Neutrino Oscillations through the
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MSW-effect. As Earth is transparent for neutrinos of the considered GeV energy range, JUNO
can measure atmospheric neutrinos with a broad range of baselines from the whole atmosphere.
The baseline of an atmospheric neutrino is described by the zenith angle of its direction, which
can be resolved via tracking algorithms of the secondary particles. For the analysis presented
in [11], the measurement of atmospheric neutrinos can reach about 0.9 o to rule out the wrong
MO. This result depends on the reached direction resolution, the energy resolution, and the
ability to distinguish neutrino flavors due to their different CC interactions. This measurement
is complementary to the measurement of the MO with reactor electron anti-neutrinos and can
therefore improve the overall sensitivity of JUNO to the MO.
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Chapter 4

Model of the positron non-linearity

Among the most challenging requirements for the MO analysis are those on the energy scale
and resolution. It is required to reach a relative uncertainty on the energy scale of less than
1% and an energy resolution better than 3% at 1MeV [11]. The light emission in a liquid
scintillator is not linear with the deposited energy of particles and depends on the detected
initial particle type. As inappropriate modeling of the non-linearity biases the determination of
the MO, it is of imminent importance to address this topic carefully. As the JUNO experiment
will use gamma sources for the energy non-linearity calibration, it is important to develop
methods how to derive a non-linearity model for electrons and positrons based on the gamma
calibration data.

This chapter focuses on the description of the energy non-linearity in the scintillation medium.
It is a topic of general interest in organic scintillator physics with numerous publications on
it [134, [147149]. The non-linearity will be determined from the ratio of the visible energy
over deposited energy. The term wvisible energy is used here to describe the expected amount
of detectable light produced in the scintillation medium in the detector.

The part deals with the light non-linearity in the measurement of electrons and of the
kinetic energy loss for positrons (thus excluding the annihilation part) due to the ionization
quenching (Sec. and Cherenkov light production (Sec. . Since electrons directly
produce scintillation photons through ionization, their model is simpler than for gammas or
positrons, which also produce other secondary particles. The non-linearity model is based
on Birks’ empirical formula [123]. Section describes the conversion of the electron non-
linearity model to the more complex non-linearity model for gammas and positrons including
the annihilation. Gammas loose their energy in the scintillation medium under the production
of several secondary electrons responsible for the emission of scintillation light. An algorithm
is presented to generate the energy distributions of the secondary electrons, as discussed in
Sec. These are then used to calculate the full non-linearity of the gammas by adding
up the contributions from each secondary electron. This algorithm is validated and compared
to the JUNO Geant4 simulation (Sec. in Sec. It is shown, that it reproduces the
results from the Geant4 simulation and has computational benefits due to its easy use and
fast calculation (Sec. . The resulting non-linearity model for gammas is then presented
in Sec. As positrons produce scintillation light directly in the deposition of their kinetic
energy as well as through the annihilation producing two gammas as secondary particles, their

93
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non-linearity model can be constructed through the combination of these. This is shown in
Sec. [£:3] In part [£.31] the positron non-linearity is evaluated for the case of positron annihi-
lation at rest into two photons. To evaluate the accuracy of this simplification, the resulting
non-linearity is compared to the full JUNO Geant4 simulation with its more comprehensive
physics description (Sec. . In Sec. it is discussed how this model can be used and
validated in the calibration programme of JUNO.

The results from this chapter are submitted for publication as a peer-reviewed article together
with the co-authors Yaping Cheng and Livia Ludhova. For this publication and the results
of this chapter, the technical work was done entirely by myself. The discussed interpretations
and analysis strategies follow discussions with Livia Ludhova, who supervised the work on this
thesis, and Yaping Cheng, who had also past contributions on the discussed topics [150]. At
the time of the submission of this thesis, the review by the Journal Journal of Instrumentation
has not yet taken place and the publication of the article as a peer-reviewed article is pending.
The pre-print, which was used for this submission, can be found at [151].

4.1 Liquid scintillator non-linearity

4.1.1 JIonization quenching of scintillation light

The total amount of the scintillation light (L(Fki,)) from the deposition of the kinetic energy
Fiin of a charged particle in the LS can be expressed as

(L(Ergn)) = / N <j§> ax. (4.1)

with the use of the unit depth, which is the density weighted unit path length: dX = pdz.

Under the use of Birks’ formula (Eq. and dX = (dE/dX) ' dE, this equation can be
then reformulated as

Exin 1 ,
LB =0 [ a0 (42)

In the following, the contribution to the wisible energy Eyis from scintillation light will be
determined from this equation. The non-linearity of the energy scale will be then defined as
the dependence of the ratio Eyis/Eqep on the particle’s kinetic energy Fii,. In the case of
electrons and gammas, the particle’s deposited energy Fqep, is equal to its kinetic energy.

To describe the suppression of the light emission in the LS, one needs to know the energy
dependent energy loss per unit depth in the scintillation medium. For electrons, it is described
by the Mgller model, while the Bhabha model describes the energy loss of positrons [22|. The
Mpgller model can be written as

dE 1. Z1
<_dX> =My m>

lln mec2/8272mec2(7 —1) +(1- 52) _ 2y -1 In2+ 1 <7;1>2 — 5(E)

212 2 8
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while the Bhabha model can be written as

dE 1. 71
<_dX> RNV

mec? B2y mec? (7 — 1) 32 14 10 4
1 2In2 — — [ 23 —0(B)|.
[n 217 e 12( +7+1+(7+1)2+(7+1)3> ( )]

To apply the energy loss equations for the JUNO scintillator, one needs to find appropriate
values for the density correction §(FE), the mean excitation energy I, and for the ratio of the
atomic number to the atomic mass number Z/A. The global coefficient K = 47 Nar2me.c? =
0.307075 MeV mol~! cm? with the Avogadro constant N4 and classical electron radius 7. sum-
marizes natural constants. As LAB is by far the dominant component of the LS mixture, the
following calculations assume LAB as the only component of the scintillator with a chemi-
cal composition of Cj7Hag. The parameter Z/A is approximated by (Z) / (A) by taking the
atom-abundancy weighted mean of the LAB-molecule, as it is suggested in [22]. The value
is calculated to be Z/A ~ (Z) / (A) = 0.087 8 The mean excitation energy I = 58.9¢V is

taken from the output of the ESTAR-tool |152T.

The left plot in Fig. shows a comparison between the energy losses (dE/dX) calculated
using the Mgller and the Bhabha models, and evaluated via the ESTAR-tool. The same
density correction term was applied in all three cases based on the evaluation in [153]. Then,
using the Eq. one can obtain the respective Eyis/Exin = f(Fkin) non-linearity curves.
The integration was evaluated numerically under the usage of the Gauss-Legendre method
implemented in the ROOT framework [137]. A typical value of kg = 0.01 cm?/MeV /g was
used here and will be used in the later evaluations in this chapter. The exact value for
the JUNO scintillator was not conclusively measured so far. For the better visibility of the
quenching impact, the scintillation light yield normalization is set to Ly = 1. With this
normalization, the visible energy from scintillation light only is equal to the deposited energy
under the assumption of no quenching.

The resulting three non-linearity curves, shown in the right plot of Fig. are similar for
all three different (dE/dX) energy loss models. It should be noted, that the validity of the
chosen quenching model needs to be evaluated based on the future calibration data.

4.1.2 Cherenkov light

Additionally to scintillation light, also Cherenkov light is produced by charged particles in the
scintillation medium. As it is usually created at small photon wavelengths [124], it is mostly
absorbed and re-emitted by the scintillation medium [125]. Due to this conversion, it can not
be separated easily from the scintillation light and must be included in the non-linearity model.
The amount of Cherenkov light depends on the kinetic energy and the mass of the particle.
Therefore, the same amount of Cherenkov light is assumed for electrons and positrons.

To model the amount of detected Cherenkov photons in the detector, a simple empirical
expression is applied, which was used in the solar-neutrino analysis of the Borexino experiment
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Figure 4.1: Comparison between the three different energy loss models (Mgller, Bhabha,
and ESTAR-tool) as a function of the kinetic energy. Left: The energy loss per unit depth
(dE/dX). Right: The respective non-linearity curves Eyis/FEyn, obtained via integration of
the Birks’ formula (Eq. with kB = 0.01cm?/MeV /g and a light yield normalization of
Ly =1.

using Pseudocumene-based LS [154]:

3
NCherenkov (Ekin) < 1 >
= § Apz™ | - + A 4.5
Eiin ~ By 04 (4.5)

Ein
x:ln(1+ Elf[)).

To evaluate the model of detected Cherenkov light and to estimate the parameters A;, Eq. [£.5]
is fitted to the detected number of Cherenkov photons based on the JUNO Geant4 simulation
for electrons. As the parameters of Eq. [1.5] were found to be highly correlated in the fit, the
parameters Ag and Ay were fixed to 0 to reduce these correlations. The best fit values for
the parameters A; with i € {2,3,4}, which are shown with the fit on Fig. are used in the
following analysis. The Cherenkov threshold was also estimated from the simulation output
to be Ey = 0.2 MeV.

While the amount of Cherenkov light can be fully determined from Eq. [I.5] after the deter-
mination of its parameters, the normalization of scintillation light and therefore the relative
contribution of Cherenkov light still needs to be determined. This is also taken from the JUNO
Geant4 simulation. A simulation of electrons without quenching at 1 MeV yields a ratio of

with

Lherenkon (g ypeyyy = D039 £00T 445 16 006)%,

LScintillation N 1217.6 £0.2 -

with a pure statistical uncertainty originating from the amount of simulated data. This number
is used here to fix the relative contribution of Cherenkov light to the visible energy at 1 MeV



CHAPTER 4. MODEL OF THE POSITRON NON-LINEARITY o7

Non-linearity of cherenkov light
80— ........ ............ ............ ............. ..... = Moller model

70k ST R O e b mmmm Moller model+cherenkov light

Nonerenkov/ Exin (P-€./MeV)

60__ A T It FE T TP TP Tt ST PTTRTTRT N eeiieiiiaaitianas -
E i | Cherenkov fit to Geant4 F . .
50:_ I Geant4datapoints 1.. ......... ., ...... ,
405 i | === Cherenkov model fit K . .
g : A, =-7.46+0.08 g
Py = A= 12,66+ 0.04 . B
o : 095_ .............. R b R R R SRR
2 : A, = 0.037 £0.002 1/MeV E
10:_ ............ ............ ............ Freseaneneesd B __ : : : :
S N A A IR I O
0 2 4 6 8 10 10 1
Eyin (MeV) Eyn (MeV)

Figure 4.2: Left: Number of detected Cherenkov photons per Fii, as a function of kinetic
energy based on the JUNO Geant4 simulation of electrons (black points). The solid red line
shows the fit of Eq. to the Monte Carlo data points. Right: Effect of the Cherenkov
contribution to the LS non-linearity FE\yis/FEkin, as a function of kinetic energy, using the
Mgller model for the ionization loss calculation. The solid line shows the case with only the
scintillation light, while the dashed line the case including also the Cherenkov light.

kinetic energy. Due to this choice of normalization, the non-linearity ratio Eyis/FEkin can be
larger than 1, if Cherenkov light is included in the following.

The JUNO Geant4 simulation is not assumed here to yield the amount of Cherenkov light
with a high precision. However, it is used here to obtain parameter values of Eq. and a
normalization. These values can be seen illustrative here, as they need to be evaluated in the
calibration programme.

4.2 Algorithmic calculation of the gamma non-linearity

4.2.1 Algorithm for calculating secondary electron energies

To develop a non-linearity model for positrons based on the electron non-linearity model, one
needs to combine the non-linearity model of the positron itself and the non-linearity model of
the annihilation gammas. The annihilation gammas interact with electrons of the scintillator
with several different processes creating secondary electrons. To describe the energy loss of
gammas, an algorithm was developed to obtain the energies of the secondary electrons, which
are responsible for the production of scintillation light. In the regime of gamma energies
below £, = 2 - mec?, these are the photoelectric effect, Rayleigh-scattering, and Compton-
scattering |22|. Above E, =2 - mec?, the gamma can also produce an electron-positron pair
in an interaction with a nucleus or an electron.

To simulate the behavior of the initial gamma, the scattering process is determined first. This
was done by using the relative contribution of the process to the total interaction cross section
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Figure 4.3: Relative cross sections of gamma scattering processes in LAB from [129].

as the probability to undergo that process. The relative cross sections are shown in Fig.
These provide the probabilities of the gamma to interact with the respective process in the
medium. For higher energies above E = 2 - m.c?, pure Compton-scattering was assumed as
the cross section for electron-positron pair production is small compared to the cross section
for Compton scattering for typical energies of a few MeV in JUNO [129].

In the case of Rayleigh-scattering, the gamma does not loose energy and is just re-emitted in
a different direction. As the simulation does not consider the spatial behavior of the gammas
but only the energy, the process of Rayleigh scattering is not considered.

In the case of the photoelectric effect, the full energy of the gamma is transferred to the
electron of the scintillation medium. The gamma gets absorbed and the algorithm is stopped,
if the photoelectric effect occurs.

Compton-scattering is the dominant process for initial gammas with an energy above ~20 keV
in LAB. For the process of Compton-scattering on an electron at rest, the distribution of
scattering angles is calculated first. The distribution of scattering angles is determined via
the Klein-Nishina differential cross section [155]:

2 (EINTE, E
dQ d¢dcost® 2mZ2\E,) |E, E,

In this formula, o = 1/137 is the electromagnetic fine structure constant, E is the gamma
energy before scattering, E,’y is the gamma energy after scattering, and 6 is the scattering
angle. The energy loss ratio follows

&

/

1
L = . 4.7)
E, 1+%(1—cos€) (

Since the total cross section in an scattering angle interval is proportional to the scattering
probability, the normalized Klein-Nishina differential cross section is the probability density
function (PDF) for the angular distribution shown in Fig. [4.4]
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Figure 4.4: The evaluation of the Klein-Nishina cross section Eq. As it is used as a
probability distribution, it is normalized to 1 and weighted with sin(#) as the integration is
evaluated over d cosf.

The energy of the gamma after scattering is obtained from Eq. [I.7] by inserting a random
angle following the angular distribution shown in Fig.[4.4] The kinetic energy of the scattered
electron follows energy conservation:

é,kin = E’Y - E; (48)
After each Compton scattering the calculation is repeated until the gamma is absorbed via
the photoelectric effect or has an energy of less than Ep,;, = 250€V. This minimal energy was
chosen to be the same as the default one used by the Geantd-software for electromagnetic
processes [135].

4.2.2 Validation and cross check

The algorithm for calculating the distributions and energies of secondary electrons, as it was
presented in the previous Section, is validated against the JUNO Geant4 simulation. Gammas
with E = mec? = 511keV energy simulated in the detector center are chosen, in order to
avoid border effects at the acrylic vessel. Figure [1.5] compares the distribution of the number
of secondary electrons and their full energy spectrum for the case of the algorithm from this
thesis (solid blue line) and the JUNO Geant4 simulation (solid red line). The complete physics
list of the JUNO Geant simulation can be found in Appendix [A] For a better comparison,
the histograms obtained with the algorithm from this thesis were scaled down to match the
amount of data in the Geant4 simulation. In general, the number of secondary electrons is not a
reliable number for comparison, as it can depend on the so called production cuts, i.e. the lower
energy cut, at which the tracking of the mother particle is stopped . As the lower energy
limit here is given by the dominance of the photoelectric absorption at low energies, these
production cuts are not reached and the number of secondary electrons is a reliable quantity
for comparison. As one can see in the left part of Fig. the distribution of the number of
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secondary electrons shows a reasonable agreement with only slight differences of the mean and
the standard deviation. The right part of Fig. demonstrates the excellent agreement of the
overall energy spectrum of the secondary electrons. This comparison approves the reliability
of the presented algorithm. Here, only the comparison of the full secondary electron spectrum
is shown. In Appendix [B] the comparison of the secondary electron spectrum of each electron
generation up to the 24th generation is shown.
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Figure 4.5: Comparison of the presented algorithm for secondary electrons (Sec. solid
blue line) with the JUNO Geant4 simulation (Sec. [3.5)) (solid red line) for E, = 511keV. The
left side shows the number of secondary electrons and the right side shows their overall energy
spectrum.

