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Abstract

The diffuse supernova neutrino background is the average cumulate neu-
trino flux of all past core-collapse supernovae in the visible universe. A perspective
measurement would provide information on the average explosion mechanism of
stars, giving access to the fraction of failed explosions, the mass threshold of black
hole formation, and the rate of supernovae. Within this work, the detection po-
tential for the flux was studied for the Chinese multipurpose neutrino ex-
periment named Jiangmen Underground Neutrino Observatory (JUNO). The 20 kt
liquid scintillator detector will allow a precise measurement of [, s| via the inverse
S-decay and could be one of the first experiments to measure the[DSNB|successfully
with a signal prediction of 5.5 events per year. Although the coincidence event sig-
nature provides high-grade background suppression, a variety of backgrounds are
still present. The two [ background sources of reactor and atmospheric neutrinos
are indistinguishable from the signal and define the low and high energy thresholds
for detection at ~ 10 MeV and ~ 35MeV, respectively. Although the detector
will be located underground, ~ 3.5 /s reach the central detector volume and can
produce relatively long-lived radioactive isotopes with a Q-value large enough to
reach in the signal. Moreover, muons traversing the rock material can pro-
duce high-energetic neutrons, which can enter the inner detector volume without
being tagged. This background can be reduced significantly, as most of the events
concentrate on the verge of the scintillator volume. Neutral current (NC) reactions
of atmospheric neutrinos pose the primary background source when nucleons are
knocked out of the "*C nucleus. Signal and background events were simulated,
and backgrounds overwhelm the signal by a factor of ~ 16. Therefore an ef-
ficient active background identification is essential. Pulse shape discrimination was
used to disentangle background and signal events, and the atmospheric NC| back-
ground can be reduced to ~1.5% of its initial rate, ensuring 86% signal efficiency.
Additionally, the proposed triple coincidence veto searches for a third signal af-
ter the coincidence, and reduces the overall signal efficiency by 6%, but allows for
an additional atmospheric [NC] background reduction of 30%. A discovery
strategy was proposed, and the detection significance was calculated to 4o, with
~ 21 expected signal and ~ 12 background events after ten years of data taking.
Supplementary, a new technique of neutrino detection, utilizing water-based liquid
scintillators, was introduced for the proposed Theia detector. Finally, existing and
future neutrino experiments SuperK-Gd, HyperK, Theia, DUNE) using dif-
ferent detection techniques (LS, WCD, WbLS, LAr) were discussed and compared
in terms of their[DSNBl detection potential. Several neutrino experiments are ready
to start within the next years, also sensitive to complementary neutrino channels.
With the studied methods of background rejection, and the proposed strategy, a
successful first discovery of the is in reach of the JUNO experiment.






Zusammenfassung

Der diffuse Supernova-Neutrino-Hintergrund (DSNH) ist der gemittelte ku-
mulierte Neutrino-Fluss aller vergangenen Kernkollaps-Supernovae im sicht-
baren Universum. Eine perspektivische Messung wiirde gemittelte Informationen
tiber Sternexplosionen liefern, wie beispielsweise der Supernova-Rate. Zudem
konnte eine Messung Auskunft zur Haufigkeit fehlgeschlagener Sternexplosio-
nen und zur kritischen Masse zur Bildung von schwarzen Lochern geben. Im
Rahmen dieser Arbeit wurde das Nachweispotential des DSNH-Flusses fiir das
chinesische Neutrino-Experiment namens Jiangmen Underground Neutrino Ob-
servatory (JUNO) untersucht. Der 20-kt-Fliissigszintillator-Detektor ermoglicht
eine prdzise Messung von tiber den inversen (-Zerfall. JUNO koénnte, mit
einer erwartenden Ereignisrate von 5,5 Neutrino-Signalen pro Jahr, eines der
ersten Experimente sein, welches den DSNH misst. Obwohl die Koinzidenz-
Signatur des inversen [(-Zerfalls eine hervorragende Unterdriickung von uner-
wiinschten Hintergrundereignissen garantiert, sind dennoch Hintergrundquellen
prasent. Reaktor- und atmosphairische sind vom Signal nicht zu unterschei-
den und definieren somit die niedrige und hohe Energieschwelle bei ~10MeV
bzw. ~35MeV. Obwohl sich der Detektor unter der Erde befindet, erreichen circa
3.5 uu/s das zentrale Detektorvolumen. Myonen kénnen langlebige radioaktive Iso-
tope mit einem Q-Wert erzeugen, welcher grofs genug ist, um das DSNH-Signal zu
tiberlagern. Dartiber hinaus konnen Myonen, die das umliegende Gesteinsmaterial
durchqueren, hochenergetische Neutronen erzeugen, welche unbemerkt in das in-
nere Detektorvolumen gelangen. Da sich die meisten dieser Neutronenereignisse
im dufleren Bereich des Szintillatorvolumens konzentrieren, kann dieser Unter-
grund erheblich reduziert werden. Atmosphérische Neutrinos, die Nukleonen aus
dem “C-Kern herausschlagen, sind die primédre Quelle fiir Untergrundereignisse.
Sowohl Signal- als auch Untergrundereignisse wurden simuliert. Es zeigte sich,
dass der Untergrund das DSNH-Signal um das 16-fache tibersteigt. Daher ist eine
effiziente aktive Identifikation des Untergrunds unerldsslich. Eine Moglichkeit
bietet die Pulsformanalyse, welche den atmosphérische Untergrund auf ~1.5%
seiner Rate reduziert und eine Signaleffizienz von 86% garantiert. Die zuséitz-
liche Moglichkeit der Untersuchung von Ereignissen auf Dreifach-Koinzidenz, er-
moglicht eine zusatzliche Reduzierung des atmosphéarischen Untergrunds um 30%,
bei Verringerung der Signaleffizienz um 6%. Eine Strategie zur Messung des DSNH
in JUNO wurde anschliefiend entwickelt. Der DSNH kann mit einer Signifikanz
von 40 detektiert werden, ausgehend von ~ 21 Signal- und ~ 12 Untergrunder-
eignissen nach zehnjdhriger Messung. Zusétzlich wurde die Verwendung von
Fliissigszintillatoren auf Wasserbasis als Detektor-Technik diskutiert und fiir den
vorgeschlagenen Detektor Theia die Moglichkeit einer DSNH Messung untersucht.
Abschliefiend wurden bestehende und zukiinftige Neutrino-Experimente (JUNO,
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SuperK-Gd, HyperK, Theia, DUNE) mit verschiedenen Detektionstechniken disku-
tiert und hinsichtlich ihres DSNH-Detektionspotentials verglichen. Verschiedene
Neutrino-Experimente, mit Empfindlichkeit auf unterschiedliche Neutrino-Arten,
beginnen in den ndchsten Jahren ihre Messung. Mit den untersuchten Methoden
zur Identifizierung des Untergrunds und der vorgeschlagenen Detektionsstrategie
ist eine erste Entdeckung des DSNH in Reichweite des JUNO-Experiments.
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Introduction

The first neutrino detection in 1956 established a new field of experimental particle
physics [1]. Since then, many experiments have been built to detect neutrinos
and examine their properties. Even after 60 years of neutrino physics, still, some
unknown properties remain, motivating ongoing research in this field.

Since neutrinos interact only little with matter, large detectors are necessary to
enhance the interaction probability. As they are less affected by matter nor by
electromagnetic fields on their passage, they are well suited as messenger particles,
as they carry valuable information on the environment in which they were created.
Exemplary, neutrino signals from a supernova explosion contain information on
the supernova explosion mechanism itself and the dying star. A supernova was
successfully observed with neutrinos in 1987, but a measurement of the so-called
diffuse supernova neutrino background is still pending [2]. The is
the average cumulative neutrino emission of all past core-collapse supernova in the
universe. Such a future measurement provides average information on supernovae
of all stars. Up to now, only upper limits exist on the flux determined by
the Super-Kamiokande experiment [3]. Hence, future experiments would like to
perform a first measurement of the

A promising experiment is the Chinese Jiangmen Underground Neutrino Observa-
tory experiment, which is a 20 kt liquid scintillator detector currently under
construction in southern China [4]. Due to its large target mass and unprecedented
energy resolution, is capable of performing high statistic measurements
of reactor neutrinos, which are produced at the nuclear power plants distanced
~53km to the detector. Precise measurement of the oscillation probability opens
up the possibility to determine the neutrino mass ordering. Besides the measure-
ment of geoneutrinos and possibly supernova neutrinos, JUNO|could be one of the
first experiments to detect the Even in such a colossal detector, only a few
events per year are expected, making its detection very challenging. Under
the presence of background signals, background suppression represents a decisive
issue for this measurement.

The present work comprises an analysis performed in the scope of detection
with the detector and is divided into six main parts. After an introduction
of neutrino properties, several astrophysical neutrino sources are presented in the
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first chapter. The two main techniques applied in real-time neutrino detectors, the
water Cherenkov and liquid scintillator detector technology, are described in chap-
ter 21

The second part, chapter 3, illustrates the experimental setup of the detector
and outlines[JUNO/s physics program.

Chapter ] focusses on the signal in the detector and discusses the in-
fluence of astrophysical parameters on the expected signal strength.
Besides the desired signal, there is a variety of backgrounds present, which are
presented in part four of this thesis. The background topic is divided into three
chapters according to the background origin. Chapter[5|and chapter []investigate
interactions of the reactor and atmospheric neutrinos, respectively. Besides neutri-
nos, also muons can cause a possible background, which is appraised in chapter
Techniques to identify background interactions are presented in the subsequent
part, consisting of chapter[8 and chapter[9] The powerful tool of pulse shape dis-
crimination is of particular interest and presented in chapter |8, Additionally, a
triple coincidence veto method is presented in chapter [9) which allows further sup-
pression of the atmospheric neutrino background. Based on the signal and back-
ground expectations, and the background suppression techniques, the detection
potential for the detector is determined in chapter

Supplementary, a future neutrino detector technique, water-based liquid scintilla-
tor detectors, is introduced and discussed in chapter|11jon the example of the pro-
posed Theia detector. The possibility of a future[DSNB|detection with the combined
detector technique is discussed. Finally, chapter [12] compares the detection
sensitivity of existing and future neutrino experiments and show the potential of a
future joint analysis.

The last part concludes the results of the present work.
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Chapter 1
Neutrino Physics

The neutrino started in 1930 as a new and purely hypothetical particle, postulated
by Wolfgang Pauli [5]. It was introduced to fix the problem of the measured con-
tinuous energy spectra and the missing spin observed in (-decay experiments.
After its postulation, the first detection of electron antineutrinos by Cowan and
Reines in 1956, started a new era in experimental particle physics [1]. Only six years
later, Lederman, Schwartz, and Steinberg discovered the muon neutrino [6]. After
the first discoveries, Weinberg and Salam proposed 1967 the standard electroweak
model, which served as an accurate description for almost all phenomena below
the electroweak scale to this date [7]. Later, measurements immediately implied the
existence of the third neutrino flavor, the tau neutrino, which was finally detected
by the DONUT experiment in 2000 [8,9]. The success of discovering neutrinos lead
to many experiments in order to detect these particles and investigate their proper-
ties.

The role of neutrinos within the Standard Model of particle physics is introduced
in the following section. Section [I.2]discusses the neutrino properties going beyond
the Standard Model, manifest in the effect of neutrino oscillations. Subsequently,
section [1.3|introduces the possibilities for neutrinos to interact with matter, where
the last part of this chapter, section[I.4} discusses neutrinos as astrophysical mes-
sengers, arising from the Sun, the atmosphere, and supernovae.



Chapter 1 Neutrino Physics

1.1 Neutrinos in the Standard Model

The Standard Model (SM) of particle physics connects three of the four funda-
mental interactions, where the strong, weak and electromagnetic interactions are
correlated to SU(3), SU(2), and U (1) gauge groups, respectively [10]. Electromag-
netic and weak interactions can further be combined in a SU(2) x U(1) gauge
group, introducing the theory of electroweak interactions [7]. The[SM is capable of
treating the three interaction forces at energies within the electroweak scale very
precisely. However, it does not yet include gravitation as the fourth fundamental
interaction [11]. Due to the smallness of gravitational effects compared to effects
supplied by the other three forces, gravitation can be neglected in the following,
still providing accurate predictions of particle interactions through the SM.