4.2.3 Computational benefits

In the process of calculating the non-linearity from gammas or positrons (see Sec. [4.3) using
this algorithm, the production of a representative sample of secondary electrons, dominates
the computing time. To estimate the gain in computation time of this algorithm with respect
to the evaluation by Geant4, both algorithms were run for different initial gamma energies
and number of generated events. All of these runs were executed on the same machine by an
AMD Opteron™ Processor 6238. In the JUNO Geant4-framework, the computation time is
usually dominated by the propagation of optical photons, when the default settings are used.
The production of these optical photons has been disabled. For the computation time it is
assumed, that each algorithm needs a certain amount of start-up time Tg for its setup before
each event needs the same time Teyeny On average to be processed. The total computation
time is expected to follow

Tcomp == TO + Tevent . N, (4~9>

with N being the number of processed events. For both algorithms, the computation times
for the energies of 0.1 MeV, 3.3 MeV, 6.7 MeV, and 10.0 MeV, as well as for the event numbers
of 1, 500, 1000, 1500, 2000, and 2500 events were evaluated. The parameters Ty and Tevent
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Figure 4.6: Comparison of the presented algorithm for secondary electrons (Sec. solid
lines) with the JUNO Geant4 simulation (Sec. (dashed lines) for £, = 0.1, 3.3, 6.7,
and 10.0 MeV in terms of the computational time. The lines represent estimations for the
parameters Ty and Teyent from Eq. @ for each E, energy, obtained by a fit with equal weights
for each data point. One can clearly see a large gain on the CPU time using the algorithm
from this thesis, due to differences both in the start-up time 7 as well as in the Tiyent time
needed per event.

were estimated then for each energy separately. The results are then summarized graphically
in Fig. [£:6] and numerically in Table [{.I] The large gain in computation time is directly
visible. As described in Sec. the JUNO Geant4d framework contains a comprehensive
description of the detector geometry and the physics processes, which are relevant in the
JUNO experiment. It serves the purpose of being a general tool for simulating events in a
broad energy range to study analysis methods and particle interactions with a precise model
of the detection effects in the JUNO detector. The higher complexity, caused by the higher
universality, results especially in a higher start-up time, but as well in a higher time needed
per event. Extrapolating the values from Table [£.1] one would need around 4.5h to simulate
100000 gammas at 0.1 MeV using the JUNO Geant4 simulation and only about 1h using the
presented algorithm.

Apart from the gain in computational time, the presented algorithm has benefits in easier
maintenance. While the JUNO Geant4 framework is a complex framework built upon a
software stack of external programs, the presented algorithm consists of single C++ class,
which uses methods from the ROOT framework [137].

4.2.4 Results for the non-linearity model of gammas

To evaluate the scintillator non-linearity model for gammas from the simulation of the sec-
ondary electron spectrum, the sum of all light emissions from secondary electrons was taken.
The non-linearity of the secondary electrons was evaluated using the Birks’ law (Eq. and
the energy loss via the Mgller model (Eq. . It was assumed that there are no correlated
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Table 4.1: Comparison of the presented algorithm for secondary electrons (Sec. with
the JUNO Geant4 simulation (Sec. for E, = 0.1, 3.3, 6.7, and 10.0 MeV in terms of the
computational time. The estimated values for the start-up time Ty and the computational
time needed per event Tiyent as estimated from Fig. @

This algorithm JUNO Geant4

Energy (MeV) | To (S) | Tevent () | To(s) | Tevent (S)
0.1 1.41 0.0386 181.23 | 0.1624
3.3 1.38 0.0604 | 178.02 | 0.1650
6.7 -1.10 | 0.0640 | 189.77 | 0.1712
10.0 2.40 0.0629 | 190.93 | 0.1631

Non-linearity of gamma photons

Moller model (e-)

Moller model (e-) + cherenkov

Gamma scintillation

Gamma scintillation + cherenkov

8 9
Eyin (MeV)

Figure 4.7: The results for the non-linearity FE\is/Exin, model for gammas calculated with
the presented algorithm. The distribution of the non-linearity of all gammas without the
Cherenkov light is shown in yellow, while the corresponding average non-linearity is shown
in solid red. The red dashed curve shows the average non-linearity of gammas with the
Cherenkov light included. For comparison, the electron non-linearity curve resulting from the
Mpgller model is shown in blue, without (solid) and with (dashed) lines. The right plot shows
the zoom of the left plot in the energy range below Fi, < 0.3 MeV.

effects in the light production between different secondary electrons and each of them can be
treated individually.

In Figure one can see in yellow the evaluation of Eyis/Ey, for about 1.5 - 107 gammas
simulated without the Cherenkov light in the energy range Ey;, = E, from 1keV to 9 MeV.
The right plot shows the zoom of the left plot in the energy range below Eij, < 0.3 MeV. The
average visible energy for the gammas without the Cherenkov light is shown with the solid
red line, while the dashed red line represents the case with the Cherenkov light included. For
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comparison, the blue lines show the non-linearity model for electrons, again without (solid
lines) and with (dashed lines) the Cherenkov light. For the same incident kinetic energy, the
visible energy of electrons is always higher (or equal at very low energies) than the visible
energy of gammas. This is because the gammas only create visible energy due to secondary
electrons, having lower energies and thus, higher quenching (Fig. right), with respect to
the electron of the same kinetic energy as the original gamma. At very low energies below
20 keV, the photoelectric effect becomes dominant, as it can be seen in Fig. [£.3] This causes
the non-linearity curves for electrons and for gammas to be the same, as the full kinetic energy
of the gamma is transferred to the electron. In the transition region at around 70keV, a local
minimum of the nonlinearity can be seen in the right plot in Fig.

4.3 Non-linearity model for positrons

4.3.1 Positron non-linearity at rest

The energy deposition of positrons at energies of a few MeV happens usually in two steps.
First, positrons deposit energy in the scintillator due to ionization and create scintillation light
similar to the energy loss of electrons. Additionally, a positron annihilates afterwards with
an electron of the detector material to produce gammas. In this section is is assumed, that
positrons annihilate at rest into two gammas after depositing their total kinetic energy due to
ionization. The resulting two gammas have therefore a total energy of E. = mec? = 511 keV
each. To calculate the non-linearity curve for these positrons, one needs to combine the non-
linearity curve resulting from the Bhabha model in Fig. and the non-linearity of the two
gammas at F., = mec?:

E3l(Bxin) = Efiapha(Bian) + 2 - EGE™™ (mec?). (4.10)
The result of this evaluation together with the models for the electron non-linearity and the
gamma non-linearity are shown in Fig. Again, the dashed lines show the full deposited
energy of scintillation light and Cherenkov light combined, while the solid lines represent the
scintillation light only. Here, the non-linearity is expressed as Evyis/Egep, where the variable
Egep is used for the total deposited energy. For electrons and gammas it is Fqep = Eiin, while
for positrons it is Fqep = Fiin + 2mec?.

4.3.2 Evaluation of the full JUNO Geant4 simulation

The calculation of the previous section assumes that positrons always annihilate at rest into
two gammas after loosing their kinetic energy completely in the scintillation medium via
ionization. The annihilation in flight, the forming of positronium, and the creation of gammas
via Bremsstrahlung are not considered. If positronium is formed, there is a chance to form
para-positronium (p-Ps) or ortho-positronium (o-Ps). If o-Ps is formed in vacuum, it can not
decay into two gammas, as o-Ps has a total spin of 1 and therefore needs to decay into an odd
number of photons. However in matter, several effects cause o-Ps to decay into two gammas
instead of three [126, 127|. These are e.g. magnetic effects which cause a spin-flip or positron
pick-off by surrounding electrons. Moreover, the creation of electron-positron pairs by gammas
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Figure 4.8: The non-linearity Eyis/Fgep (Fdep is the total deposited energy) models for
positrons (purple), electrons (blue), and gammas (red). The solid curves show the non-linearity
curves for scintillation light only, while the dashed curves include also the Cherenkov light.

was not considered in Sec. To study the impact of these effects, the JUNO Geantd
simulation was used to generate a comprehensive set of particles and their energy depositions
created by an initial positron. Also here, the detectable light is entirely produced by positrons
and electrons. To evaluate the amount of visible energy, the amount of scintillation light
was evaluated from the integration of Birks’ formula (Eq. and the amount of Cherenkov
light was evaluated from Eq. for each positron and electron. These contributions were
summed up to the visible energy of the full event. To cross-check the validity of the simple
positron model from Sec. a sub-sample of these events was selected, which follows the
assumptions of Sec. [£.3.1] These are the annihilation at rest into two gammas after the total
kinetic energy is deposited due to ionization. The production of Bremsstrahlung as well as
the 0-Ps decay into three gammas was not considered in Sec. [£:3.1] In total 970000 events
were simulated in the JUNO Geant4 simulation, from which 78 884 events were contained in
the sub-sample following the assumptions of Sec. [£:3.1] The comparison of presented model
from Sec. with the full JUNO Geant4 simulation as well as the selected sub-sample can

be seen in Fig.

One can clearly see the difference between the positron non-linearity curve and the full sim-
ulation, while the selected sub-sample shows no clear difference to the positron non-linearity
curve. This approves that the selected sub-sample is well described by the results of Sec.
like it is expected from the validation results of Sec. [£.:2.2] It can be further seen, that the
deviation of the full simulation to the model barely exceeds 1%, which is the requirement for
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Figure 4.9: Comparison of the positron non-linearity curve from Sec. to the non-linearity
obtained by using the particle set created by the JUNO Geant4 simulation (Sec. under
usage of the Mgller- and the Bhabha model. The graphs on the left show the comparison of
the non-linearity model from Sec. [.3.1] (purple) to all simulation events (red) and selected
simulation events, which followed the assumptions of Sec. (blue). In the right graphs the
ratios of the non-linearity evaluated using simulated particles by Geant4 to the non-linearity

curve from Sec. are shown.

the accuracy of the calibrated non-linearity in JUNO. Nevertheless, it is expected to have
additional sources of uncertainties as the limited range of calibration sources, as well as the
limited amount of calibration data. Therefore, the effects of the annihilation in flight and
Bremsstrahlung should to be studied further and be included in the model.

The averaged deviation of the Geant4 evaluation compared to the simple model in depen-
dence of the Birks’ constant is shown in Fig. [£.10] The average was taken over the expected
JUNO prompt spectrum under the assumption of the normal neutrino mass ordering shown
in Fig. One can see, that the average deviation is less than 0.5% for the large evaluated
range of kB.



66 CHAPTER 4. MODEL OF THE POSITRON NON-LINEARITY

A

0.0045

'model

NLy

-
IZ 0.004

\

0.0035

0.003

0.0025

0.002

iHHi\H\iHHiHHiHHiHH T

0.0015 et | anananas with Cherenkov

TT
.
: »

0.001

0.0005 i .| = without Cherenkov

ol b T T T T T T
0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
kB (MeV cm?/g)

o

°4HH¥HH¥H

Figure 4.10: The deviation shown in Fig. of the simple model to the JUNO Geant4
evaluation versus the Birks’ constant averaged over the JUNO prompt spectrum under the
assumption of normal neutrino mass ordering.

4.4 Application of the non-linearity model in JUNO

In Fig. the spectrum of gamma calibration sources was shown from the calibration pro-
gramme of the Daya Bay experiment [134]. JUNO plans to use the same spectrum of cali-
bration sources. To avoid non-uniformity effects, one would need to perform this calibration
in an area of the detector with a low gradient in the non-uniformity map and a fixed source
position, such as the detector center. From the gamma calibration points, the gamma non-
linearity curve (Fig. can be calibrated. Here, the scintillation light normalization need
to be determined, as well as the Birks’ constant kB and the set of Cherenkov parameters A;.
Together with the results of Sec. this set of parameters can be used to evaluate the non-
linearity curve of positrons. Besides the use of gamma calibration sources, a variety of natural
sources exists, which can be used for calibration. These include the cosmogenic isotope 1C,
for which an event rate of 1.62 x 10% events/day is predicted for JUNO in |11]. The isotope
¢ undergoes the 8T decay into ''B with a decay energy of about 0.96 MeV:

e " B+ ve+et +0.96MeV. (4.11)

These decays are expected to largely dominate the singles spectrum of JUNO in the energy
range of about 1MeV to about 2MeV, which makes a selection possible [11]. It might be
possible to use the known spectral shape of the 81 decay of the ''C decays to validate the
conversion from the gamma non-linearity to the positron non-linearity. Also here, the sys-
tematic impact of the non-uniformity in JUNO needs to be minimized under the use of an
appropriate vertex reconstruction.



Chapter 5

Vertex Reconstruction

The reconstructed electron anti-neutrino energy in JUNO, which is needed to resolve the MO,
depends mainly on the amount of detected photons. For a constant energy the expected
amount of detected photons also varies with the emission point of these photons. This light
non-uniformity causes an energy smearing due to the uncertainties on the reconstructed light
emission point. Due to this reason, a good vertex reconstruction, which can resolve the light
emission point with a good resolution, is needed in JUNO.

Moreover, the vertex reconstruction is used to define events inside a so-called fiducial volume.
The FV serves the purpose of separating signal events from gamma background events from
the outside rock and the detector construction materials. As the vertex reconstruction utilizes
the full PMT hit information of an event, it typically shows potential to be used to extract
more properties of the event. Two possible use-cases are the discrimination of electron and
positron events as successfully done in the data analysis of the Borexino experiment [156] or
the discrimination of point-like and track-like events as successfully done in the data analysis
of the DOUBLE CHOOZ experiment [68]. In this thesis, the presented vertex reconstruction
will be used in Chapter [f] to discriminate pile-up events.

This chapter introduces a method to find an estimate for the light emission point under the
use of the measured PMT hit times and charges of the LPMT array. As IBD events are in
the focus of this thesis, the presented vertex reconstruction focuses on the reconstruction of
positron vertices.

5.1 Parameter estimation via log-likelihood minimization

To extract the best estimate for the light emission vertex, a log-likelihood estimation is used.

A Likelihood estimation is a statistical method to obtain estimates of model parameters from
a data set, which follows this model. The Likelihood function (L) is constructed as the
probability to obtain the observed data set with the data points Z under the assumption of a
set of model parameters 0. It reads as

£(017) = [ p(xl6), (5.1)
k

67
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—

with p(x|0) being the probability to measure the data point z; under the assumption of the

parameter vector g. A maximum of £ is reached for certain set of parameters g. This set of
parameters can be seen as the best estimate for 6 for the given data set under the assumption
of the used model.

For practical reasons in computation, typically the logarithm of L is taken. This preserves
the monotony of £, while it transforms the product of probabilities into a sum, which is more
practical to calculate. Moreover, the numerical minimization of a function is more practical
than the maximization. For this reason the negative log-likelihood function is formed:

0(0]7) := —log L(0]7) = — > _logp(xx|0). (5.2)
k

One advantage of the usage of the log-likelihood estimator compared to the similar y?2-
estimator, is its flexibility. While the y?-estimator assumes the usage of Gaussian-distributed
data points, any probability density function (pdf) can be used in the log-likelihood estimator.

5.2 Creation of the likelihood function

5.2.1 Likelihood function of PMT hit times

The main information of the vertex reconstruction is received from the time information of
each PMT hit. After light is produced in the scintillation medium it propagates through the
scintillator until it is eventually measured by a PMT. Due to the possibly different distances
of PMT’s to the light emission point, the measurement time differs due to the different photon
propagation times. These differences can be used to estimate the vertex of the light emission
as well as the global light emission time Tj. The log-likelihood term for the time fit neglecting
the treatment of the DCR, which will be introduced in Sec. reads as

lime(X, TolE) = = logps(t:| X, Tv), (5.3)

(]

with the minimization parameters of the 3-dimensional light emission point X , as well as the
event time Ty. Here the probability ps (tZ\X ,Tp) is read from a pre-calculated probability map
containing the time-profile of the measured hit times. The subscript s is used to distinguish
this contribution from the event signal from the later introduced DCR.

As the each SPMT is expected to have a similar timing as a dynode LPMT and only about 2.5%
of coverage is added by the use of the SPMT system, the reconstruction uses only the LPMT
system. In the considered energy range of IBD events from reactor electron anti-neutrinos, no
saturation effects for the LPMT array are expected.

5.2.2 Time profile probability map

The pre-calculated probability map for the PMT hit times contains the probability of detecting
a photon under the assumption of a distance of the vertex to the PMT and the hit time. Several
effects, which are affecting the hit time, need to be included in this map.
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LS time profile The major effect on the hit time profile is the decay profile of the scintillator
as shown in[3.4]In the JUNO software it is described by the sum of three exponential functions:

3 .
o) =" %e—t/ﬂ', (5.4)

i=1

with 7; being the decay constants and ¢; their weights. As it can be seen from [3.4] these
parameters are particle-dependent due to the different ionization densities of particles with
different masses. The corresponding values used for electrons and positrons can be found in

Tab. 511
Table 5.1: Parametrization of the LS time profile according to Eq. from [11].

Parameter | value | Parameter | value
71 (ns) 4.93 o 0.799
72 (1s) 20.6 Q@ 0.171
73 (ns) 190 q3 0.03

Time uncertainty from the PMT and the electronics Another important effect which
needs to be considered is the time smearing by the PMT measurement itself and its recon-
struction. While the FWHM of the time measurement of the PMT can be directly obtained by
the implemented T'TS values from Tab. other parts of the electronics may also introduce
a time smearing effect. Additionally, the PMT time reconstruction via the waveform analysis
introduces an uncertainty in the measured time as well, which needs to be tested on the algo-
rithm. The full timing effect can be tested on the obtained large statistics data from the PMT
testing in JUNO. As this data is not ready for analysis at this point, a preliminary study using
the JUNO simulation was performed. A simulation was run with 5000 optical photons with
2.8¢€V energy in random directions at the center of the JUNO detector. Moreover, the scin-
tillation process was turned off and the Rayleigh scattering and absorption length was both
set to 5000 m to minimize optical effects and obtain almost the same hit time on each PMT.
This creates a sharp hit time distribution with about 750 expected hits in the simulation as
each LPMT has about the same distance to the detector center in the simulation.