Within the SM, neutrinos (v,,v,,v,) are described as massless and electrically
neutral partners of the charged leptons (e, p1, 7), describing the so-called family
or flavor of the particle [10]. Assuming that the lepton number is conserved in
all processesl, weak charged current reactions convert charged leptons into their
neutrino-partners of the same flavor and vice versa. After the discovery of parity
violation in the weak interaction, the two-component theory of the neutrino was
introduced, in which by assumption only left-handed neutrinos and right-handed
antineutrinos exist [12H14]. The exchange particles of weak interactions, the W
and Z° vector bosons, couple exclusively to left-handed particles (or right-handed
antiparticles), while left-handed antiparticles (or right-handed particles) remain in-
active. Therefore by assumption, the left-handed fermion fields transform as dou-
blets under SU(2), and the right-handed fields are understood as singlets in the

Ve ”M) <”T) e - 1.1
<6 )L’(H L7 T La RyMR TR, ( )

where the indices L and R denote the left- and right-handed fields, respectively [10].
As the chirality of neutrinos is the same as their helicity, the[SM only includes left-
handed neutrinos with negative helicity and right-handed antineutrinos with
positive helicity. Hence, it is not possible to generate masses via the standard
Higgs-mechanism, which requires a change in handedness for a particle that inter-
acts with the Higgs boson, which is per definition not allowed for neutrinos within
the SM [15]. Consequently, neutrinos are assumed to be massless and are treated
as eigenstates of helicity within the [SM.

! Within the [SM] lepton number conservation is assumed, but, e.g., an observation of the pro-

posed neutrinoless double $-decay would signal a violation of total lepton number conserva-
tion.
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The coupling strengths of W= and Z° bosons to the weak charge of fermions
are comparable to electromagnetic interactions. However, the mass of the weak
exchange bosons (my, =80GeV, my =92 GeV) lower the effective reach, and thus
the observable strength of the force at low energies is significantly decreased. In
this regime, neutrino interactions can, therefore, be described as being point-like,
which was first introduced by Enrico Fermi [16]. The Fermi coupling constant
Gp =90eV fm’ enters neutrino scattering cross-sections quadratically, leading to
rather small cross-sections in the order of ~ 10~ cm? [10].

In contrast to the above-introduced neutrino properties in the [SM, neutrino flavor
oscillations, a process that violates lepton family number, is only possible if neu-
trinos do possess mass. Motivated by its observation, physics beyond the [SM has
to be considered in the case of describing neutrino physics correctly and will be
discussed in the following section.
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1.2 Neutrinos beyond the Standard Model

The Standard Model (SM) of particle physics integrates neutrinos and their an-
tiparticles as massless and exclusively weakly interacting particles [10]. However,
there have been several experiments, which hinted at neutrino properties beyond
the BM [[17)/18].

Inspired by the work of Gell-Mann and Pais in 1957, Bruno Pontecorvo sug-
gested first the possibility of quantum mechanical mixing in a neutral particle:
the neutrino [19,20]. Even though the idea that the neutrino may oscillate into its
antiparticle later turned out to be wrong, the idea of neutrino oscillation was born.
After that, the oscillation among the three different neutrino flavors was proposed
by Maki, Nakagawa, and Sakata in 1962 [21].

Since then, various exotic and unanticipated properties of the neutrino were re-
vealed in the following decades. One of the most prominent cases was the so-called
solar neutrino problem describing the unexpectedly low rate of solar neutrinos ob-
served in terrestrial neutrino detectors [22-26]. The concept of neutrino flavor
oscillations could explain the missing amount of neutrinos, and oscillations were
first observed in the atmospheric neutrino experiment Super-Kamiokande [27].
Meanwhile, solar neutrino experiments, reactor neutrino experiments, and ex-
periments using long-baseline neutrino beams observed this phenomenon addi-
tionally [28-33].

However, even after the discovery of neutrino oscillations, many properties of the
neutrino remain unknown. Notably, the absolute neutrino mass scale, the neutrino
mass ordering, the nature of neutrinos as Dirac or Majorana particles, and the size
of the CP-violating phase of the mixing matrix are still unresolved, motivating
ongoing research in the field of neutrino physics [10,34,35].

The next section introduces the phenomenon of neutrino oscillations in a vacuum,
presenting the oscillation mixing parameters and facing the open question of neu-
trino mass ordering. Subsequently, section [1.2.2]explains how the oscillation effect
changes when neutrinos traverse matter instead of vacuum.

> The Nobel Prize 2015 in Physics was awarded for the discovery of neutrino oscillations.
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1.2.1 Vacuum Oscillations

Generally, flavor oscillations of particles can be studied when a known mix-
ture of flavor states are produced, and it is possible within a particular experi-
ment to detect the resulting flavor state. The weak neutrino flavor eigenstates
|va), a € {e, 1, 7} can be described as a coherent, linear superposition of the or-
thogonal and left-handed neutrino mass eigenstates |v;), i € {1, 2, 3}:

Ve 141 n
v | =U- ||, lva) :ZU;Z'|VZ'>7 (1.2)
728 V3 =1

where U is the unitary n x n Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing
matrix [21}36]. Throughout this part, only active neutrino flavors are considered,

fixing the number of neutrino families to three.” A convenient parameterization of
the 3 x 3 mixing matrix U is proposed in [38]:

1 0 0 C13 0 5136725 C19 S12 0
U=10 Co3 S93 X 0 1 0 X —S812 Cq9 0 X P, (13)
0 —S893 Co3 —5236_26 0 C13 0 0 1
with ¢;; = cos0,;, s;; = sin6,;, and ¢ as the CP-violating phase. The diagonal

matrix P is the identity matrix if neutrinos are Dirac fermions, and it contains
two additional CP-violating phases, P = diag(e'®!, €', 1), if they are Majorana
fermions. As the Majorana phases, «; and a5, do not affect the measurable survival
probability in neutrino flavor oscillations, they are omitted in the ongoing discus-
sion [39,/40].

In the following, the neutrino mass eigenstates are treated as plane waves®, and
the Schroedinger equation gives the time evolution of the neutrino mass eigen-
states [10]: A

vi(t)) = e i 0)), (1.4)

where E; represents the energy of the mass eigenstate [v;(t)).”