For the simulation of electronics and the reconstruction, the JUNO simulation does not offer
a direct correspondence of the reconstructed hits and the simulated ones. Therefore a strict
multiplicity trigger condition in the ElecSim of 500 hits in 10 ns with a slip of 1 ns was used to
minimize the influence of the uncertainty of the trigger time. For the waveform reconstruction,
the default deconvolution algorithm was used. The time distribution of the reconstructed hits
relative to their trigger times can be approximated by a Gaussian distribution for each LPMT
type. These distributions are shown in Fig[5.1] The uncertainties of the photon arrival times
by the PMT measurement were approximated by the o from a fitted Gauss curve. For the
dynode PMT'’s, a value of opy, = 3.629ns was obtained and for the MCP PMT’s, a value of
opmcp = 6.132ns was obtained.

This method for estimating the spread of the photon measurement time can only give a very
rough approximate estimation. As the hit correlation is lost, the trigger time, which was used
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Figure 5.1: Estimation of the time spread from the photon measurement of LPMT’s. It was
created with a simulation of optical photons from the detector center without the scintillation
effect and increased Rayleigh scattering and absorption length of 5000 m each.

to align the hits in Fig. [5.1] is the major source of uncertainty. Depending on the selection
criteria of the multiplicity trigger, either a misalignment of the events, or a selection of a
sharply distributed sub-sample is caused. However, the obtained values are much larger than
the vendor TTS values from Tab. which are implemented in the JUNO software. As the
TTS effect is expected to be the major effect in the smearing of the hit times, the obtained
values can be seen as conservative estimates. In future they they need to be changed to the
measured values from the planned PMT testing of the JUNO experiment under the use of the
full readout electronics.

Optical effects Major optical effects which need to be considered in the hit time profile
are the chromatic distortion of the photons and total reflection on the acrylic glass. As the
scintillator emit photons in a broad spectrum of wavelengths and the refractive index of the
scintillator is wavelength dependent, the emitted photons travel with different group velocities.
This effect creates a smearing of the measured hit profile at the PMT. If the photons were
emitted at a large distance to the PMT, the propagation through the scintillator is longer and
therefore the effect of the chromatic distortion is larger. Total reflection happens if a photon
is emitted in a sufficiently small angle to the tangential plane of the acrylic sphere, making
refraction and the propagation through the glass into the surrounding water impossible. This
lets the photon be reflected once or a few times on the acrylic sphere until it eventually
propagates through it to be measured by a PMT. The effect of total reflection only occurs if
the light is emitted near to the acrylic vessel at large radii of

Nwater 1.33

Rophere & 142 - 17.7m = 15.9m & R3 i Ret = 4000 m® (5.5)

RotRet =
Nacryl

Total reflection process causes these photons to be measured at late times and large distances
of the PMT to the vertex. Other optical effects are the Rayleigh scattering and the absorption
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of photons on molecules [157]. Also these effects are wavelength dependent. The Rayleigh
scattering length and the absorption length of the JUNO scintillator were not measured so
far, but are expected to be measured in the calibration programme. In the JUNO software,
estimates for the Rayleigh scattering length of 27 m at 430 nm wavelength and the absorption
length of 77m at 430 nm are implemented. These values represent typical values, which are
expected for the used LS mixture |11].

Creation of the time profile map As all the mentioned effects, as well as the JUNO
geometry is implemented in the Geant4-model of the JUNO software, it was used to create
a two-dimensional probability map for the PMT hit time distribution. This map contains
pre-calculated values for the probability to measure a PMT hit at a certain time under the
assumption of a distance to the PMT. Due to the discussed optical effects, the description of
the hit time probability using only one dimension with an appropriate time-of-flight correction
is not sufficient.

For the calculation of the probability map, a simulation of 200,000 electrons with kinetic ener-
gies distributed uniformly between 0 and 7MeV, uniformly distributed in the LS volume, was
used. Positrons from the IBD interactions from reactor electron anti-neutrinos are in the focus
of this reconstruction. Electrons were chosen for the creation of the probability map as they
have the same LS time profile as positrons. Moreover, due to the missing annihilation gam-
mas, the ionization energy is deposited inside a smaller volume, which increases the resolution
of the map and avoids the effect of light loss at the edges of the acrylic vessel. The hit times,
obtained from the simulation, are shown in Fig. 5.2 on the left side. Each hit was sorted into
a two-dimensional histogram with 1100 equal-width bins on the X-axis, which is used for the
distance to the PMT, from 0 to 41800 mm distance. The Y-axis is used for the arrival time
of the photon on the photo-cathode and is divided into 2300 equal-width bins from -300ns to
2000 ns, for which the point at 0 ns stands for the time, when the initial electron was created
by the Geant4-simulation. To avoid numerical problems in the further calculation, for each
distance bin, the time distribution was normalized to 1. After that, to smooth out the time
distribution and apply the smearing of the time measurement of the PMT the time distribu-
tion was convoluted with a Gaussian. The o of the applied Gaussian smearing was taken from
the estimated time smearings shown in Fig. Another Gaussian convolution was applied
to each distance distribution for each time bin. In order to do that, the whole distribution
was temporarily corrected by an approximate time-of-flight by aligning the time distribution
maxima of each distance bin, which was reverted after the convolution. The convolution in
distance direction uses a Gaussian with a width of ¢ = 50 mm. This convolution has no direct
physical motivation, but has the purpose of smoothing out the probability map in order to
avoid a non-continuous behavior. To finish up the probability map, the time distribution of
each distance bin was normalized to 1 again. The finalized map for the dynode PMT type
can be seen on the right side of Fig.[5.2] For the better visibility, Fig. [5.3]shows example time
probability distributions for the distances of 3m and 36.85 m for both LPMT types. One can
clearly see the shift between both distances due to the longer time-of-flight. Furthermore, the
second maximum, which can be seen in the time distribution at 36.85 m stems from the late
photons which were totally reflected on the acrylic sphere.
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Figure 5.2: The time probability map for dynode PMT’s. On the left side, the PMT hits from
the electron simulation are shown. The number of hits is shown in the dependence of hit time
and distance to the PMT. On the right side, the obtained probability map is shown, which
contains the probability to measure a hit at a certain time under the assumption of a certain
distance to the PMT. In this map a value of Ty = 0 is shown. To obtain the probability
Ps (t2|X , To) one needs to correct the measured times accordingly for Ty # 0. One can clearly
see the effects of the total reflection on the acrylic sphere as an arc at high times.

5.2.3 Likelihood function of PMT charges

Another part of the log-likelihood function is the one on the total charge of each LPMT. As
the total number of p.e. measured by the PMT is expected to be Poissonian distributed, this
probability distribution was also assumed for the distribution of calibrated measured charges ¢

in units of p.e. The corresponding term of the log-likelihood function, neglecting the treatment
of the DCR introduced in Sec. is

Echarge (XW) = Z Qpred,k()za qtot) — Qmeas,k IOg Qpred,k(Xa Qtot)7 (56)
ke{All LPMT’s}

with the minimization parameters of the light emission point X. The predicted charge for
PMT E, qpred,k ()Z' , Gtot ), depends on the light emission point X , as well as on the total measured
charge giot. Like the PMT hit time probability, the amount of charge measured at a PMT
was estimated under the use of a two-dimensional map. This two-dimensional map contains
the average charge on a PMT divided by the total charge of the event in dependence of the
distance of the vertex to the PMT and the angle between the facing direction vector of the
PMT and the simulated event vertex vector. It was created under the use of the same electron
simulation as for the creation of the time probability map. This map is shown in Fig. [5.4] on
the left side.

The cosine of the angle cos(«) is calculated via the scalar product of the energy deposition
vertex vector X and the PMT facing vector vpyr:
X
cos(a) = _,7_1?1\“. (5.7)
| X1 - [opnr]
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Figure 5.3: Example time probability distributions for both LPMT types at the distances of
the PMT to the vertex of 3m and 36.85m. In the distribution at 36.85m, one can clearly see
the second maximum from the late totally reflected photons.

The PMT facing vector Upyr is equivalent to the vector from the PMT center to the detector
center. For a vertex on the line between the PMT and the detector center, the angle would
be cos(a) = —1. In both, the creation of the map and in the reconstruction algorithm,
Eq. is used for the calculation of cos(a). Therefore, the cosine of « was used directly to
save the computational time of calculating the arccosine. The right side of Fig. [5.4] shows
an example charge expectation map for the PMT with the ID 1 in the Cartesian detector
coordinates in the x-z-plane. The center of this PMT is placed at the coordinates (x,y, z) =
(1065.41 mm, 0,19470.9 mm) and marked with a star in the graphic.

This map is created as an average of all simulated events. To obtain the charge expectation
for a specific vertex, one needs to multiply the value at the currently tested vertex from the
map and multiply it with the total expected signal charge. It is assumed that the charge in
each PMT increases linearly with the total measured charge from all PMT’s for each position
in the detector. To check this assumption, three maps were created from three sub-samples
of the electron simulation. For the creation of these sub-samples, events in the energy range
up to 2.5 MeV, between 2.5 MeV and 5 MeV, and above 5 MeV deposited energy were selected.
The individual charge expectation maps from each sub-sample showed no significant difference
to each other so the assumption of the charge linearity with the total deposited charge was
found to be valid.

As it can be clearly seen in Fig. for each PMT there is a so-called dark region at large
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Figure 5.4: The charge expectation of a PMT. The left side shows the ratio of detected charge
at the single PMT to the total charge measured in the whole detector in dependence of the
measurement distance and angle between the facing vector of the PMT and the event vertex
vector from Eq. The right side shows the same ratio from the perspective of PMT 1 at
(z,y,2) = (1065.41 mm, 0, 19470.9 mm) on the x-z-plane of the JUNO detector for illustration.
The position of this PMT is marked with a star.

angles, caused by the effect of total reflection on the acrylic sphere. If an event occurs in the
dark region of the PMT, the PMT is expected to see only a small amount of re-emitted light as
the direct light can not reach the PMT. At smaller angles one can see, that the expected charge
on the PMT decreases smoothly like expected with increasing distance of the light emission
point. Besides the effect of the decreasing aperture of the PMT, this effect is enhanced by
light attenuation. At very large distance on the opposite side of the LS volume from the PMT
point-of-view however, the expected charge increases again as the light emission point moves
towards the acrylic sphere. Also this effect can be explained by the reflection of light on the
acrylic sphere. Due to several reflection on the acrylic wall, the light can reach the PMT’s on
the opposite side of the CD.

While different QE values for each PMT are not implemented in the JUNO software, each
PMT uses a different CE value. As the charge expectation was calculated as average of all
LPMT’s, the expected charge of each PMT in the reconstruction needs to be corrected by
the deviation from the average efficiency. In the used version of the JUNO software, the CE
distribution is implemented as a Gaussian distribution with a mean of p = 90.0% and a width
of 0 = 6.4%. A calculated CE from this distribution above 100% is treated as CE=100% in
the ElecSim simulation code of the JUNO software. In the reconstruction these values from
the software were used to correct the expected charge for the CE value distribution of each
PMT to be compatible to the analyzed simulation.

For the application of measured data from the JUNO detector, the charge expectation needs
to be recalculated using the final measured LS values and LPMT parameters. The individual
CE corrections need to be replaced by analogous individual DE corrections obtained from the
PMT tests.
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5.2.4 Treatment of dark counts
Individual DCR’s of the PMT array

During the run-time of the JUNO experiment, the DCR, of each PMT is planned to be moni-
tored by random triggers. Due to this continuous monitoring, the uncertainty on the average
DCR of each PMT is assumed to be negligible compared to the statistical fluctuation of the
number of dark counts in a single event on a PMT. The expected total amount of dark counts
at PMT k with the DCR Rpcr, in a readout window with the time duration Tpaq can be
calculated by

ADCR.k = BpCr .k - IDAQ- (5.8)

The individual DCR’s for each LPMT, according to its type, were randomly assigned following
the DCR distributions from the PMT tests in JUNO, presented in [114]. These tests are
preliminary tests, performed without the final readout electronics setup and PMT bases.
During the PMT tests, all dynode PMT’s with a DCR of more than 50kHz and all MCP
PMT’s with a DCR of more than 100 kHz are rejected from the use in the JUNO detector.
The distribution of DCR/’s for all remaining PMT’s is shown in Fig. Under the assumption
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Figure 5.5: The distribution of DCR’s for both LPMT types as it is applied in this work.
These DCR’s follow the measured DCR distribution at the PMT testing site of JUNO [114].

of Tpaq = 1250ns, Eq. yields a range from Apcr,i5375 = 6.7 - 10~* hits to ADCR,5183 =
0.124 hits for the applied PMT DCR’s. The version of the JUNO software, which was used in
this thesis does not contain such a realistic distribution of DCR’s for each PMT, but assumes
the same DCR for each PMT. For the use of an appropriate DCR distribution, the creation
of dark counts was switched off in the JUNO software for the event production. Instead the
reconstruction algorithm adds a Poissonian distributed amount of dark counts by itself, using
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the applied average rate for each PMT shown in Fig. before the reconstruction of the
event.

Impact on the charge prediction of each PMT

To adjust the Likelihood function of PMT charges, the expected DCR contribution can be
added to the expected charge of each PMT. The predicted charge from Eq. needs to be
replaced by the sum of the signal part and the DCR part:

QpredJc(Xa Qtot) — QpredJc(Xa QS,tot) =dsk (X, QS,tot) + )\DCR,k- (5~9)

Here, the total amount of signal charge on the PMT £k is described by qs,k()z,qs,tot) with
the total signal charge gstot. The signal part of the total expected charge qs7k(f y s tot) 18
extracted from the charge expectation map in Fig. [5.4] while the expected amount of dark
counts is calculated according to Eq. 5.8 Before the reconstruction, only the total measured
charge ¢iot is known, but due to the statistical fluctuations of the DCR contribution, the
total amount of signal charge gs ot is not known. This parameter is therefore added as a
minimization parameter in the log-likelihood function (Eq. :

gcharge()aq_j — fcharge (X7 QS,tot‘(D- (5'10)

For a better stability of the minimization the parameter g iot is constrained by an additional
Gaussian pull-term:

5.11
ADCR,tot (5.11)

puucharge (QS,tot | Qtot) ==

With §s tot = Gtot — ADCR,tot @0d ADCR, 1ot being the total expected amount of dark counts from
all PMT’s:

ADCR, tot = > ADCR k (5.12)
ke{All LPMT’s}

Impact on the PMT hit time distribution

Dark hits are affecting not only the total charge at each PMT, but also the time profile. As
dark counts occur independent of the signal, they are uniformly distributed in the time profile
of each PMT. The expected hit time probability in Eq. needs to be adjusted to contain this
uniform distribution of dark count hits. To add up the time probability distribution of the
signal (Fig. and the uniform DCR probability distribution on the PMT £, the following
formula was used, which calculates the probability to measure a PMT hit time ¢;:

ps(ti| X, T0) - As (X, gstot) + RDCR - 1 118

ps (i X, To) = pi(til (X, To, gs tot)) = -
o ' o s ie(X, Gs tot) + ADCR.k

(5.13)

This equation weights the contribution of the signal time profile and the uniform DCR time
profile by their expected charge contribution. Here, the expected amount of signal PMT hits
)\S,k(X , s tot) Was used as the charge information is not used in the time part of the likelihood
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fit. It is calculated with the approximation, that the number of hits is linear with the amount
of charge and that each dark count hit has an expected calibrated charge of 1 p.e:

QS,k(Xv QS,tot)
qs,tot
with the total number of reconstructed hits Ni. The DCR Rpcr,x is multiplied with 1ns,
because it is the bin width of the time profile map, which is used to determine ps(ti|)? ,To).

Its denominator re-normalizes the full probability to 1 again under the assumption, that the
signal hit probability vanishes outside of the readout window.

As,k()za Qs,tot) = )\s,tot : with )\s,tot = Niot — (Qtot - Qs,tot) ) (5-14)

This dark count treatment also introduces the minimization parameter gsto¢ in the time like-

lihood function (Eq. [5.3):
Ztime(Xa TO’ﬂ — Etime (X, T(], gs,tot |7§> (515)

The full log-likelihood function with dark count treatment

Following this discussion on the impact of dark counts, combining Eq. Eq, and
Eq. the full log-likelihood function reads as:

Cran (X, To, gs,tot |t_: (D = gtime(ia To, gs,tot |£> +£charge (X, gs,tot |q_> + puncharge(QS,tot |Qtot), (5~16)

with 5 parameters: The light emission vertex X , the global event time Tp, and the absolute
total signal charge gs tot-

5.2.5 Accuracy of the detector response model

The creation of the pre-calculated maps rely here completely on the implementation of the
JUNO simulation. A different approach would be the creation of these maps under the use of
calibration data. As described in Sec. the JUNO calibration programme foresees the use
of gamma sources at many positions and energies in the detector. This allows the creation
of the pre-calculated maps analogous to Fig. and However, in the analogous map to
Fig. 5.2 the time-alignment of the PMT hits is missing. As the calibration gamma sources
are radioactive sources, each decay happens at a randomized time so that the time of the
creation of the gamma is lost. This time would need to be reconstructed for each event before
the calibration data could be used, which introduces an uncertainty on the hit times from
the time-alignment. Moreover, the maps shown in Fig. and are created under the
use of an electron sample, since electrons deposit ionization energy in a rather small volume
compared to gammas (see Fig. . Moreover, a single gamma travels a distance on the order
of about ~10cm before it undergoes its first Compton scattering. While the position of the
source is, depending on the calibration system, well known up to a sub-centimeter precision,
the average position of the creation of ionization energy has a rather high uncertainty. It
can be interpreted to a missing vertex alignment of the calibration data. This effect causes
a smearing of the created maps. The spill-out of gammas at the detector edge could cause a
bias.