A measurement of the Z 0—decay width at the Large Electron-Positron Collider determined the
number of active neutrino flavors to be three [37]. Additional neutrino states, like sterile neutri-
nos, are not part of the following work. A short overview of the concept of sterile neutrinos is
given in section

Although this is an approach, it has also been shown that a wave packet formalism or the treat-
ment in the framework of quantum field theory, lead to the same oscillation probability [41}/42].
In the following i = ¢ = 1.
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If the neutrino flavor eigenstate |v,) is produced at ¢ = 0, the time evolution is
given by [36]:

va)(®) = D va)wsle " |va), (1.5)
pe{ent}

Accordingly, the probability P, _,3 of detection a neutrino in the flavor eigen-
state |5), which was produced in the flavor eigenstate |v/,) can be expressed as [43]:

3
—iE;t 2
Posg = [vple™ " va)” = Z vglvi)e " (vilve)

2

. (1.6)

_z: zEt

=1

It is evident that the factor U,; represents the amplitude of the transition from
the initial flavor state |v,) into the state with definite mass |v;). The factor ¢ %'
describes the time propagation of the mass eigenstate |v;) and the factor Up; is
related to the amplitude of the transition from the state with definite mass into the

final state [v3).

Assuming the relativistic approximation for light neutrinos with a small but finite
mass (p >> m;), the neutrino energy E; can be approximated as [36]:

m;\ 2 1 /m\? 1 /m;\*
RO ORI
D 2\ p 8\ p

where E = p is the energy at m; — 0. The ultrarelativistic condition implies L ~ t,
with the distance L the neutrino traveled from its point of creation, transforming

Eq. to

(1.7)

2

5 UM (1.8)

a—>,3 -

10



1.2 Neutrinos beyond the Standard Model

Consequently, the probability of detecting a neutrino in the same flavor eigenstate
|v,), as it was produced, can be rearranged to [36]:

2

POL‘)OL -

3
> e o
i=1

AmZL
:1_4Z‘Uaanj‘2Sin2< szg >7

i<j

(1.9)

2
mg; L

with Ap;; = (E; — Ej)t ~ A4E and Am?j = m? — m? Eq. 1) demonstrates
that the probability of detecting a neutrino in the same flavor eigenstate as it was
produced is generally smaller than one and oscillating in L/E, calling this phe-
nomenon neutrino oscillation. It follows directly that neutrino oscillations are only
possible if the neutrino masses are not equal (3,5 € {1,2,3} : Amfj # 0), and the
mixing matrix U is not diagonal, demanding for non-zero mixing angles (¢;; # 0).
As a result, the measurement of neutrino oscillations demands not conserved lep-
ton flavor number and at least two neutrino mass eigenstates that are not massless,
contrary to the predictions of the[SM.

Furthermore, as neutrino oscillations depend on the squared mass differ-
ences Am?j, no information about the absolute neutrino mass scale can be gained
from neutrino oscillation experiments. The KATRIN experiment achieved the cur-
rent best direct limit m, <1.1eV (90%[C.L) by measuring the endpoint of the
Tritium (-decay spectrum [44]. More stringent but indirect limits can be set by
cosmology [45//46] and measurements of the neutrinoless double -decay [47].

Up to now, the knowledge of the mixing angles 6,5, 6;3 and 653 and the quadratic
mass differences Am, and |Am3s| were gained in several experiments. Their
latest best fit values obtained from a global analysis on all available oscillation data
performed in 2018 are summarized in Tab. [10].

While the °B neutrino measurements performed by the Super-Kamiokande
experiment, mainly fixed the value of the solar mixing angle 6, [49], the
mass difference Am?, is essentially determined by the results of the
reactor experiment [50]. has also measured the atmospheric mixing an-
gle 053 to high precision in the T2K exgeriment and giving the currently best value
for |Am3s| [48]. While the sign of Am3; > 0 has been inferred from solar neutrino
experiments and the observation of the Mikheyev-Smirnov-Wolfenstein effect in
solar neutrinos, the sign of Am§3 is still unknown, as vacuum neutrino oscillations
are not sensitive to signs in mass differences [28,49,50]. Finally, the best direct
limit on the reactor mixing angle ;3 is determined by the Daya Bay experiment
and showed that it is significantly non-zero [51]. Since the unknown CP-violating
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Oscillation Parameter Value
sin?(6,5) 0.307 0015
Am3, 753 +£0.18 x 10 eV?
sin?(639) 0.41725033 (NO)
0.42170933 (10)
) +2.51 £ 0.05 x 102 eV? (NO)
Am32

—2.56 £ 0.04 x 102 eV? (10)
sin”(6;3) 0.0212 4 0.008
1457058 (NO)
1.5470:33 (10)

dcp

Table 1.1: Global best fit values for the neutrino squared mass differences Am?j, mixing

angles 6;; [10] and CP violating phase 6 p [48].

phase does not affect the survival probability as well, it cannot be measured in
disappearance experiments.

Due to the unknown sign of the mass difference Am3, in contrast to the solar case,
only two independent mass squared differences are present in the three-neutrino
mixing case. The correlation

Am3, = Amiy + Am3y, (1.10)

allows for two possible neutrino mass ordering (NMO) scenarios of the neutrino
mass eigenstates: the so-called normal ordering (NO) and the inverted order-
ing ([Q). Their characteristics are summarized and illustrated in Fig.[I.1} The bars
indicate the mass of the mass eigenstates v; ordered from the bottom up due to
their masses. The colors represent the fractions of the neutrino flavor eigenstates
contained in the mass eigenstates. As \Amgl\ is larger (smaller) than \Am§21 for[NO|
[O), the can be determined in principle by precision measurements of these
two parameters. This approach is followed in the Jiangmen Underground Neutrino
Observatory experiment, which is currently under construction and introduced in
more detail in chapter [3| To answer the open question of oscillations of the
reactor electron antineutrinos arriving from nuclear power plants will be an-
alyzed via a precision spectral measurement. This reactor neutrino disappearance
experiment focuses on the survival probability of [}

12



1.2 Neutrinos beyond the Standard Model

Normal Ordering Inverted Ordering
m1<m2<m3 m3<m1<m2
A
m M I > mo
Amis,
I mi
2
Am32 - ]je
2
| RZe
—— mo
Amgl
I T I 3
2 2 2 2 2 2
|Ams, | = LAm32| ‘|‘2’Am21\ |Amj, | :2’Am32\ —2|Am21\
Am3; > Amiy |Am3;| < [Am3s|

Figure 1.1: Schematic representation of the neutrino mass ordering. The color-coding in-
dicates the fraction |U,;|* of each distinct flavor v,,a € (e, u,T) contained in each mass
eigenstate v;,i € (1,2,3). ForINO, the small mass difference is between the two lightest
mass eigenstates, while forlIQ it is between the massive eigenstates.