The creation of Fig. [5.2] and [5.4] via the JUNO simulation could suffer from a possible mis-
match between the simulation and the measurement. The simulated physical processes (see
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Appendix are well-known and are expected to be correctly simulated. Moreover, in the
simulation the maps rely on the knowledge of the LS characteristics, the characteristics of the
PMT’s, as well as a precise knowledge of the shape and refractive index of the acrylic sphere.
The LS time profile, the scintillation photon spectrum, as well as the optical properties of the
LS and the acrylic sphere, are expected to be precisely measured externally [158]. The PMT
tests of JUNO plan to measure the PMT properties, such as the TTS and DCR, with the full
electronics setup |114]. The attenuation length and the DCR of each PMT are expected to be
continuously monitored during the run-time of the JUNO detector. If all these measurements
are used in the simulation, the simulation software can be tested and improved on the calibra-
tion data. A possible mismatch between the simulation data and the calibration data would
lead to biases and imprecisions for this method of creating the maps. Due to the meticulous
efforts of measuring the detector properties and the disadvantages of the calibration data, the
simulation data is assumed here to yield better results for the vertex reconstruction. This
assumption needs to be tested on the calibration data, once ready.

5.3 Minimization of the Likelihood function

To minimize the likelihood function, an appropriate minimization algorithm is needed. If the
parameter space can be reasonably constrained, the simplest way of finding the minimum
is to scan the full parameter space and evaluate the negative log-likelihood at all possible
positions. This way of finding the minimum would guarantee to find always the global min-
imum in a constant time. If assumptions, such as smoothness or monotony, of the negative
log-likelihood function can be found, the minimum can be found in a much smaller time. In
general the purpose of a minimization algorithm is to find reliably the minimum, while re-
quiring a reasonable computing time. For the minimization of likelihood functions, often the
Minuit package [159] is used. As Minuit was found to be highly unstable for the given prob-
lem, a more robust minimization procedure is used here. In the minimization procedure used
here, the first estimate of the light emission point is found via the charge center reconstruction
described in Sec. [5.3.1] From this reconstructed point, the likelihood function is minimized
via the SIMPLEX-algorithm as implemented in the ROOT framework [137]. The SIMPLEX
algorithm was found to be much more stable than the Minuit algorithm, but still claims a
failed minimization in many cases. Although if it claims to be failed, the SIMPLEX algorithm
can improve the first estimate from the charge center reconstruction in most cases. Moreover,
it gives an estimate for the global event time Ty, which is not provided by the charge center
reconstruction. Afterwards, the grid search algorithm, which will be presented in Sec. [5.3.2] is
called. The grid search algorithm is used to provide a stable minimization of the log-likelihood
function and is expected to always converge to a local minimum around its starting point. It
was found, that the grid search algorithm is more effective in finding the minimum, than the
SIMPLEX algorithm, while the SIMPLEX algorithm is much more time efficient. Therefore,
the seeding of the grid search on the output of the SIMPLEX algorithm was found to improve
the time efficiency, while maintaining the good effectivity of the grid search algorithm.
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5.3.1 Charge center reconstruction as starting point

To find a first estimate of the position of the light emission vertex, the charge center of the
event is calculated. This serves the purpose of finding a start point for the minimization of
the log-likelihood function. The charge center is the average of the PMT positions weighted
with the measured charge gy:

= Zke{All LPMT’s} 4k - Xk
Xee = Ceorr - .
>k Ok

The charge center radius R.. = |ch| is shifted to the light emission vertex radius Ryertex =
|Xvertex| by a correction factor of about ccorr = (Rvertex/Ree) =1.228. After correcting for
this bias, the light emission vertex can be found with a precision of about 30 cm to 40 cm for
energies of about 5 MeV.

(5.17)

Here, the correction factor c.or was calculated from the used simulation. The charge center
algorithm is expected to be biased. An analytical calculation, neglecting any optical effects of
the JUNO detector, would yield an correction factor of ceorr = 1.5 [139].
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Figure 5.6: Distribution of the difference AR of the reconstructed radius and the simulated
radius for the charge center reconstruction. The blue colored histogram shows the distribution
of reconstructed electron radii. The charge center was calculated via Eq. and corrected
with the factor ceory =1.228. Figure shows the distribution in dependence of the deposited
energy. Only events with a simulated radius of R < 16 m were selected here due to the large
bias at large radii. Figure shows the distribution in dependence of the simulated radius.

5.3.2 Grid search algorithm

This grid search algorithm has the requirement of providing a stable minimization after the
initial minimization of the SIMPLEX algorithm. The idea of the algorithm was introduced in
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a similar vertex reconstruction algorithm, presented in [139].

—

This algorithm, which is supposed to minimize the log-likelihood function ¢(f) with the pa-
rameter vector 5, requires a start point of central parameters 58 with initial step lengths for
these parameters 50, as well as a termination condition on the step length &min. It uses an
iterative approach. In each iteration of the algorithm, numbered with the index i, a set T? of
perturbed parameter vectors «9;’) created via perturbation of the central parameters 5@ by their
step length:

T ={0 : 6, =0, +e¢ A, e {-1,0,1}}. (5.18)

] 9

For the perturbed parameter vectors in this set, the log-likelihood function is evaluated. In
the presented vertex reconstruction, the minimization is constrained on the LS target from the
simulation, such that only perturbated parameter vectors with \)Z | < 17.7m are considered
here. This has the physical reason, that the larger fraction of the considered light is scintillation
light, which originates partly from re-emitted Cherenkov light. Scintillation light can only be
produced in the LS medium, while outside the LS medium only small amounts of Cherenkov
light can be produced in the Buffer water. Due to the different properties of the light created
outside the LS target, the presented vertex reconstruction is not expected to yield trustable
results there. Moreover, the constraint on the LS target volume is a technical requirement as
the reconstruction uses pre-calculated maps from simulations inside the LS target. Therefore,
these maps and the likelihood function are only defined inside the LS target, which makes this
constraint necessary.

The perturbed parameter vector with the minimal evaluated log-likelihood function is set then
to be the central parameter vector of the next iteration:

i = argmin ((4)). (5.19)
0, eTi

If the minimum is found in the center of the evaluated grid, the step length of each parameter

is halved: . . .

g Al/2 if 0 =0

AT = 44/ ¢ e (5.20)

A? otherwise

This lets the parameter space be explored in a finer grid, which increases the precision of
finding the position of the minimum. If the step length is not changed, the calculated log-
likelihood values are cached to increase the computational efficiency of this algorithm. In
the case the step length of each parameter is reduced below its termination condition, such
that A}H < Anmin,j for each component of the step length vector, the minimization process is
stopped.

5.4 Bias and resolution of the reconstructed vertices

The same electron sample, which was used for the creation of prediction maps (Sec. m
and Sec. will be also used in this section to evaluate the resolution and the bias of
the vertex reconstruction. This simulation contains electrons uniformly distributed in the LS
target with a uniform kinetic energy from 0 to 7 MeV. It was propagated through the ElecSim
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stage of the simulation with a multiplicity trigger condition of 200 PMT hits in 300 ns. This
condition yields a full trigger efficiency at about 0.25 MeV. Moreover, a simulation of positrons
was created with the same distribution of initial vertices and kinetic energies. Due to the
annihilation of the positrons, the deposited energy of the positrons is shifted to the kinetic
energy by AE = 2-mec® ~ 1.022MeV. The deposited energy Egep describes here the total
energy, which was deposited inside the LS medium. Due to the long range of the annihilation
gammas, they can exit the LS target and the deposited energy of the positrons can be smaller

than 2 - mec?.

As the energy resolution of JUNO is mostly affected by the resolution of the reconstructed
radius, its bias and resolution is used as a benchmark for the performance of the presented
vertex reconstruction in this chapter.

For the estimation of the presented resolutions in this chapter, the estimator for the sample
standard deviation is used, which will be referred to by RMS.

5.4.1 Nominal resolution

The evaluation of the electron sample can be seen in the plots in Fig. [5.7] These plots show
the distribution of the difference between the radius of the reconstructed vertex and the radius
of the simulated vertex. The simulated vertex is defined here as the average position of energy
depositions of the events weighted with the deposited energy of the Geant4 simulation step.
Figure shows the distribution against the simulated deposited energy and Fig. shows
the distribution against the simulated vertex. Here, only deposited energies inside the LS
target were counted towards the total deposited energy. The average of the distribution shows
the bias of the reconstruction and is shown in red for electrons. Additionally, the average of
the distribution of the positron sample is shown in violet in the same figure. As positrons and
electrons were simulated in a different deposited energy range, for the distributions against the
radius only events in the deposited energy region 1.022 MeV < Eqep, < 7.0 MeV are selected for
better comparison between electrons and positrons. Figure [5.8] shows the same distributions
for the reconstructed zenith angle 6.

5.4.2 Total reflection effects

In the resolution against the radius in Fig. a large drop above about R3=4000m?® <
R~15.9m can be observed, where the resolution drops from about 7-8 cm to below 4 cm. This
drop is stronger for electrons than for positrons, which can be explained by the sharper spatial
energy deposition of electrons. The energy dependencies of the resolution separated in both
regions are shown in Fig. One can see in Fig. [5.94] that the low resolution of positrons
below about 1 MeV is caused by events near the acrylic sphere, which deposited large fractions
of their energies outside of the LS target due to the long range of the annihilation gammas.
In Fig. [5.9¢/ one can see, that these events show no significant abnormal behavior. This large
drop of resolution can be explained by the effects of total reflection.

The major effect of the total reflection is the creation of a dark region as it can be seen in
the charge expectation map in Fig. 5.4 PMT’s in this dark region have a low probability
to receive a PMT hit from scintillation light as it can not reach the PMT directly, but only
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Figure 5.7: Distribution of the difference AR of the reconstructed radius to the simulated
radius. Figure[5.7a]shows the distribution in dependence of the deposited energy and Fig. [5.7D]
shows the distribution in dependence of the simulated radius. The distribution is shown in
blue, while the red data points show the bias of the reconstructed radius of the electron sample
and the yellow data points show the bias of the reconstructed radius of the positron sample.
Both analyzed samples have simulated kinetic energies from 0 to 7 MeV. To have comparable
samples, Fig. shows only deposited energies between 1 MeV and 7MeV.

due to scattering or re-emission. Moreover, other PMT’s have higher probabilities to measure
scintillation light which was totally reflected on the acrylic sphere. These effects create a
characteristic ring structure on the measured hit pattern on the PMT array. This ring structure
is illustrated in Fig. Figure shows the summation of the PMT hit patterns from
a simulation of 100 electrons with 5MeV kinetic energy and a initial vertex of (z,y,z) =
(16.32m,0,0). The PMT hit pattern is shown as a distribution in dependence of the azimuth
angle difference (A¢) and the zenith angle difference (Af) of the hit PMT to the simulated
vertex. Here, the PMT hit pattern is created from the simulated hits and not from the
reconstructed hits. It can be clearly seen, that the highest amount of PMT hits is at the
center of the shown distribution at the lowest distance of the PMT’s to the simulated vertices.
The amount of hits decreases rapidly to more distant PMT’s and then increases again due to
the discussed effects of total reflection.

Another effect of total reflection are additional peaks in the hit time distribution, which is
shown against the distance to the PMT in Fig.[5.I0b] At distances around 15,000 mm one can
see also in this plot the dark zone, where the amount of hits is rather low. At larger distances
above 30,000mm one can see distinct additional peaks in the PMT hit time distribution,
which are caused by the total reflected photons, which could not be measured as PMT hits
in the dark zone. The time of these additional peaks depends also on the distance of the
light emission vertex to the PMT and therefore provides additional information on the light
emission vertex. Due to the weighting of signal hits and DCR hits shown from Eq. the
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Figure 5.8: Distribution of the difference Af of the reconstructed zenith angle to the simulated
zenith angle. The distribution is shown in blue, while the red curve shows the average deviation
for electrons and the yellow curve shows the average deviation for positrons. Figure shows
the distribution in dependence of the deposited energy and Fig. [5.8b] shows the distribution
in dependence of the simulated zenith angle. Both analyzed samples have simulated kinetic
energies from 0 to 7 MeV. To have comparable samples, Fig. [5.8b|shows only deposited energies
between 1 MeV and 7MeV.

PMT hit time contribution from the signal is suppressed in the likelihood function in the dark
region.

5.4.3 Respective contribution of the charge and time information

To understand the contributions to the performance of the vertex reconstruction, the full
log-likelihood function ([5.16)) was divided into a charge log-likelihood function

g/charge()_(" gs,tot @ = gcharge (X, QS,tot|@ + pullcharge(Qs,tot ‘Qtot) (521)

and a time log-likelihood function
g;ime (X7 To, gs,tot |t_; Qtot) = ltime (Xa T, Gs,tot |£> + pullcharge(Qs,tot |Qtot)- (5-22)

Figure [5.11] shows the results of the reconstructions under the use of these log-likelihood
functions for the electron sample. The top plots, Fig. and Fig. show the resolution
of the reconstructed radius against the simulated deposited energy and the bottom plots,
Fig. and Fig. [5.11d] show these properties against the reconstructed radius.

One can see, that the time reconstruction is largely biased compared to the charge recon-
struction, especially at high energies. This hints for an inaccurate description of the time
probability shown in Fig. One simplification is the missing merging of hits. If multiple
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Figure 5.9: Resolution of the reconstructed radius against the deposited energy (Fig. |5.9a))
and the simulated radius (Fig. . The resolution is calculated as the sample standard
deviation from the distributions shown in Fig. [5.7] for electrons. For the resolution against the
radius, events between 1 MeV and 7MeV were selected to allow the comparison of electrons
and positrons. As a the spread drops largely outside of R?®<4000m?, the resolution against
the energy is shown separately for both regions in Fig. [5.9¢

photons arrive at the PMT at about the same time, they can release multiple p.e. at the
photo cathode, which lead to a higher measured charge in the PMT. As the probability to
have such high-charge measurements increases with the photon flux on the photo cathode,
such hits have a sharper time profile than hits measured with a charge of a single p.e. The
PMT’s, which are close to the light emission vertex, are expected to have more high-charge
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Figure 5.10: Spatial and time distribution of PMT hits of an example simulation of electrons
in the total reflection volume. These histograms were created under the use of the JUNO
simulation in the DetSim stage of 100 electrons with 5 MeV at a starting position of (z,y, z) =
(16.32m,0,0). Figure shows the spatial distribution of PMT hits on the PMT array
in the difference of the azimuth angle difference (A¢) and the zenith angle difference (Af)
from the PMT to the simulated vertex. Figure shows the PMT hit time distribution in
dependence of the distance of the PMT to the simulated vertex. The total reflection effect as
described in the text is well-visible in both figures.

hits, than PMT’s which are farther. As these PMT’s are in the direction of the light emission
vertex, a positive bias on the reconstructed radius is caused by this effect, which is expected
to increase with the simulated radius and the deposited energy.

Another effect, which is described inaccurately in the time fit, is the total reflection on the
acrylic sphere. This can be seen in the comparison of the signal time probability map in
Fig. [5.2] and the hit time distribution of an example electron simulation in Fig. In
Fig. it can be seen that the PMT’s in the dark zone have a slightly different time profile
than the PMT’s outside of the dark zone, as they can not be reached directly by the light.
These reflected photons are measured partly later in segments of the arch-like structure at high
distances and times visible in the hit time distribution in Fig. [5.10b] This arch is segmented
as the total reflection only occurs for a certain range of angles. The position of the segments
on the arch and the position of the dark zone depend on the radius of the light emission point.
However, in Fig. the arch is not segmented but continuous and the special treatment of
the dark zone is missing as it was created as an average over all simulated vertices. A more
accurate description of these effects would reduce the bias and improve the resolution of the
vertex reconstruction.

Around RroRet & 4000m? and at the edge of the scintillator target, the bias largely reduces in
the time fit. As the grid search is not allowed to leave the LS target during the minimization, all
events are reconstructed inside the LS target, which reduces the bias and introduces a slightly
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negative bias at the edge of the LS target. At Rrorer the total reflection only happens on a
thin ring on the acrylic sphere. This creates sharp arch segments of total reflected hits, while
there are no total reflected hits at slightly smaller radii. The non-smooth transition from the
volume without total reflection to the volume with total reflection gives the reconstruction
very precise information on the light emission vertex.

The resolution of the time reconstruction averaged over the simulated radii is better than the
charge reconstruction for the whole considered energy range. The main utilized information
of the time reconstruction is the position of the emission peak at different distances to the
respective PMT. With increasing energies, the occupancy of the PMT array also increases.
Without including the sharpening of the hit time probability for high charges in the recon-
struction, the time reconstruction can not use more information and its resolution saturates.
However, the charge reconstruction can use the additional information by the additional pho-
tons, as the measured charge still increases and reduces the relative statistical fluctuations in
the measured spatial charge pattern on the PMT array.