Outgoing from Eq. (1.9) and using the standard parametrization of the PMNSmix-
ing matrix, the survival probability in the vacuum that an[]is detected in the same
flavor state as it was produced is reduced by three terms [52]:

Py, 5, (E) =1— Py — P3y — P33, with
Py = COS4(913) Sin2(2912) Sin2(A21)
Py; = cos’(f)2) sin” (20;3) sin®(Ag,)

Py = sin2(912) sin2(2«913) Sinz(A:')z)a

(1.11)

with A;; o (m? — m? L

;) x £ and the mixing angles 6,5 and 6;3. The three terms
Py, P31, and Py, oscillate each with a "frequency" in L/E space specified by A,;,
while the mixing angles 6,5, and 6,3 determine the amplitude of each term. The
term P,; with the lowest frequency (x A,;), dominates the suppression, due to the
small value of mixing angle 6,3 appearing in P3; and Pj,. The relative amplitude

of the three oscillation components Py, P3;, and Ps5 is ~40:2:1, respectively.
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Chapter 1 Neutrino Physics

Therefore, to resolve the difference in parameters due to in experiments is
exceptionally challenging as the difference in the measured neutrino energy spec-
tra is suppressed by the small value of the mixing angle 6;5. The energy resolution
of the experiment has to be good enough, in the same order as the size of the ratio
Amy; /|Am3s| ~3% [53]. The survival probability as a function of L/E with L as
the traveled distance and E as neutrino energy is depicted in Fig.[1.2|for (blue)
and [[O (orange).

—— normal ordering

—— inverted ordering

0.5
0.4

0.3

survival probability P(

0.2

[T T T[T I T T[T I T T[T T T T[T I T T[T T T T[T TTT[T

0.1

n n n n | n n n n | n n n n | n n n n
5000 10000 15000 20000 25000
L/E [m/MeV]

Figure 1.2: Survival probability P; _,; for[NO (blue) and|IO (orange) as a function of the
detector-source distance L divided by neutrino energy E. The range of the x-axis corre-
sponds to the accessible parameter space for the JUNO experiment (cf. chapter|3), with a
baseline of ~ 53 km and reactor neutrinos with energies between 1.8 MeV and ~ 8 MeV.

Whether the is normal or inverted represents one of the remaining unmea-
sured fundamental questions in the neutrino sector, and its nature has profound
implications in the development of models of particle physics with significant
implications for cosmology and astrophysics [54,/55]. A measurement of the mass
ordering would also impact ongoing and future research of other crucial neutrino
properties, e.g., in accelerator neutrino oscillation experiments with sensitivity
to unknown leptonic CP-violating phases, where a known would signifi-
cantly reduce the uncertainty. Besides, knowledge on the will influence
the interpretation of non-oscillation experiments, like neutrinoless double /-
decay experiments, which are sensitive to the particle nature of the

neutrino (Dirac vs. Majorana) and the absolute mass, by limiting the domain for
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1.2 Neutrinos beyond the Standard Model

observation of a signal [56]. While the chances of observing for an

are realistic with planned experiments, new techniques are needed to cover the
whole parameter space of NOI[57].

The effect of the above-explained neutrino oscillations changes if neutrinos traverse
matter instead of vacuum, which is explained in the next section.

1.2.2 Oscillations in Matter

When traversing ordinary matter, neutrinos may scatter coherently off the weak
potential created by nucleons and electrons. Usually, the effect is negligible, but if
the density is large enough, an observable effect, named the Mikheyev-Smirnov-
Wolfenstein (MSW) effect, is present. While muon neutrinos and tau neu-
trinos (v,.’s) can only scatter elastically by neutral current (NC) reactions, electron
neutrinos can additionally interact elastically with electrons via charged cur-
rent (CC) reactions, leading to an enhanced overall cross-section for|v,|interactions
compared to and E This enlarged || cross-section can be interpreted as an
additional potential,

V =V2Gpn.(x), (1.12)

altering the oscillation mechanism for [v,|compared to the vacuum case. Here G is
the Fermi coupling constant and n,(x) the electron density of the traversing mate-
rial [58]. The potential V is seen as an addition to the mass terms introduced in the
Hamiltonian, which describes the propagation of the neutrino mass eigenstates.
If the matter potential V is large enough, the change of the Hamiltonian could
influence the mixing angles and the mass differences compared to the vacuum
case significantly. Since only differences in the mass terms drive the oscillations,
the same shift of all neutrino masses by the interactions can be neglected.
Accordingly, the interaction term V only affects the [, flavor proportion of
the mass eigenstates. In general, the mass eigenstate v, is affected the most as its
proportion of the flavor v,is the largest.

A prominent example of neutrinos traversing matter is given through the solar
neutrino flux. The solar neutrino flux arriving at the Earth is an incoherent sum of
the fluxes of mass eigenstate neutrinos, resulting in a generally written [v|survival
probability [59],
© po © po © po
Pee = Pe{ Pie + Py Py + Pe3 Py, (1.13)

with Pg (¢ € 1,2,3) as the probability of an v, — v; conversion in the Sun. P
represents the projection of the ith mass eigenstate onto v, via PZ% = |Ue,;\2 with U
as the leptonic mixing matrix in the vacuum from Eq. (1.3).
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Chapter 1 Neutrino Physics

The third matter eigenstate v3,, ~ v3 is practically not affected by solar or Earth
matter, leading to

PS ~ P ~ sin®(6,5) < 1, (1.14)
that decouples v3, from vy,,, and v,,, [60]. This transfers Eq. (1.13) into
P,. = 13Pys(012, Am3y, cisV) + s, (1.15)

with P,; as the v, survival probability for the two flavor case [59]. The effective

potential ciﬂ/ substitutes the neutrino potential in the Sun V, defining the instan-
taneous effective mixing angle in matter 6,,,, [61]

cos 2019 — QEVV/Am%Q
\/(COS 20,5 — 2E,V/Amiy)* + sin” 20,5

cos(2019,,)(V, E,) = (1.16)

Here, E, being the neutrino energy, ;5 the vacuum mixing angle, and Am%Q the
squared vacuum mass difference between the mass eigenstates 1, and v5. Eq. (1.16)
leads to three specific scenarios:

1. For low electron densities, the mixing angle is almost unaffected by the mat-
ter, called the vacuum region.
2EV/Am§2 & €08 2019 — cos 2015,, ~ cos 20;

2. Reaching the maximal mixing effect between the two neutrino mass eigen-
states, independent of 6,,, is called the transition region.
2EV/Am3y ~ cos 20,5 — 019, ~ 45°

3. Almost no mixing occurs if an[v,mainly consists of the matter eigenstate v5,,,
called the matter-dominated region.
2EV/Am§2 > cos 2015 — 019, ~ 90°

The matter-dominated case applies for that are generated in fusion processes
in the core of the Sun at energies above ~10MeV. Thus, these produced con-
sist mainly of the mass eigenstate 1,,, for the given electron density. When these
neutrinos propagate towards the surface of the Sun, the electron density decreases
accompanied by a change of the mixing angle 6,5,,,. The implications of the matter
effect during the propagation of an v, from the core to the surface of the Sun
are depicted in Fig.[.3} Due to the small gradient of the electron density inside
the Sun compared to the oscillation length of the neutrino in matter, an adiabatic
conversion® may occur at a resonance point, leaving the neutrino in the mass

6 Since non-adiabatic corrections to that mechanism are very small, they are neglected in the eval-

uations given here [61].
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1.2 Neutrinos beyond the Standard Model

Resonance Point ng(x)

Figure 1.3: Illustration of the [MSW effect. An[p created in the core of the Sun (right up-
per corner) propagates through the solar matter with a decreasing electron density n.(x)
towards the vacuum. If the adiabatic conversion takes place, the [V, leaves the Sun in the
mass eigenstate v, that in vacuum basically forms[v,}

eigenstate v5,,. When the neutrino reaches the vacuum region, the vacuum
mixing matrix applies, and mostly 7} which dominantly consist of v, remain. The
resonant conversion of | | into [7;] is referred to as the effect, named after its
discoverers [62,63].

Since the neutrinos are in the mass eigenstate 1,,, when leaving the Sun, they do
not oscillate on their way to the Earth. The so-called Earth-matter effect describes
the transition vy,,, — 14, for neutrinos passing through the Earth and affects the |y,
survival probability by ~1-2% [59]]. Therefore, the Earth-matter effect is neglected,
and the solar v |survival probability ascertains to be

P, = | (vgm|ve) |2 ~ sin’(20,5) ~ 30%. (1.17)
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Figure 1.4: The energy-dependent survival probability for 7] produced in the Sun. The
black points represent, from left to right, the Borexino pp, 'Be, pep, and °B data, while
red points correspond to SNO+SK °B data [64,|65]. The electron neutrino survival proba-
bilities from experimental points are determined using a high metallicity Standard Solar
Model [66]. The error bars represent the & 1o experimental and theoretical uncertainties.
The blue band corresponds to the + 1o errors of the survival probability as theoretically
predicted by the MSW-LMA solution [67]. Figure from [10].

Considering all possible production points of neutrinos in the Sun and upon
averaging over fast neutrino oscillations inside the Sun, the two flavor | survival
probability P,; appearing in Eq. (1.15), can be expressed as [60]

1
P2f(912, Am%l, C%gV) = 5(1 + cos 2912<COS 2912m>) (118)

Here, (cos 26,,,,) denotes the value of cos 26,5, averaged over all possible produc-
tion points
O]
(cos260,9,,) = / f(r) x cos 20,9, (r)dr, (1.19)
0

with the radius of the Sun R, and the normalized spatial distribution function f(r)
of the neutrino source in the Sun. As (cos 26,,,,) depends on the neutrino energy,
the survival probability is also energy-dependent, as depicted in Fig.[1.4, where the
two oscillation regimes can be visibly distinguished.

18



1.2 Neutrinos beyond the Standard Model

While the oscillations of the low-energetic pp, "Be, and pep neutrinos are
vacuum dominated, the oscillations of the high-energetic ®B neutrinos are matter-
dominated. Since this effect is only possible for m, > m;, the presence of the
effect determines the sign of Am3, tobe positive [68]. Until today, all measurements
of the solar v, survival probability have been performed in either the vacuum or
the matter-dominated region while the transition region between ~2MeV and
~5MeV remains mostly unexplored so far. However, measurements in this region
might yield important implications as non-standard neutrino interactions could
influence the survival probability at these energies.7

7 . . . . . . . .
Besides non-standard interactions of neutrinos, also the existence of sterile neutrinos, which

are neutrinos that do not interact weakly, could alter the survival probability of solar v, in the
transition region [69].
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Chapter 1 Neutrino Physics

1.3 Neutrino Nucleon Interactions

As the thesis mainly focusses on the detection of neutrinos through the interaction
with matter, a short overview of possible interactions of neutrinos with nucleons is
given in the following. The four main possible interactions:

e elastic- and quasielastic scattering,
e resonant neutrino scattering,
e deep inelastic scattering, and

e coherent neutrino-nucleus scattering

are discussed and delineated in the following. Corresponding exemplary Feynman
diagrams are depicted in Fig.[I.5/and their interaction cross-sections are plotted in

Fig.

Quasielastic Resonant Deep Inelastic Coherent
Yy oV I Vp I Vp I
W W W W /
n p n noon A A

Figure 1.5: Feynman diagrams of exemplary charged current neutrino-nucleon interactions:
quasielastic scattering, resonance single-pion interaction, deep inelastic scattering, and co-
herent neutrino scattering.

The nucleon interactions possible for neutrinos with low energies are the ones in
which the nucleons stays intact. All neutrinos and antineutrinos can scatter off both
neutrons and protons in what is referred to as neutral current (NC) elastic scatter-
ing:

<13)+p/r1—> (E>+p/n. (1.20)
Once neutrinos acquire sufficient energy, they can also undergo the analogous
charged current (CC) interactions:

(1;1>—|—p/n —>n/p+li, (1.21)

where the flavor is denoted by [ € (e, i1, 7). Because of the need to create the charged
lepton’s mass, this is referred to as quasielastic (QEL) scattering. As exemplarily
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Figure 1.6: Energy-dependend neutral current (NC) (solid) and charged current (CC) (dot-
ted) cross-section per nuclei for[7, reactions on 2c 170]. Quasielastic (QEL), resonant inter-
action (RES) and deep inelastic scattering (DIS) cross-sections are compared.

shown for electron neutrino in Fig.[1.6] the dominant interaction below ~ 1GeV
neutrino energy is the scattering.