It can be seen, that the charge reconstruction has a very bad resolution at small simulated radii
and energies. The charge reconstruction finds the light emission vertex mainly by identifying
an accumulation of charges as well as the total reflection ring in the spatial charge pattern
on the PMT’s. These features become more pronounced at high simulated energies and radii
and vanish at low simulated energies and radii, where they are hidden behind the statistical
fluctuations.

At radii larger than Rrotget the charge reconstruction outperforms the time reconstruction
due to the explained ring structure feature in the spatial charge pattern.
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Figure 5.11: Comparison of bias (left) and resolution (right) of the reconstruction using the
charge log-likelihood function (Eq blue) and the time log-likelihood function (Eq.
violet) in dependence of the deposited energy (top) and simulated radius (bottom).

5.5 Applications of the vertex reconstruction algorithm

5.5.1 Effect on the energy resolution of JUNO

Non-uniformity effect on the energy resolution

In JUNO, the energy of an event is estimated by the amount of detected light in the detec-
tor. As the spectral shape of the prompt events of reactor electron anti-neutrinos is used to
determine the MO in the JUNO experiment, an excellent energy resolution is one of the most
challenging and crucial requirements for the MO measurement.
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The detected amount of light in dependence of the light emission vertex was shown in the
expected light non-uniformity map in Fig. To reconstruct the energy of the event, a
precise knowledge of the light emission vertex is needed to correct for the light non-uniformity
effect. Any uncertainty on the light emission point leads to an additional uncertainty on the
reconstructed energy, which is proportional to the local gradient of the non-uniformity map.
As it can be seen in Fig. this gradient is especially large in the total reflection region
above RrotRet ~ 4000 m3, which leads to the requirement of a very good vertex reconstruction
resolution. This section investigates the effect on the energy resolution of the presented vertex
reconstruction. In the following NU (R, ) denotes the light non-uniformity function extracted
by interpolation from Fig. [3.10al As the light non-linearity is not in the focus of this section,
the amount of light and so the visible energy are assumed to be linear with the true deposited
energy, such that

Eyis X Eirue - NU(R, 0). (5.23)

Figure shows the expected contribution to the energy resolution of an untreated non-
uniformity effect. Here, the ratio of visible to true energy is calculated by E\yis/Eirue =
NU(R,0)/NU(0, 6) for about 100,000 randomly distributed vertices inside the fiducial volume
of Rpy < 17m. One can see, that the width of the distribution is on the order of 5%. Statistical
fluctuations of the amount of detected photons for a single vertex and energy are not taken into
account here. As a total energy resolution, including these statistical fluctuations and other
effects, is required to be smaller than 3%, the non-uniformity effect needs to be corrected.

The default vertex reconstruction algorithm of JUNO for comparison

To compare the results and show the performance of the presented vertex reconstruction, it is
compared to the current default vertex reconstruction algorithm of the JUNO experiment |139,
160]. Also this reconstruction algorithm uses a likelihood function to estimate the vertex of
light emission. For this, it corrects the time-of-flight of each first PMT hit and compares its
time to charge-dependent pre-calculated probability densities, which were found under the use
of a gamma simulation in the JUNO software. There is one probability density function for
each measured charge from 1p.e. to 5p.e. and each LPMT type. A global uniform DCR
time distribution using the average DCR is added to these probability densities. The effective
refractive indices of the different materials, which are used to calculated the time-of-flight
correction, were optimized to yield a minimal reconstruction bias. Therefore, it can be seen
as similar to the presented reconstruction, although there are differences. The main difference
is, that the presented reconstruction uses not only hit times, but also charges, which gives it
especially an advantage in the total reflection volume. Another difference is the time smearing
by the PMT TTS. While the presented reconstruction uses a rather conservative smearing of
opyn = 3.6291ns and oycp = 6.132ns, the default JUNO reconstruction uses the expected
PMT TTS values. Values of opy, = 1.15ns and oycp = 7.71ns are used. For the evaluation
of the DCR impact in the default JUNO reconstruction a constant DCR of 30 kHz per PMT
was used, while the presented reconstruction uses a measured DCR distribution for all PMT’s
shown in Fig. [5.5] The average DCR of this measured distribution is with about 38 kHz
per PMT slightly higher than the fixed one of the default JUNO reconstruction. Another
difference is, that in the presented reconstruction not only first hits, but all hits were selected.
Due to the different assumptions on the PMT timing and DCR, one can only roughly compare
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Figure 5.12: The energy smearing if no non-uniformity correction is applied. It was created by
taking random distributed vertices inside the fiducial volume of Rpy < 17m and calculating

the energy shift according to Eq.

both reconstruction algorithms.

The performance of the default JUNO vertex reconstruction is shown in Fig. [5.13f| Its reso-
lution is reported by its authors to be nearly constant in all three Cartesian coordinates over
the full LS target volume.

While the overall resolution of the default JUNO reconstruction is similar to the presented
reconstruction, it is more precise at R < 4000m? and less precise at R > 4000 m? than the
presented reconstruction as one can see in the comparison with Fig. 5.9

Results on the correction of the light non-uniformity effects

As in Sec. statistical fluctuations of the amount of photons for a single energy and
vertex, as well as light non-linearity effects, are not considered here. To calculate solely the
contribution of the non-uniformity effect to the energy resolution, the positron sample from
Fig.[5.9]is used. This positron sample is uniformly distributed in the LS target with a uniform
kinetic energy distribution from 0 to 7 MeV. To correct the visible energy from Eq. for
the non-uniformity effect, it is divided by the non-uniformity function at the reconstructed

'Unpublished preliminary work by Ziyuan Li. See [139] and [160] for published reports on old versions this
algorithm.
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Figure 5.13: Resolution (Fig. and bias (Fig. of the default JUNO vertex recon-
struction algorithm. The resolution is reported to be nearly constant over the full LS target
volume. The bias for this reconstruction was found to be energy dependent. The shown
bias was evaluated for positrons with 3 MeV momentum. The plots represent unpublished
preliminary work from Ziyuan Li.

vertex, giving the reconstructed energy definition for this evaluation:

E — NU (RTru97 eTrue)
e NU (RR807 eRec)

- Erge. (5.24)

Due to the inaccuracy and the limited precision of the reconstructed vertex, this reconstructed
energy is expected to form a distribution with a width. This width, estimated by the sample
standard deviation estimator, is used here to estimate the contribution of the non-uniformity
to the energy resolution.

While for the evaluation of the presented reconstruction the actual reconstructed vertex could
be taken, for the default JUNO reconstruction the reconstructed vertex was simulated in a toy
simulation. For that, the expected vertex was calculated by adding the bias from Fig.[5.13b] to
the true simulated vertex. For the smearing, a Gaussian distribution around this biased vertex
was assumed for each Cartesian coordinate with the energy-dependent width from Fig. [5.134]
In both reconstructions, the presented reconstruction and the default JUNO reconstruction,
the bias was not corrected.

Figure [5.14] shows these resolution in dependence of the energy and the simulated radius.
In Fig. only events inside the fiducial volume of Rpy < 17m were selected. Both
reconstructions show similar results in the region without total reflection. As expected, the
default JUNO reconstruction shows a slightly better performance here due to the better vertex
resolution and bias in this region. With a photon statistic of about 1300 p.e./MeV in this region
and the corresponding relative energy resolution of about og/E = 1/,/1300 - E [MeV] ~
2.8%/+/ E [MeV], this additional resolution of less than 0.2% adds only little to the energy
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resolution. However, it can be clearly seen, that both reconstructions lead to far worse energy
resolutions in the total reflection area due to the high gradient in the light non-uniformity in
this region. Due to the very good vertex resolution, the presented reconstruction performs
much better in this region. At the maximum around R = 4200m3, and energies between
7MeV and 8 MeV, energy resolutions of about 0.95% for the default JUNO reconstruction and
0.45% for the presented vertex algorithm were found. With the expected energy resolution
from photon statistics of about op/E =~ 1/4/1450 - 7.5MeV ~ 1% in this region, the default
JUNO reconstruction introduces a similar resolution due to the imprecisions of the event
vertex.
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Figure 5.14: The contribution of the vertex reconstruction performance to the energy reso-
lution. Fig. [5.14a] shows the averaged resolution inside the fiducial volume and Fig. [5.14D]
shows the resolution in dependence of the radius averaged over the shown energies. The large
improvement of the presented vertex reconstruction at the total reflection volume is can be
clearly seen.

Even with the presented reconstruction and its large improvement in the total reflection vol-
ume, the energy smearing introduced by the vertex reconstruction remains large in the total
reflection volume. Therefore, if both regions are treated separately in the MO analysis, the
sensitivity of JUNO to the MO might improve.

For the presented vertex reconstruction, the bias is similarly large as the resolution. If the
bias can be corrected using the calibration data, the results of this section are expected to
improve.

5.5.2 1IBD directionality in JUNO

An IBD event consists of a prompt positron signal and a delayed neutron signal, which are
measured as separate triggered events. In the IBD reaction, the neutron is always emitted
in the forward hemisphere of the initial electron anti-neutrino direction [84]. Moreover, in
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JUNO, the neutrons are dominantly captured on free protons after a thermal movement of
about 7 & 200 us with the release of a single gamma in an arbitrary direction. As the accessible
information from the vertex reconstruction is the averaged energy deposition information with
some uncertainty, the vertex from the neutron capture event is widely smeared and does not
need to be reconstructed in the forward direction of the IBD interaction vertex. However,
the average displacement of the vertex from the delayed neutron capture event to the vertex
from the prompt positron event allows to measure the direction of an incoming electron anti-
neutrino flux. Due to the described smearing effects, this method does not work on a single
event basis, but requires large event statistics. The feasibility of this method was shown by the
CHOOZ experiment [161] and later by the Double Chooz experiment [144] using their collected
IBD data from reactor anti-neutrinos. Within a cone of 18°, the CHOOZ experiment was able
to reconstruct the average direction of the two nuclear reactors with small event statistics of
only about 2500 IBD events, while the reactors have a distance of about 8° from the view
of the detector. The directional resolution of an IBD flux of an experiment is expected to
improve with the resolution of the vertex reconstruction.

The directionality measurement of IBD events has the potential to be used in several applica-
tions. JUNO uses two different power plants with different reactor but similar reactor types.
The spectral shape of the reactor electron anti-neutrinos from the Taishan NPP will be mon-
itored by the TAO detector. As such a reference detector is not planned for the Yangjiang
NPP, the reactor electron anti-neutrino spectrum from these different reactor cores need to
be calculated from reactor core simulations using the measurement from the TAO detector.
Due to the high rate of electron anti-neutrinos, directionality could help in identifying the
relative contributions from the different NPP’s to reduce the systematic uncertainty on the
reactor electron anti-neutrino spectrum. Moreover, from the view of the JUNO detector, both
NPP’s are in the direction of the ocean. Due to the thinner oceanic crust, the geo-neutrino
contribution from the oceanic direction is expected to be smaller than from the continental
direction. Moreover, while the crust contribution is horizontal, the mantle contribution to the
geo-neutrino signal is more vertical. The displacement of the delayed event to the prompt
event for other kind of backgrounds is expected to be nearly uniformly distributed. A di-
rectionality measurement might reduce the background impact and improve the geo-neutrino
measurement in a combined analysis with the spectral analysis of the IBD spectrum.

As being part of the SNEWS system, the JUNO experiment is expected to give out an early
warning in the case of an galactic SN burst. This early warning is then sent out to other
experiments of the multi-messenger community to make them aware of the SN burst, such
that these experiments can adjust for the SN burst measurement. However, telescopes are
usually constrained to a certain field-of-view which requires the information of the SN burst
direction. The Super-Kamiokande experiment is expected to find the direction of a SN in the
galactic center within a cone of 5° opening angle [162]. Due to the IBD channel of the SN
burst measurement, the JUNO experiment might be able to constrain the direction of the SN
burst using the described technique.

This section presents the possible directional resolution of the IBD flux in the reactor electron
anti-neutrino energy range.

Here, the vertex of the prompt event is denoted by Xprompt and the vertex of the delayed
event of the delayed event is denoted by Xgelayea- This defines the displacement vector for
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each event
Xd—p = Xdelayed - Xprompt' (525)

The direction of the electron anti-neutrino flux is then estimated by taking the direction of
the averaged direction vector:

Xae= Y Xap (5.26)
all events |Xd‘p|

To estimate the resolution of the directionality in JUNO under the usage of the presented ver-
tex reconstruction algorithm, 100,000 IBD events following the reactor electron anti-neutrino
spectrum without oscillations were simulation using the JUNO simulation software. These IBD
events were simulated with an initial electron anti-neutrino direction of ¢ = —1.28976 rad and
0 = 1.12296 rad. The positron and neutron direction were calculated following [84]. In the
JUNO simulation software in the DetSim stage, an IBD event, consisting of a positron and
a neutron, is stored as a single event structure. In the ElecSim stage these events are then
splitted into two events due to the time delay and the separated positive trigger signal. The
correspondence of the events after the ElecSim stage to the events in the DetSim stage of the
JUNO software is not implemented in this version of the software. As a few of these events
were lost in the ElecSim stage, this correspondence could not be restored by the event order
after the ElecSim stage. To address this issue, the prompt events and delayed events were
simulated separately at DetSim stage, such that all IBD interaction vertices are aligned in the
detector center. The directionality of the electron anti-neutrino flux was then estimated using
Eq. [5:26] with random positron-neutron pairs from these samples. In total 99,103 positron-
neutron pairs were evaluated. This method introduces large uncertainties in the resolution of
the directionality, since the vertex resolution in the detector center is assumed to be repre-
sentative for the whole detector. As it can be seen in Sec. the performance of the vertex
reconstruction is not uniform in the detector making this assumption very approximate. Es-
pecially the large improvement in vertex resolution in the total reflection volume is not taken
into account in this estimation.

Figure [5.15] shows the full evaluation of the simulated IBD sample with all 99,103 events. It
shows the distribution of all displacement directions from Eq. evaluated with the true
simulated vertices and the reconstructed vertices. The simulated vertex here is again the
average vertex of all energy depositions of an event in the LS weighted with the respective
deposited energies. In Fig. the reconstructed flux directions are marked with red dots,
while the true flux direction is marked with a green star. The red ellipses are representing the
estimated 1-o region around the reconstructed vertex.

To estimate the uncertainty on the reconstructed direction, the simulated sample of IBD events
was divided into 19 sub-samples with 5000 events each. Afterwards for each sub-sample the
direction was reconstructed. The uncertainty for the respective sub-sample size was then
estimated by the sample standard deviation of the angle between the true flux direction and
the reconstructed flux direction, assuming this distribution to be centered around the true
electron anti-neutrino direction 5176:

1 N

= = 2
ODir = N_1 . <[<Xdir,i7¢lje> ) (5.27)
K
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Figure 5.15: The directionality reconstruction with 99.103 IBD events. The left side
(Fig. shows the reconstruction of the direction using the simulated vertices and the
right side (Fig. [5.15b|) uses the reconstructed vertices. Both histograms show the distribution
of obtained displacement directions between delayed and prompt event from Eq. [5.25] The
direction of the electron anti-neutrino flux is marked with a green star, while the respective
reconstructed direction from Eq. is marked with a red dot. The 1-0 region from Eq.
or Eq. respectively, is marked with a red ellipse.

with N = 19 being the amount of sub-samples. The uncertainty on the resolution is estimated
with the standard error:

ODir
SE(opiy) = —— 5.28
( DlI‘) m ( )
A dependence of the directionality resolution on the number of events of op;; = a/V N is
assumed. The directionality resolution under the use of the reconstructed vertices can be

estimated with
(25.1 +£4.2)°

ODi . ————
Dir,Rec /7Nevems/5000

With the usage of the simulated vertices instead of the reconstructed vertices, one can estimate
a lower limit for the resolution with this method of

(13.6 +2.3)°

ODir.Sim — —  ————— .
DS T Novents/ 5000

Double Chooz defines its uncertainty on the reconstructed direction as the half-aperture of
the cone around the true direction, which contains 68% of all reconstructed directions for each
sample. Using this definition, Double Chooz estimates its directional resolution to be less
than 10° for about 8000 IBD events [163]. If this definition of uncertainty can be assumed to
be comparable, Double Chooz has a much better resolution on the flux direction. Using the
results from this work, one would obtain a resolution of (10.7 £ 1.8)° at 8000 IBD events with

(5.29)

(5.30)
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the use of the simulated vertices, neglecting the smearing of the vertex reconstruction. The
directionality resolution with the use of the reconstructed vertices is worse by about a factor of
2 in this work. An advantage of Double Chooz is here the capture of neutrons on Gadolinium
for the delayed event of the IBD detection. Gadolinium has a much higher cross section for the
capture of neutrons than Hydrogen. This minimizes the thermal movement of the neutrons
before the capture and allows a better preservation of the directionality information.
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Chapter 6

Reduction of the 1*C-Background

As shown before in Sec. due to the large volume of the JUNO detector and the implied
high amount of Carbon atoms in the LS, the pile-up background caused by C decays, is one
of the major backgrounds in JUNO. Due to the low endpoint energy of *C decays, they do
not cause a trigger and therefore do not contribute to the event rate unlike other backgrounds.
The JUNO experiment determines the MO from the structure of the fast oscillations in the
prompt spectrum of the IBD measurement as shown in Fig. To separate the oscillation
maxima, an unprecedented precision on the spectral shape for reactor neutrino experiments
is needed. Under the occurrence of *C decays in the detector, pile-up events are formed.
Pile-up events are here defined as triggered events, which contain PMT hits from different
energy depositions in the detector. Especially pile-up events, which contain PMT hits, caused
by an initial positron from the IBD reaction, and PMT hits, caused by a *C decay are in
the focus of this chapter. The piled-up event spectrum can be calculated by convoluting the
prompt spectrum with the C spectrum. This smears out the energy of the prompt event
and worsens the effective energy resolution.