As the energy transfer scales with incoming neutrino energy E,, it becomes in-
creasingly unlikely for the nucleon to remain intact, and neutrinos gain access to
inelastic scattering processes. The target nucleon is knocked into a baryonic reso-
nance, which is determined by the neutrino’s energy. Subsequently, these reso-
nances decay back down to a nucleon, most often accompanied by pions, kaons, or
radiative photons, depending on the resonance channel. All combinations of neu-
trinos and anti-neutrinos, scattering off neutrons and protons, via [CCor[NC] which
obey charge conservation, can occur in resonant scattering reactions. For example,
single pion production can occur on both neutrons and protons:

(171>+n/p 1 +n/p+7t. (1.22)
Resonance production is most significant in the transition region between|QEL and
deep inelastic scattering dominance between ~ 0.5GeV and ~ 10 GeV.
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Chapter 1 Neutrino Physics

At even higher energies, the neutrino can transfer sufficient momentum to resolve
the internal structure of the nucleon. Now, neutrinos can scatter directly off the
quarks inside the nucleons. This process is known as deep inelastic scattering. The
neutrino can scatter off any quark that appears inside the nucleon, including those
which form the sea of quarks and anti-quarks that are continually popping in and
out of existence. At lower values, the nucleons contain mostly up, down, and some
strange quarks, but higher momenta can access the higher-mass and shorter-lived
quarks, too. As the struck quark recoils the nucleon fragments, the strong force be-
tween the quarks results in hadronization, resulting in a jet of strongly interacting
particles.

The coherent neutrino-nucleus scattering was measured in 2017 for the first time
after more than four decades of postulation [71]]. The feature of coherent neutrino-
nucleus interaction is that the nucleus recoils as a whole, which increases the
cross-section significantly [72]. The nucleus does not break up and stays unfrag-
mented and unexcited. To avoid the destruction of the nucleus, this can only be
achieved if the momentum transfer to the nucleus is kept small. This strongly con-
strains the kinematics of coherent scattering such that the final-state lepton, and
any additional particles created, are produced at small-scattering angles with re-
spect to the incoming neutrino. Therefore this effect only plays a role for energies
below ~50MeV. At low neutrino energies, a neutrino can undergo coherent
scattering, resulting only in very low recoil energies (O(keV). At higher neutrino
energies, both [CCland [NC| coherent scattering becomes possible, which also results
in the creation of an additional final-state forward going particles, e.g.,[CCland NC
coherent pion production

(§1)+ A— <I;1) + 71'O+ A
O N (1.23)
nH+A-=1T 77 +A,

respectively, in which the neutrino scatters off the nucleus A, and produces a single
pion of the appropriate charge.

This section should give a short overview of the different interaction possibilities.
As the present thesis focusses on neutrino detection for neutrinos below 40 MeV,
the following mainly concentrates on neutrino interactions.
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1.4 Neutrinos as Astrophysical Messengers

1.4 Neutrinos as Astrophysical Messengers

Besides the determination of neutrino properties, neutrinos offer an essential ad-
vantage in the observation of astrophysical objects. As they only interact weakly,
they are marginally affected by matter and offer the possibility to look at and into
their source directly. Contrary to the charged particles of cosmic radiation, neu-
trinos are not deflected by galactic and intergalactic magnetic fields. Photons that
reach an optical telescope are mostly emitted from the surface of stellar objects and
have a spectrally dependent probability of being absorbed by intermediary gas and
dust clouds or by the Earth’s atmosphere. Therefore, light channel observations
provide limited information from the inside of dense objects.

In this respect, neutrinos can be used analogously to conventional photon as-
tronomy as astrophysical messengers. As they carry valuable information on the
environment in which they were created, this allows to investigate the happenings
deep inside of an astrophysical object, e.g., the formation of a proto-neutron star in
a core-collapse supernova, fusion processes in the center of the Sun or the pro-
duction of thermal energy in the deep layers of Earth itself. Contrariwise, due
to their minuscule interaction with matter originating from the small interaction
cross-sections, detection is cumbersome and requires large detector masses. Large
volume neutrino detectors are presented in chapter

In the following, neutrinos emerging from the Sun, the atmosphere, or the astro-
physical neutrino sources of main interest in this thesis: supernovae, are intro-
duced.

1.4.1 Solar Neutrinos

Energy production in the Sun’s core relies on the release of binding during the
fusion of hydrogen to helium. In principle, the Coulomb forces between protons
hinder the fusion of charged nuclei. However, the quantum mechanical tunnel
effect allows the fusion process even at the relatively low Sun’s core tempera-
ture (~ 10 K) [73]]. In the 1930s, two different fusion mechanisms have been dis-
covered, that transform four protons to 4He, resulting in both cases in the net reac-
tion [74]

4p — *He+e" + 21, + 26.73 MeV. (1.24)

The dominant reaction chain, the so-called pp-chain, fuses hydrogen to helium in
several steps and accounts for ~ 99% of the solar energy production [73]. The sub-
reactions of the pp-chain are shown in Fig.[1.7] The second fusion chain, the sub-
dominant CNO cycle, contributes only ~ 1% to the Sun’s energy production and is
depicted in Fig.[1.§[73}[74]. The CNO cycle is divided into two reaction cycles us-
ing carbon, nitrogen, and oxygen as catalyzers [73]]. In any case, independently of
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2 n ) 99.76% 0.24% ( — 5
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Figure 1.7: The sub-reactions of the solar pp-chain. The five generating neutrino reactions
are highlighted. Neutrinos arising from the pp, °B, and hep reactions have continuous
energy spectra (blue), while the neutrinos from the "Be and pep reactions are mono-
energetic (orange). The sub-ratios of the different branches are taken from [73].

the sub-branch, two are produced in every fusion to *He. The radio-chemical
Homestake experiment was in the late 1960s the first experiment that measured so-
lar neutrinos [22].