Figure [6.1] shows the stacked distributions of PMT hit times of a pile-up event in a DAQ
window. It shows the PMT hits caused by a positron with a deposited energy of 2.1 MeV at
(x,y,2)=(0.23m, 3.43m, 2.42m) in violet and the hits caused by a 4C decay with a deposited
energy of 76keV at (x,y,z)=(-3.31m, 15.13m, -1.12m) in red. Additionally, the PMT hits
caused by dark counts are shown in orange. The positron and the *C decay are both simulated
with the JUNO simulation software. In the histogram, the reconstructed hits from the PMT
pulses are shown. In this event, 2265 PMT hits are caused by the positron, while the *C
decay caused 108 PMT hits and 825 PMT hits are dark counts. In this typical example, the
number of PMT hits without dark counts, which is the main information used to reconstruct
an initial reactor electron anti-neutrino, would be biased by about 5%, if the '4C decay could
not be identified.

Due to its large size and the requirement of a precise and accurate reconstructed reactor
electron anti-neutrino energy, the JUNO experiment is expected to be strongly impacted by
4@ pile-up. As shown in Eq. and Eq. the pile-up rate in JUNO assuming the
requirement of a 4C/2C ratio of 1077 is about 5%. This chapter introduces methods which
can tag pile-up events to reduce their impact on the MO measurement. These are a simple
and fast clusterization algorithm, which is performed before other reconstruction algorithms,
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Figure 6.1: Example PMT hit time distribution of the full DAQ window of a pile-up event
with PMT hits caused by a positron (violet), a 1*C decay (red), and dark counts (orange).

and a likelihood test under the use of the vertex reconstruction presented in Chapter [5] As
the clusterization algorithm can not separate different energy depositions, which overlap in
the PMT hit time distribution, the likelihood test can be used complementary to find such
pile-up events.

6.1 Clusterization

If a positive trigger decision is stated by the DAQ system of JUNO, all PMT hits around
this trigger decision in the defined DAQ time window of 1250 ns are stored as a single DAQ
event. This DAQ window is preliminary chosen to conservatively contain all PMT hits from
a triggered event in a large energy range. As the LS time profile has a long tail, the DAQ
window is chosen asymmetrically from -100ns before the trigger time until 1150 ns after the
trigger time. The clusterization algorithm has the purpose to find the time region, called
cluster, in the DAQ window, which contains the PMT hits from a single energy deposition.
This cluster can be then used by other reconstruction algorithms to constrain their hit se-
lection to reduce the influence of background PMT hits. While these background PMT hits
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are typically dark counts, these could also be caused by another energy deposition in the LS
in pile-up events. These pile-up events can be identified by the clusterization algorithm by
the identification of multiple clusters in one DAQ window. Therefore, the clusterization al-
gorithm is performed after the PMT pulses are reconstructed and before other reconstruction
algorithms are performed.

This section introduces a clusterization algorithm. Due to the high rate of 4C decays, the
majority of pile-up events are formed with *C decays. Therefore, this section focuses the on
the ability to identify C decays in pile-up events with IBD positrons. The parameters of the
clusterization algorithm are optimized on the improvement on the MO sensitivity of JUNO
with the identification of pile-up events of the prompt events from the IBD spectrum with 14C
decays.

6.1.1 Algorithm

To identify a cluster in the hit time distribution, the hit time distribution is first smoothed
using a sliding window. In this sliding window with the width of T, the number of all PMT
hits around a central time ¢, in the interval —Ty;i,/2 < t. < Twin/2 are counted in order to
average out statistical fluctuations yielding the summed value s(t.). The central time ¢, is
moved in steps of 1ns from the start of the DAQ window to the end of the DAQ window and
the corresponding hit counts s; are saved for each step ¢ with the time 5.

During these iterations, a cluster is found by an excess of the s; over the expected amount
of dark counts. If the amount of counted hits exceeds a threshold value Np, a cluster is
formed. Therefore, this threshold is called here the trigger threshold. It is calculated using the
algorithm parameter zp, which can be understood as the Poissonian equivalent to a deviation
by zr-o from the mean of a Gaussian distribution. From z7 the cumulative probability Pg(z7)
of a normal distribution is calculated in the interval of (—oo, z7):

Po(z) = / L e (6.1)

To find the threshold number of hits Np(zr), the smallest possible number of hits is taken
with the Poissonian cumulative probability equal to or larger than Pg(zp):

Nr(zr) = min(N(z7)) with N(z)={n € N: Z ADCRW‘“ e "> Pu(2)},  (6.2)

with the expected amount of dark counts in the sliding window Apcr,win. The first bin which
satisfies this condition will be called trigger bin in the following with its center at the time
Tr.

While the excess over this threshold defines the existence of a cluster, another threshold is used
to define the borders of the cluster. This threshold Npg is called here the baseline threshold
and is calculated in the same way as the trigger threshold with the parameter zp:

Np(zp) = min(N(25)). (6.3)

The start time of the cluster Ty is found by the time bin smaller than Npg closest to the trigger
bin with a smaller time than Tr. The end time of the cluster T; is found in the same way
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by the time of the first bin smaller than Np with a larger time than 7. A cluster is forced
to not exceed the start time and the end time of the DAQ window, such that Ty, > 0 and
T, < 1250ns for the given DAQ window time of 1250 ns with the start at O ns.

After one cluster is successfully found and constrained, the algorithm continues to search
for the next cluster by searching for an excess of s; over Np. This search is performed in the
remaining bins after the end time of the first cluster. The search for more clusters is continued
until the end of the DAQ window is reached. For a senseful clusterization, the trigger threshold
parameter zr should be always larger than the baseline threshold parameter zp.

Using this algorithm, it is not possible to find an overlap of multiple different clusters. As the
same condition on the number of hits is used for the start condition and the end condition,
the bin which was found to be the end time of the first cluster has an less PMT hits than Np.
If a second cluster would be found, the earliest start time of it would be the end time of the
first cluster as it also requires to have less hits than Npg.

Figure shows the summed PMT hit time distribution of the simulated event shown in 6.1
In Sec. [6.1.4] the optimization procedure of the clusterization parameters will be described.
For the illustrative purposes of Fig. the optimized parameters of zp = 5.0, zp = 0.7, and
Twin = 50 ns are used. With the applied DCR distribution, an amount of 33.93 dark counts is
expected to fall within this window. In Figure the summed hit time distribution of the
full DAQ window is shown. The trigger threshold of Ny = 67 is shown is marked in green and
the baseline threshold Np = 38 is shown in red. Moreover, the identified clusters are marked
with blue-bordered boxes. These boxes start at the identified cluster start times of 39ns and
531 ns and end at the identified cluster end times of 434 ns and 737 ns. Figure [6.2D] shows a
zoom of Fig. in the region of the identified clusters. One can see, that both clusters are
constrained at the points where the summed PMT hit time distribution falls below the baseline
threshold Npg. In the comparison with Fig. one can see, that both energy depositions from
the positron and from the '4C decay could be identified.

6.1.2 Simulation of pile-up events

For the simulation of pile-up events, the JUNO simulation was used. Here, the impact of pile-
up of positron events from IBD reactions of reactor electron anti-neutrinos with 4C decays
is in the focus. Therefore, a positron simulation with 200,000 events with kinetic energies
from 0 to 11 MeV, uniformly distributed in the JUNO detector, was created. The electrons
emitted in *C decays were also simulated under the use of the JUNO detector. They follow
the theoretical predicted S-decay spectrum as implemented in the radioactive decay mode of
the Geant4-software [135, 136| with the decay energy of @ = 156.475MeV. To create a pile-up
event from both simulations, the PMT hits from a random simulated '4C decay were shifted
by a random time and added to the PMT hits from a positron. In this adding of hits, the
merging of hits which would occur in the readout electronics is neglected. For each pile-up
event the true number of energy depositions in the DAQ window is evaluated by the amount
of energy depositions which caused at least a single PMT hit inside the DAQ window. If a
high time shift was drawn, it is likely, that no PMT hits from the *C decay fall inside the
DAQ window. Such an event is treated as a pure positron event, while the events with PMT
hits from two sources are tagged as pile-up events. Additionally to the PMT hits from energy
depositions in the LS, like in Chapter [5] dark counts were added individually for each PMT
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Figure 6.2: A clusterized summed PMT hit time distribution for the demonstration of the
clusterization algorithm. The trigger threshold of N7 = 67 hits, corresponding to zp = 5.0, is
shown in green and the baseline threshold Np = 38, corresponding to zp = 0.7, is shown in
green. Moreover, the identified clusters using these thresholds are shown with blue-bordered
boxes.

following a Poissonian distribution with the expectation value for each PMT following the
measured DCR distribution in Fig. [5.5]

6.1.3 Performance on removing “C pile-up events

To estimate the performance of the clusterization algorithm regarding the identification of *C
pile up events in the prompt spectrum, it was evaluated in a grid of clusterization parameters.
The trigger threshold parameter z7 is varied here from 3 to 7 in steps of 0.5, the baseline
threshold parameter zp is varied from -1.5 to 1.3 in steps of 0.2, and the sliding window
length is varied from 30ns to 70ns. For each point on this grid the full positron simulation
was evaluated. Like described in Sec. a pile-up event was created from each positron
with one “C decay with a random shift from 0 to 1400ns, while only hits inside the DAQ
window from 0 to 1250 ns are considered. As the random shift can be higher than the end of
the DAQ window, a large fraction of events is expected to contain only hits from the positron
and DCR. These events are used to get a better understanding on the forming of clusters from
dark counts in absence of signal hits in pure positron events.

For each set of clusterization parameters, several efficiencies were evaluated. To understand
the misidentification of clusters, the efficiency to reconstruct a pure positron event as a single
cluster event is evaluated. For the identification of pile-up events, the efficiency to identify
a pile-up event as an event with two clusters evaluated. Under the use of a window length
of 50ns, a cluster trigger threshold of zp = 5.0 and a baseline threshold of zp = 0.7, the
efficiency to reconstruct a pure positron event as a single cluster event was evaluated to be
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99.78% and the efficiency to reconstruct a pile-up event as a two-cluster event was evaluated to
be 23.62% for positrons between 5 MeV and 6 MeV deposited energy. These are the optimized
parameters from the optimization, which will be introduced in Sec. As the evaluated
efficiencies depend on the energy of the positron, the efficiencies were evaluated separately for
each positron energy interval of 1 MeV from 1 MeV to 11 MeV.

Figure 6.3 shows the evaluated efficiencies for all evaluated clusterization parameters on the
grid. Here, the term signal efficiency describes the efficiency to reconstruct a pure positron
event as a single cluster event. The term background efficiency describes the efficiency to
reconstruct a pile-up event, consisting of PMT hits from one positron and one *C decay, as
a two cluster event. For this figure, the trigger threshold and the baseline threshold were
divided into different sets according to their conservativeness. The green points show the
evaluations with a high trigger threshold in the evaluated range of zr > 5.5 and and low
baseline threshold of zg < —0.7. The violet points show clusterization parameters in the
range of the evaluated parameters of 4.5 < zp < 5.0 and —0.5 < zp < 0.5 and the red
points show evaluations with a low trigger threshold of zr < 4.0 and high baseline threshold
of zp > 0.7. One can see, that for a conservative set of clusterization parameters a signal
efficiency of 100% can be reached on the cost of identifying less "C decays. This is reached via
the usage of a high trigger threshold and a low baseline threshold. The high trigger threshold
minimizes the amount of misidentified clusters and the low baseline threshold ensures, that
an event is not split into two clusters by PMT hit fluctuations in the long tail of the LS time
profile in the PMT hit time distribution. If the clusterization parameters are chosen to be less
conservative, the higher amount of misidentified clusters causes the signal efficiency to drop,
but the background efficiency to increase. A lower trigger threshold allows the detection of
140 decays with a lower 3 energy. Moreover a higher background threshold causes the clusters
to be shorter. This allows a larger window for the search of multiple clusters in the event, but
also cause more misidentified clusters from fluctuations of the amount of PMT hits in the tail
of high energy events.

For a better understanding the performance of the clusterization, the background efficiency
was evaluated against the time difference of the positron contribution and the *C decay
contribution as well as the 8 energy of the C decay. Both evaluations are shown in Fig. [6.4
Also here, the evaluation for the optimized parameters of zp = 5.0, zg = 0.7, and Ty, = 50 ns
for an energy range from 2 MeV to 3 MeV is shown. The plot in Fig. shows the ratio of
pile-up events which were identified as two clusters to all pile-up events in blue, while the
ratio of pile-up events where only one cluster or more than two clusters were identified to all
pile-up events is shown in blue. The shown efficiency uncertainties of the ratio of k successes
divided by n total entries are evaluated by

EN  J(k+1)(k+2) (E+1)?
a<>—\/ 13 (n+ (6.4)

from [164]. The label T14c — Tet was calculated by the difference of the first PMT hit time
from the '“C decay to the first hit time of the positron. One can clearly see, that for low
time differences both contributions in the PMT hit time distribution overlap and can not be
identified as separate clusters. For time differences larger than about 400 ns, one can see that
first 14C clusters can be identified. The maximum efficiency is reached for time differences
between about 600 ns to about 1000 ns, where about 45% of the 14C decays can be identified as
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Figure 6.3: The efficiency to reconstruct a pure positron event as one cluster (signal efficiency)
against the efficiency to reconstruct a pile-up event with one positron and one *C decay as a
two-cluster event (background efficiency). Three groups of evaluated points are highlighted,
whose exact definition can be found in the text. One can see from the highlighted points,
that a high trigger threshold with a low baseline threshold yields a high signal efficiency with
a low background efficiency, while a lower trigger threshold with a higher baseline threshold
can reach higher background efficiencies on the cost of a lower signal efficiency.

clusters. For larger time differences above 1000 ns the efficiency drops again as large fractions
of the PMT hits from the ' decay move outside the DAQ window.

In Figure the ratio is shown of the spectrum of *C decays which were found in two-
cluster events in blue to the total 1*C B-spectrum. Additionally, the complementary ratio of
the spectrum of '4C decays, which were not tagged to the full *C B-spectrum. This efficiency
is parameterized with an empirical function based on the Fermi-Dirac distribution:

6(E14c) = + b. (6.5)

exp <7E14%;EF) +1

This function is supposed to describe the transition of the efficiency from low [ energies,
where the 14C decay can not be found to high 4C energies, where some *C decays are found.
The parameter a describes the difference of the value of the curve at low § energies and
high energies and the parameter b describes the value at high 8 energies. The transition
between these plateaus is parametrized by Er, which is the middle point of the transition and
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FE7, which describes the width of the transition. For the given curve, the parameter values
were fitted to be a = 0.575 £ 0.013, b = 0.428 £ 0.012, Er = (0.0498 £ 0.0008) MeV, and
Er =0.0075 £ 0.0005 MeV.

Figure shows the time difference dependence of the *C tagging efficiency for § energies
of 14C decays larger than 0.08 MeV. One can see, that for sufficiently large time difference and
3 energies from the '4C decay, the "C decay can be reliably found.

6.1.4 Optimization of the clusterization parameters on the MO sensitivity
of JUNO

For the optimization of the clusterization algorithm two effects need to be balanced: These
are the potential to find clusters from low energy events, such as from *C decays against the
false identification of DCR over-fluctuations as clusters. This is done by optimizing it on the
sensitivity of the MO of JUNO under the assumption of a conservative rejection strategy. If
an event is identified by the clusterization algorithm as pile-up event, it is rejected as whole,
as it is assumed in this strategy, that all PMT hits from the full DAQ window are needed
to minimize the bias of the energy reconstruction. This is also done to ensure a conservative
set of clusterization parameters, without the selection of a high rate of clusters, caused by
DCR over-fluctuations. Such misidentified clusters from DCR over-fluctuations would directly
reduce the total event statistic of JUNO and therefore reduce the sensitivity to measure the
MO. Besides that, a high efficiency of identifying *C decays would improve the sensitivity
as the reconstructed IBD energy spectrum becomes more precise. The MO sensitivity is
evaluated using the GNA software |20].

GNA framework for estimating the JUNO MO sensitivity

The Global Neutrino Analysis (GNA) software is developed by JINR, Dubna to provide a tool
to conveniently estimate sensitivities and analyze the data from neutrino experiments [20, 21].
For this, it is able to form and minimize x2-functions for given experiment models and estimate
the sensitivities of a given experiment model under the use of an Asimov data-set [165].

The version of GNA used in this thesis uses a simplified model of the reactor electron anti-
neutrino measurement of JUNO. For the prediction of the IBD rate due to reactor anti-
neutrinos, it uses the Huber+Mueller model |48, |49] for the flux with the IBD cross section
from [84]. For the reactor flux it uses the contribution from the six reactor cores at the
Yangjiang NPP and also all four reactor cores of the Taishan NPP with their GPS distances
to the detector. Additionally, the reactor electron anti-neutrinos from the far Daya Bay NPP,
as well as from the Huizhou NPP are considered. For all reactors a fuel composition of 60%
285U, 27% 239Pu, 7% 238U, and 6% 2*'Pu is assumed. This estimation of the reactor electron
anti-neutrino flux is nowadays outdated, as the Taishan NPP is currently expected to be
realized with only two of the originally four planned reactor cores and the realization of the
Huizhou NPP is postponed. Moreover, a detection efficiency of 80% is assumed. For the effect
of neutrino oscillations, the full three-flavor model is used with the oscillation parameters
from [166]. For the toggling of the mass hierarchy for the sensitivity estimation in GNA, the
parameter Am2, is introduced, which was originally used to describe two flavor oscillations.
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Figure 6.4: The efficiency of the clusterization algorithm to find a '“C decay in dependence
of the time difference between the '#C decay and the positron (Fig. and the efficiency
against the energy of the 1*C decay (Fig. [6.4b)). The time difference is here the difference
between the first PMT hits from the respective contribution in the PMT hit time distribu-
tion extracted from the simulation output. Figure shows the efficiency against the time
difference for a sub-sample with C decay energies larger than 0.08 MeV.

It is defined in GNA by the following relations:

|Am§2] = Am?e +n- (sim2 O12 — 1) - Am% (6.6)

2 2 s 2 2
|Am31’ — Amee + 77 + S1n 9]_2 . Am12,

with 7 = 1 for NO and n = —1 for IO. If the MO is changed to the other possibility, this
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Am?, is kept constant and Am3, and Am3; are calculated accordingly.

On the calculated reactor electron anti-neutrino spectrum, the energy resolution of JUNO is
applied. For the energy resolution the so called a-b-c-model is implemented |11]:

() e G os

with the default values of a = 3%vMeV, b =0, and ¢ = 0.

Being the largest background, the geo-neutrino background is added in GNA.

Optionally, a smearing caused by the pile-up of *C decays can be added in GNA [167], which
will be described in the next section. This smearing is applied before the spectrum is smeared
by the energy resolution effect.

For the estimation of the MO sensitivity of JUNO, an Asimov data-set for the JUNO model
of a certain MO is constructed. For this data-set, two x? functions are created for each MO
possibility, respectively. These x? functions are then minimized with Am2, as minimization
parameter and the difference, called AX%\/{Oa is used to estimate the sensitivity to the MO
quantitatively, like it is described in Sec. [3.6.1] and Eq. [3.12] Here, the Asimov data was
created with the IO JUNO model. The creation of Asimov data with the NO JUNO model
was checked for the case of no *C and no clusterization and leads to the same values of
AX%\/IO' As Asimov data with the IO inserted is used, the minimization of the corresponding
x? function with the 10 JUNO model is expected to yield x2. = 0.

Figure [6.5] shows both, the expected JUNO spectrum for the assumption of the NO in red
and for the IO in blue for the case of no energy resolution effects and with the default energy
resolution of 3%/4/E/MeV. Additionally, the difference of the NO spectrum and the 10
spectrum is shown in violet. One can see, that the measurement of the difference between
NO and IO requires a precise energy resolution, due to the small differences of the neutrino
oscillation peaks.

14C pile-up effect in GNA

To estimate the smearing effect of pile-up with 14C decays, it is included in the JUNO model of
GNA [167]. For the application of the smearing effect, the IBD prompt spectrum is partially
convoluted with the *C spectrum. To reach a higher precision in the application of the
smearing, each bin in the energy spectrum is divided into five uniform sub-bins for that. For
the used 700 bins from 1 MeV to 10 MeV, each sub-bin has a width of about 2.6 keV. Based
on the used DAQ-window length of 1250 ns and the concentration of 4C, the coincidence
probability for the creation of a pile-up event is calculated. For the default *C concentration
of 14C/12C=10717, the coincidence probability is 5%, like shown in Eq This coincidence
probability is used to calculate the pile-up fraction of each sub-bin. To apply the effect of *C
pile-up, this fraction of each sub-bin is moved to the next range of sub-bins according to the
140 spectrum. As the energy spectrum of MC decays starts at 0, a fraction of these events is
not moved, but stays in the same sub-bin. After the iteration over all sub-bins, the original
bins are reformed with the new sub-bins.

Figure shows the difference in each bin of the spectrum without the effect of 4C pile-
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Figure 6.5: The IBD prompt spectrum as it is calculated in the GNA software. The left side
shows the case of no energy uncertainties and the right side shows the case of the default
energy resolution of 3%/1/E/MeV. On both sides, the red line shows the spectrum with
the assumption of NO and the blue line shows the spectrum with the assumption of 10. The
difference of the red line to the blue line is shown in both plots in violet. No statistical
fluctuations are applied to the spectra. The shown spectra have 700 bins from 1MeV to
10 MeV. The spectrum contains about 150,000 events.

up to the spectrum including this effect for a C concentration of 10717 1*C atoms per 2C
atom. The distribution of events from a bin over a range of bins with different energies causes
the smearing effect, which leads to a worse sensitivity to the MO. As an input parameter to
calculate the smearing, GNA uses the *C concentration as the *C/!2C ratio.

Effects of clusterization on the '*C pile-up effect in GNA

Under the assumption of the mentioned strategy of rejecting each event with more than
one cluster, this strategy, using the clusterization algorithm, has several effects on the IBD
spectrum, including *C pile-up events, like described in Sec. In the implementation
of the clusterization algorithm into GNA, three effects regarding the pile-up identification
are implemented. One effect is, that the amount of piled-up C decays is reduced by the
identification of multiple clusters in an pile-up event, which is implemented as a decrease
of the coincidence probability due to the evaluated background efficiency. As the potential
of the clusterization algorithm to identify a *C decay as cluster depends on the energy of
the electron of the “C decay, the effective spectrum of piled-up C decays changes after
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Figure 6.6: The difference of the spectrum with the pile-up effect of *C to the spectrum
without the pile-up effect as implemented in the GNA software. For this figure, the JUNO
model with NO with an energy resolution of 3%/1/FE/MeV is used. The total spectrum
without the effect of '4C pile-up is shown on the right side of Fig. in red. Here, a 'C
concentration of 10717 C atoms per 2C atom was assumed as stated in the requirements of
the JUNO experiment [11].

clusterization. Here, the empirical parametrization using Eq. is used. To calculate the
effective piled-up “C spectrum, Eq. is multiplied to the 8 spectrum of C, which is
re-normalized afterwards.

Another effect is the loss of IBD signal events. Especially for low values of zp, it can often
happen, that an DCR over-fluctuation is identified as another cluster, additionally to the
positron cluster. As an event with multiple clusters, it is also rejected. Moreover, IBD signal
events are lost due to the identification of a C decay cluster additionally to the positron
cluster. Also here, due to the conservative optimization strategy, the full event is rejected,
including the positron, which reduces the statistic in the IBD spectrum.

To include these effects in GNA, look-up tables were created, which contain the signal effi-
ciency, the efficiency to tag pile-up events, and the parameters of Eq. for each of the grid
points presented in Sec.[6.1.3] separated in positron energy intervals of 1 MeV each from 1 MeV
to 11 MeV. To estimate a parameter on these maps between two energy values, the parameter
values of the values of the adjacent energies are interpolated linearly.
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Optimization results and estimated improvement on the MO measurement

To optimize the clusterization parameters, the sensitivity of JUNO with the simple JUNO
model in the GNA software is evaluated for all points on the grid of parameters, presented in

Sec. [6.1.3]

The sliding window duration Ty, needs to be optimized to be sufficiently long enough to
avoid statistical DCR fluctuations. If it is too long, the increased amount of dark counts
in the window reduces the significance of the PMT hits from the “C decay. If it is too
short, only parts of the PMT hits from the *C decay are inside the sliding window at each
position, which also reduces the statistical significance of the '4C decay. One would expect
the optimized sliding window duration to be about the same size as the peak duration in the
14C decay PMT hit time distribution. Here, the sliding window which provides the maximal
sensitivity was found to be 50 ns. Moreover, if the same events would be used for the scan, one
would not expect more than one maximum in this plot. If a 14C decay would be found with a
high value of zp it would be also found with a lower value of zr in the exact same event. The
same applies for the misidentification of DCR clusters. However, one can see slight variations
in the scan. These stem from the way, the analyzed events are created. While the PMT
hits from the positron and the '“C decay are read from a file, and also the used time shift
values between the positron and the '“C decay are the same, the contribution by the DCR
was randomly assigned for each analyzed event. This causes the positron PMT hits and the
14C decay PMT hits to be the same in each evaluation for each bin of Fig but the DCR
PMT hits to fluctuate. Due to these fluctuations the amount of misidentified DCR clusters
can vary for each iteration, as well as the amount of identified *C decays, as a low energetic
14C decay can only be found with a time-coincident underlying DCR. over-fluctuation.

The two-dimensional grid of zp and zp for Ty, = 50ns is shown in Fig. 6.7 Here, the
evaluated AX%\/IO value is shown against the clusterization parameters zp and zg. For reference,
the value of AXIQ\/IO without the effect of 14C pile-up was calculated to be 11.54 and the value
with C pile-up, but without clusterization, was calculated to be 10.83. In the overlayed bin
content numbers of Fig [6.7D] one can identify a region at about zp &~ 5.0 and zp ~ 1.0 with
the highest AX%\/IO values of AX%\/{O ~ 11.00. Due to the aforementioned uncertainties in this
map and the simplicity of the evaluated JUNO model, these rounded values of AX%/[O = 11.00
in the scan are assumed to show no significant difference to each other. As a low value of
zp corresponds to a longer, more conservative cluster length, here the value of zp = 5.0 and
zp = 0.7 is chosen as the optimized value, which yields AX%/[O = 11.00, an improvement of 0.17
to the case without clusterization. Around the maximal region, one can observe an asymmetric
behavior of the Ax%\/[o value. For small values of zp, a high amount of misidentified clusters
are found. These lower the overall statistics of the IBD spectrum as multiple cluster events
are rejected and cause the AXIZ\/IO to drop drastically. This effect is stronger for large values of
zp, as the cluster of positron PMT hits is shorter and partially truncated. Fluctuations in the
tail of the positron PMT hit time distribution are here the major cause of additional clusters.
For large values of zp, the probability misidentification of clusters, which cause the rejection
of pure positron events, drops significantly. Increasing values of zp cause an increasing energy
threshold for the identification of '4C decays, which causes a drop in the efficiency to find low
energetic C clusters. Also here, low values of zp cause the cluster duration of positron PMT
hits to be longer, which does not allow the tagging of '*C decays which are too close in time.
Similar maps for different sliding window durations Ty, can be found in Appendix [C]
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Figure 6.7: Scan of the MO sensitivity of JUNO quantified as AX%\/IO for varying clusterization
parameters zp and zg. Here, a sliding window duration Ty, of 50 ns was chosen as it contains
the maximal AX%\/IO value. Fig. shows the full scan of the threshold parameters, while
Fig. |6.7b| shows the region with the maximal AX%\/IO values.

In this optimization of the clusterization parameters, the concentration of 1“C in the detector
of 10717 1C atoms per '?C atom was assumed, as it is the stated requirement of the JUNO
experiment in . The amount of C in the LS depends solely on the age of the petroleum,
which is used in the LS production and can not be reduced with the planned purification
methods, described in Sec. [3.2.1] The value of the concentration of '*C in the LS was not
precisely measured so far. Therefore it is interesting to estimate the impact of the *C for
different concentrations of 1*C in the LS. Figure shows the impact of the 1C pile-up on the
MO sensitivity of JUNO for the given JUNO model. Here, the required *C concentration of
14C/12C=10"17 is shown as a dashed line. For the estimation of the sensitivity, different curves
for different assumptions are shown. The violet line shows the assumption of no '*C in the LS
and can be seen as the upper limit for the improvement of the methods for the reduction of the
14 pile-up effect. The red line shows the effect of 14C pile-up without clusterization, while the
green and the blue line show the evaluation of the “C pile-up effect including clusterization
with different assumptions. The green line uses the conservative strategy which was also used
to optimize the clusterization parameters. Here, an event, in which two or more clusters are
identified, is rejected. For high concentrations of C in the LS, Fig. can only be seen
approximate. In the evaluation of the impact of clusterization, only pile-up events with a
single C decay were considered. For an increasing *C concentration this assumption looses
its validity. However, also for low concentrations, the sensitivity estimations here can only be
seen approximate as the used JUNO model lacks complexity. The results on the sensitivity
need to be validated under the use of a comprehensive JUNO model with recent assumptions.

The rejection strategy of this analysis was chosen to ensure a conservative set of clusterization
parameters. This clusterization should be able to detect low-energetic energy depositions, such
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Figure 6.8: Estimation of the impact of 4C pile-up on the MO sensitivity of JUNO for different
14C concentrations.

as 14C decays, while it avoids a high rate of clusters from DCR over-fluctuations. As shown in
Sec. the clusterization algorithm does not find a 4C decay, if it is either overlapped with
another energy deposition or it has a low energy, which causes too less PMT hits to increase
over the trigger threshold of the clusterization algorithm. If the PMT hits from a positron
of the IBD prompt spectrum inside a cluster are sufficient to reconstruct the energy with the
required precision and accuracy, the MO sensitivity can be further improved by analyzing all
reconstructed clusters instead of full events. This would increase the IBD statistics again, as
the positron events are not rejected in the case of a second cluster. Moreover, the "*C decays
which occur timely separated, but with too low [ energy to be detected by the clusterization
algorithm, would be also removed in such a case, leaving the energy bias from *C pile-up in
overlapping energy depositions.

6.2 Likelihood test using the vertex reconstruction

In Chapter[5] a method was presented, which finds the best estimate for the position of the light
emission, the amount of signal charge, and the global event time under the assumption of a
detector response model formulated in a likelihood function. This likelihood function includes
the time distribution of the PMT hits as well as the charge distribution of the PMT hits in
dependence of the event vertex on the PMT array. The likelihood function is constructed with
the assumption, that the event contains only a single energy deposition at a single point-like
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vertex in the detector. In the case of a 1C pile-up event, this assumption does not hold as
PMT hits are added by the *C decay at times and PMT positions, which are independent of
the positron energy deposition. These additional PMT hits are expected to cause a tension
to the positron PMT hits, which results in higher minimized values of the likelihood function.
The discrimination using the values of a likelihood function is typically called likelihood test.

As the likelihood function is expected to have also different values for different energies and
vertices of pure positron events, this effect needs to be corrected, before it can be used to
discriminate '4C pile-up events. For that, the vertex reconstruction was performed on a
positron sample with energies from 0 to 11 MeV, uniformly distributed in the detector, mixed
with C decays as introduced in Sec. As not only PMT hits from “C decays are
expected to have a strong contribution to the minimized likelihood function, but also late
dark counts, the positron sample was clustered using the optimized parameters of zp = 5.0,
zp = 0.7, and Tyi, = 50ns. Only PMT hits inside the cluster were considered, which reduces
the contribution of late dark count hits. The full sample, containing about 150,000 events,
was divided into about 85,000 pure positron events, which contained only PMT hits from the
positron and dark counts in the analyzed cluster and a mixed sample with about 65,000 events,
which contained also additionally at least one PMT hit from the '“C decay in the analyzed
cluster. From the pure clusterized positron sample, maps for the expected likelihood value
were created separately for the charge likelihood function (Eq. and the time likelihood
function (Eq. . These maps contain the average likelihood value divided by the number
of hits in the cluster, as well as the spread of it calculated by the sample standard deviation,
in dependence of the vertex reconstruction outputs of the reconstructed radius Rye. and the
reconstructed total signal charge gs 1ot as introduced in Chapter 5, The maps for the charge
likelihood function are shown in Fig. while the maps for the time likelihood function are

shown in Fig.
For the evaluation of the likelihood increase of pile-up events, both pile-up events and events
without pile-up were clustered and their likelihood function minimized. The evaluated min-
imized time and charge likelihood value was then corrected using the value from Fig. [6.9] or
Fig. |6.10] respectively:

gcorr — E - <£> (RS, QS,tot)
0—(6) (RS’ QS,tot)

(6.9)

Using these corrected likelihood values, a discriminator can be formulated to reject pile-up
events. Here, the 2D-distance of the corrected charge likelihood values and corrected time
likelihood values from the center of the distribution from the pure positron sample is used. Due
to the subtraction of the mean value from each point, the distribution of corrected likelihood
values is centered around 0. One obtains for the discriminator:

ALz = g%harge.corr + g?ime,corr (61())
Figure shows the rejection potential of this discriminator. Here, the full sample In the
Figures. [6.11a] and [6.11D] the one-dimensional distributions of the corrected charge likeli-
hood values and the corrected time likelihood values are shown. Figure shows the two-
dimensional distribution of the corrected likelihood values. One can see for the pure positron

sample, that the values of the corrected charge likelihood and time likelihood are slightly
correlated. This correlation stems from the weighting of PMT hits in the time likelihood in




CHAPTER 6. REDUCTION OF THE *C-BACKGROUND 113

chargeLLHmap chargeRMSmap

o
>
N,
Charge Hlls)

o
>
RMS(L

0 L L L L
5000 10000 15000 0 5000 10000 15000
q

q

's ot 's ot

Figure 6.9: Average values (left) and spread (right) of the charge likelihood function divided
by the number of PMT hits in the analyzed cluster against the reconstruction outputs of the
reconstructed cubed radius R3 and the reconstructed signal charge s tot- Here, about 85,000
clusterized positron events with kinetic energies from 0 to 11 MeV are used for the creation of
the maps.

Eq. 513} In this equation, the PMT hit time distribution is weighted with the PMT hit time
distributions from the signal and DCR, to the respective fraction of expected PMT hits. This
fitting of the charge fractions in the time likelihood function introduces a correlation between
the charge likelihood value and the time likelihood value, which is impeding the discrimination
of pile-up events here. Equation [6.10] calculates the difference of each point to the center of the
blue distribution in Fig. One can see, that a large fraction of pile-up events is showing
a large distance to the center of the blue distribution due to their large values of {cparge and
l7ime. This leads to the discrimination strategy of rejecting events with AL? greater than a
cut value. The results of this discrimination are shown in Fig. [6.11d] Using this value, one
can reach (99.89 +0.01)% signal purity (blue curve) while rejecting (13.74 +0.14)% of pile-up
events (red curve) using a cut value of AL? = 20.

In this section, only pile-up events were considered, which could not be separated by the
clusterization algorithm, as they overlap in the PMT hit time distribution. Using only the
hits inside the cluster for the later analysis, (51.91 + 0.18)% of the *C decays are already
rejected, as they occur outside the positron cluster. In combination with the likelihood test,
in total (58.52 + 0.17)% of all '#C decays can be rejected with the cut value of AL? = 20,
while (99.89 + 0.01)% of the positron events can be kept.
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Figure 6.10: Average values (left) and spread (right) of the time likelihood function divided
by the number of PMT hits in the analyzed cluster against the reconstruction outputs of the
reconstructed cubed radius R? and the reconstructed signal charge s tot- Here, about 85,000
clusterized positron events with kinetic energies from 0 to 11 MeV are used for the creation of

the maps.
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Figure 6.11: The rejection potential of the likelihood test of the vertex reconstruction. One
can see in the top figures, Fig. and Fig. the one-dimensional distributions of the
average- and spread-corrected likelihood values of the charge part and the time part of the
likelihood function used in the vertex reconstruction. The pure positrons (signal) are shown
in blue, while pile-up events (background) are shown in red. The respective two-dimensional
distribution can be seen in Fig. Using the discriminator of Eq. one can reach the
rejection potential shown on Fig.[6.11d] Here, the fraction of accepted signal is shown in blue,
while the rejected background is shown in red.
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Chapter 7

Conclusion and Outlook

For its main goal, the measurement of the Neutrino Mass Ordering with reactor electron anti-
neutrinos, the JUNO experiment requires an unprecedented energy resolution of 3% at 1 MeV
and a sub-percent accuracy on the energy scale [11]. Besides an appropriate detector design,
a meticulous data analysis is needed to ensure that the JUNO experiment can meet these
requirements. In this thesis, three analyses are presented to aid the knowledge on the energy
of the measured positrons from Inverse Beta Decays of reactor electron anti-neutrinos.

As the accurate knowledge of the non-linearity is crucial for JUNO, it is of imminent im-
portance to develop a good model for the light non-linearity of positrons. In Chapter {4l a
non-linearity model for the kinetic energy loss into ionization energy of electrons and positrons,
based on the empirical formula of Birks [123|, was presented. As gammas deposit their energy
in the form of secondary electrons in the detector, an algorithm was introduced to calculate the
precise secondary electron spectrum of initial gammas. The algorithm was validated under the
use of the JUNO simulation software, which uses the Geant4 software. It could be shown, that
for the purpose of calculating the secondary electron spectrum, it offers large computational
advantages to the Geant4 software. This algorithm was used here to convert the simple elec-
tron non-linearity model to the non-linearity model of gammas. To obtain the non-linearity
of positrons, it was assumed, that each positrons annihilates at rest with an electron into
two gammas after depositing its total kinetic energy as ionization energy. This assumption
was tested against a comprehensive simulation under the use of the Geant4 software, which
showed sub-percent differences in the light non-linearity for the considered Cherenkov light
model and quenching constant kg = 0.01 cm?/MeV /g. Higher order effects, such as the in-
flight annihilation electron-positron annihilation or the forming of ortho-positronium with its
decay into three gammas should be included therefore in future studies to minimize the model
uncertainty on the energy scale. Nevertheless, for the sensitivity studies of JUNO, the devia-
tions are in a acceptable range to obtain a reasonable effect on the energy spectrum. As the
gamma non-linearity and the positron non-linearity in this model share the same parameters,
this model can be used to determine the positron non-linearity from the gamma calibration
sources of the future calibration programme of JUNO. The results from this chapter are sub-
mitted as an article for publication and the pre-print of the article can be found at [151]. The
source code of the algorithm for the calculation of the secondary electron spectrum is planned
to be published online for free use [168].
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Due to the dependence of the amount of detected light on the light emission vertex, a high
uncertainty on this vertex introduces a large uncertainty on the detected amount of light,
which directly affects the energy resolution in JUNO. As part of this thesis in Chapter [f], an
analysis was presented, which estimates this light emission point to provide an appropriate
correction for this light non-uniformity effect. It combines the informations from the PMT
hit times and PMT hit charges in a likelihood estimation. To estimate the probabilities
of the measured PMT hit times and PMT hit charges, the JUNO simulation software was
used to create precise prediction maps of the detection volume under the use of the detector
symmetries. It is shown, that the light emission vertex can be reconstructed especially precise
in the regions of the detector, where the effect of the total reflection on the acrylic sphere
occurs. As major effect for the gain in precision, the topology of the charge distribution
on the PMT array was identified. In these regions the reconstruction reaches for positrons
without kinetic energy a precision of about 6 cm, while outside these regions a precision of
about 13cm is reached. As the gradient of the light non-uniformity is especially large in
such regions, it is shown that the reconstruction method from this thesis results in better
results in a better energy resolution than the reconstruction presented in [139, |160] with a
uniform resolution. With the displacement of the vertex of the neutron capture to the vertex
of the positron signal from Inverse Beta Decay reactions, it was shown by the CHOOZ and
the Double Chooz experiments, that it is possible to reconstruct the direction of an electron
anti-neutrino flux [144} (161} |163|. It could be shown, that the reconstruction of the electron
anti-neutrino flux direction is also possible in JUNO, although with larger uncertainties. For
the vertex reconstruction performance in the detector center, a resolution of (25.14+4.2)° under
the use of 5000 Inverse Beta Decay positron-neutron coincidences for a single source direction
was estimated. The vertex reconstruction has potential to be further improved. Especially the
smearing of the PMT hit times was done in an approximate way, as the measured properties of
the PMT’s and their readout electronics were not ready to be included in this thesis. Moreover,
for high charge measurements of PMT hits, a smaller uncertainty is expected. An different,
appropriate treatment of such high charge PMT hits was not implemented for this thesis, but
could potentially improve the reconstruction. The charge information for the reconstruction
in this thesis was calculated from a sum of all PMT hits for each PMT for each event. For
the reconstruction with the charge information, the total summed charge for the entire event
was used. The reconstruction can be further improved by using the time-dependent charge
evolution on each PMT, instead of the summed total charge.

Another bias of the visible energy in JUNO stems from the large total rate of '4C decays.
These C decays can timely coincide with signal events in the same readout window. The
additional PMT hits cause a bias in the measured visible energy. In Chapter [6 two different
ways of identifying these C decays are presented, which can be used complementary. The
first algorithm is a clusterization algorithm with the general purpose of identifying multiple
energy depositions in a single readout window. This algorithm uses one threshold parameter to
identify an energy deposition, another parameter to define its duration, and a sliding window
with its length as a parameter to minimize statistical fluctuations. These parameters were
optimized to find *C decays with a low misidentification of PMT dark counts, maximizing
the sensitivity of a simple JUNO model to the Neutrino Mass Ordering. For this optimization,
each event in which a C decay was found, was rejected as a whole. For the nominal C
concentration of 10717 4C atoms per 2C atom, an improvement of the AX%\/{O of 0.17 from
Ax31o = 10.83 with no 14C treatment to Ax3;0 = 11.00 with the optimized clusterization was
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reached. Besides being able to be used to identify '*C decays, the clusterization algorithm can
be seen as a general tool to constrain the readout window to the signal region. This reduces
the amount of dark counts in the PMT hit selection of other reconstruction algorithms and
allows a separate reconstruction of different energy deposition. The presented clusterization
algorithm works in a simple way without stringent assumptions on the signal shape. With
such assumptions, the potential of the clusterization algorithm to separate different energy
depositions in the same readout window might be improved. The presented version of the
clusterization algorithm shows no efficiency for different energy depositions, which overlap
in the PMT hit time distribution. To identify these events, the likelihood function of the
presented vertex reconstruction was used. It could be shown, that 13.74% of these overlapping
energy depositions could be identified as such, with a misidentification rate of 0.11%. Also
this likelihood test shows potential to be improved with the aforementioned improvements of
the vertex reconstruction. Under the use of this likelihood test, the sensitivity of JUNO to the
Neutrino Mass Ordering can be further improved. This improvement needs to be evaluated
and optimized in sensitivity studies under the use of a recent JUNO model.

It was shown, that the pile-up of PMT hits from IBD positrons and *C decay has a large
impact on the sensitivity of JUNO to the Neutrino Mass Ordering, which should be addressed
in future sensitivity studies. It is expected, that the JUNO experiment takes a crucial role
in the global plans of the determination of the Neutrino Mass Ordering as currently the only
planned and funded experiment, which aims to determine the Neutrino Mass Ordering with
the use of vacuum oscillations. The prospects of many other experiments measuring either
beam neutrinos |12} [13] or atmospheric neutrinos [14H17]| aim to determine the Neutrino Mass
Ordering with the measurement of the matter effects on neutrino oscillations. In the global
analysis of neutrino oscillation parameters using past data in [62], the Inverted Neutrino Mass
Ordering is excluded with a Ax? = 10.4, which hints towards the other possibility, the Normal
Neutrino Mass Ordering. For this important measurement, crucial systematic uncertainties of
the JUNO experiment are caused by the energy resolution and the uncertainty on the energy
scale. The results from this thesis can be used by the JUNO experiment to reduce these
systematic uncertainties.
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Appendix A

JUNO Geant4 Simulation: Physics
List

The JUNO Geant4 Simulation [18|, which was used in this work, uses Geant4 in the version
9.4 |135, 136). Due to the ongoing development in the JUNO collaboration, the used software
does not represent the final simulation software used by the JUNO experiment. For the
simulation of electromagentic processes, the following physics list was used:

Electron:

o G4eMultipleScattering
o G4LowEnergylonisation

o G4LowEnergyBremsstrahlung
Gamma:

o G4LowEnergyRayleigh
o G4LowEnergyPhotoElectric
o G4LowEnergyCompton

o G4LowEnergyGammaConversion
Positron:

e G4eMultipleScattering
e Gdelonisation
o G4eBremsstrahlung

e G4PositroniumFormation
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Appendix B

Secondary electron spectra for
different generations

In Sec. [£.2.2] the algorithm for the calculating from the secondary electron spectrum from an
initial gamma was validated with comparing it to the output from the Geant4 simulation from
the JUNO software. Figure shows the validation for the total secondary electron spectrum
from 0.511 MeV gammas. In this chapter of the appendix, this validation is shown in greater
detail for the different generations of secondary electrons. A generation of a secondary electron
is defined by the order of generation by the initial gamma. The generations are shown, up
to generation 24. On average, a gamma produces 17.107 4+ 0.004 secondary electrons. Also
here, the initial gamma has an energy of 0.511 MeV. One can clearly see, that the algorithm,
which was implemented as part of this thesis yields results, which are very close to the results
from the output from the JUNO Geant4 software. In the later generations, a second peak in
the electron energy can be observed. This second peak is caused by the electrons, which are
produced by the photoelectric absorption of the gammas.
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Figure B.1: Secondary electron spectrum seperated for different generations from generation
1 to generation 8.
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Figure B.2: Secondary electron spectrum seperated for different generations from generation
9 to generation 16.
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Appendix C

Clusterization optimization scans

The clusterization parameters are optimized on the maximal sensitivity on the MO like shown
n For that, the MO sensitivity is evaluated on a grid of clusterization parameters. The
trigger threshold parameter op was varied from 3.0 to 7.0 with a step of 0.5, the baseline
threshold parameter op was varied from -1.5 to 1.3 with a step of 0.2, and the sliding window
Twin was varied from 30 ns to 70 ns with a step of 10 ns. As only the evaluation of T.,;, = 50 ns
was shown in Sec. here all evaluations are shown.
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Figure C.1: Optimization scans for the clusterization parameters.

127



128 APPENDIX C. CLUSTERIZATION OPTIMIZATION SCANS

11

Nm 57.275 10.624 10.897 10.984 10.999 10.987 10.966 10.942 1 1 ng Nm E'I. 10.771 10.930 10.995 10.998 10.981 10.958 10.941 ng
10.721 10.934 11.002 10.994 10.979 10.961 10.942 < 7. 10.777 10.939 11.002 10.995 10.978 10.957 10.941 <
s 10.743 10.917 10.996 10.992 10.980 10.960 10.939 105 ; 10.810 10.940 10.994 10.991 10.977 10.955 10.935 10.5
P 10.818 10.966 11.001 10.991 10.975 10.957 10.938 %. 10.864 10.951 10.997 10.989 10.974 10.950 10.937
L 10.829 10.962 10.995 10.987 10.974 10.952 10.937 1 0 :B. 10.850 10.970 10.995 10.986 10.969 10.947 10.935 1 0
L 10.828 10.973 10.992 10.986 10.971 10.951 10.935 :8.817 10.409 10.897 10.958 10.991 10.978 10.963 10.946 10.927
¥ 10.874 10.977 10.980 10.977 10.965 10.945 10.926 95 :8.973 10.501 10.889 10.967 10.987 10.977 10.957 10.941 10.925 95
10.331 10.898 10.979 10.990 10.973 10.959 10.942 10.925 0 ;.031 10.572 10.917 10.974 10.984 10.971 10.955 10.939 10.922
10.395 10.897 10.965 10.982 10.969 10.953 10.934 10.922 9 10.564 10.891 10.964 10.977 10.967 10.950 10.935 10.919 9
10.463 10.905 10.974 10.973 10.961 10.951 10.933 10.918 10.645 10.941 10.966 10.966 10.956 10.942 10.925 10.910
10.491 10.898 10.964 10.967 10.954 10.942 10.931 10.912 8.5 10.637 10.915 10.956 10.952 10.947 10.935 10.918 10.906 8 5
10.600 10.923 10.955 10.955 10.946 10.936 10.922 10.904 10.685 10.904 10.950 10.948 10.937 10.927 10.909 10.900 :
10.595 10.913 10.951 10.948 10.936 10.923 10.912 10.899 8 10.724 10.916 10.939 10.930 10.926 10.916 10.905 10.891
10.697 10.893 10.922 10.917 10.910 10.903 10.892 10.882 10.705 10.907 10.922 10.926 10.914 10.902 10.895 10.882 8
1,584 10753 10997 19706 rop0s 10ge2 togeesogretogre |0 ~1.5{19978 10758 1085110997 10959 10958 0450 10472 Jopte
3 35 4 45 5 55 6 65 7 3 35 4 45 5 55 6 65 7
ZT ZT
(a) Evaluation for Ty, = 50 ns. (b) Evaluation for Ty, = 60 ns.

Nm 51.808 10.743 10.987 10.997 10.994 10.979 10.958 10.939 ng

18.273 10.751 10.975 10.999 10.988 10.975 10.954 10.941 <
[e.326 10.823 10.967 10.995 10.988 10.971 10.954 10.039 —|10.5
Fe.704 10.845 10.986 10.997 10.983 10.969 10.946 10.934

O,5:$.858 10.813 10.980 10.991 10.981 10.962 10.946 10.934 10
9.114 10.440 10.885 10.988 10.984 10.973 10.959 10.940 10.926
;.139 10.467 10.892 10.982 10.979 10.969 10.954 10.938 10.924

0 10.55410.884 10.963 10.977 10.967 10.955 10.936 10922 ] 0~

10.606 10.892 10.966 10.964 10.954 10.942 10.930 10.914

10.650 10.906 10.967 10.956 10.946 10.936 10.921 10.912 9
10.596 10.915 10.951 10.953 10.943 10.930 10.916 10.909

10.709 10.920 10.935 10.933 10.924 10.915 10.902 10.894 8.5
10.719 10.902 10.931 10.921 10.916 10.906 10.898 10.884

10.736 10.892 10.911 10.912 10.903 10.894 10.889 10.881

-1.5

IR 10757 1083 10689 10-896 10.P79 1O.P73 1o 10.£51

0,
3 35 4 45 5 55 6 65

Zr

(c¢) Evaluation for Ty, = 70ns.

Figure C.2: Optimization scans for the clusterization parameters.
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