Five reactions in the pp-chain produce neutrinos, which are commonly labeled by
their essential step in the fusion chain: pp, pep, "Be, B, and hep neutrinos. The
neutrino energy is strongly dependent on the originating nuclear reaction. While
pp-neutrinos are of rather low energy (< 0.42 MeV), the maximum energy of hep-
neutrinos goes up to 18.8 MeV. The pp, ®B, and hep neutrinos have continuous
energy spectra, while the "Be and pep neutrinos are mono-energetic. The calcu-
lated solar neutrino spectra are shown in Fig.[1.9] The dominant neutrino source
is the pp-reaction, as it stands at the beginning of the pp-chain. Therefore, the pp-
neutrino flux is directly connected to the Sun’s luminosity. As the branching ratio
of the pp- and pep-reactions are precisely known, this leads to accurate theoreti-
cal predictions on fluxes produced in these reactions. In contrast, the incomplete
knowledge of the other fusion reaction cross-sections, as well as element abun-
dances in the Sun, giving high theoretical flux uncertainties [75]].
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Figure 1.8: The hydrogen fusion by the CNO cycle occurs within two sub-cycles. There are
three neutrino producing reactions that result in continuous neutrino energy spectra.

The in the CNO cycle generated neutrinos, labeled 13N, 150, and F neutrinos fea-
ture all continuous energy spectra, as can be seen in Fig.[.9} Due to the higher
Coulomb barrier, the CNO cycle is more sensitive to the core temperature of stars.
As star core temperature scales with the mass of the stars, the CNO cycle becomes
dominating in more massive stars. Presently, the solar core temperature is too low
to allow for a substantial energy contribution of the CNO cycle, leading to a small
CNO neutrino flux. For this reason, only upper limits for the CNO flux exist [79].
However, the CNO flux strongly depends on the Sun’s metallicityg, and precise
measurement of it could rule out one of the two different solar metallicity mod-

els [80, 81].9

Here, metals include all elements heavier than helium.

Besides the CNO flux, the 7Be, 8B neutrino fluxes are also sensitive to the Sun’s metal-
licity [82H84]. But due to high theoretical uncertainties on the neutrino fluxes, discrimination
between the two solar models is not possible so far.
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Figure 1.9: Solar neutrino energy spectra predicted by the Standard Solar Model including
the neutrino fluxes from the pp-chain and the CNO cycle [76,77]. The neutrino fluxes with
continuous energy spectra are given in units of cm s '"MeV™', while the discrete energy
fluxes (pep and "Be) are given in cm 25! The “Be neutrinos are generated at two separate
mono-energetic lines (red dashed), as in ~ 10% 7Li is formed in an excited state. The num-
bers associated with the neutrino sources give the theoretical =10 flux uncertainties. Figure
from [78].

1.4.2 Atmospheric Neutrinos

Atmospheric neutrinos are produced in the Earth’s atmosphere as a result of cos-
mic ray interactions and the weak decays of secondary mesons, in particular
pions and kaons. Primary cosmic radiation constitutes 90% of protons, 9% of a-
particles, and 1% of heavier nuclei, and hits the atmosphere of the Earth with a
rate of ~10° /(m?s) [85]. The lower-energetic radiation originates mainly from so-
lar processes, while processes outside the galaxy generate the high energy tail of
the distribution. A broke power law can describe the energy spectrum of primary

cosmic rays

dN -
— xE™* 1.2
X ET (1.25)

quite well, with the energy-dependent exponent «.. For energies below ~ 10" eV, o
is found to be ~ 2.7 [85]. Between ~ 10'°-10'® eV, a so-called knee is registered in the
spectrum where it steepens with a ~2.3 [86]. Above ~ 108 eV, a decreases again at
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the so-called ankle [87]. A sharp cut off in the spectrum is observed around 10%° eV,
which is consistent with the expectations based on the Greisen-Zatsepin-Kuz'min
effect, explaining the probability for high energy particles to be scattered on the
blue-shifted cosmic microwave background radiation [88,89].

When the primary cosmic radiation impinges on the atoms of the atmosphere,
hadronic showers, consist to a large extent of unstable mesons, are produced. The
generated charged pions and kaons decay into muons and the corresponding neu-
trinos via

7ri — ,ui + (J)

X (1.26)

and

K — ¥ 40, (1.27)
Up to an energy of ~1GeV, these muons are expected to further decay on their
way to surface of the Earth via

+ + -~

—e +Vv,t+v

" LT P (1.28)
B o——e F+V.+v,

Below ~1GeV, all parent particles in the decay chain decay at equal probability,
corresponding to an expected flux ratio of muon-type neutrinos to electron-type
neutrinos of

¢1/# + ¢Du

R = Y
ufe ¢ye + QSDE

Due to time dilation, the decay length of the muons becomes larger at higher
energies, and muons are less likely to decay before hitting the ground, increasing
the ratio of muon-type neutrinos to electron-type neutrinos. The neutrino energy
spectrum initially follows the primary cosmic ray spectrum o E~*" and becomes
steeper at higher energy reflecting the decreasing decay probability of the parent
particles. The spectral shape of atmospheric neutrinos closely resembles the one of
the primary cosmic radiation [90].

2. (1.29)

Furthermore, the propagation of a primary cosmic ray nucleus is strongly affected
by the Earth’s geomagnetic field. Thus, low energetic primary particles at low
geomagnetic latitudes cannot reach the atmosphere due to their magnetic rigidity.
This effect results in an angular distribution due to latitude dependence of the
atmospheric neutrino flux at the Earth’s surface with an increased flux towards the
horizon [91,92]]. The difference of flux among between polar and equator region
manifests through the factor ~ 3 at the low energy end [92].
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Chapter 1 Neutrino Physics

When cosmic rays above a few 100 MeV enter the solar sphere, they are pushed
back by the solar wind. As this effect is more pronounced for lower energy cosmic
rays, their energy spectrum also varies with the strength of the solar wind, or with
the solar activity. However, this modulation is expected to be around 5% at 10 GeV,
and becomes even smaller above [93].

However, the air density profile is the most crucial quantity in the calculation of
atmospheric neutrino fluxes. In the mid-latitude and tropical region, the seasonal
differences are small, but fluxes are higher in summer. This may be understood by
the fact that the air density at higher altitudes is higher in the summer, changing
the relative probability of pions to decay or to interact with air nuclei. Moreover,
there is a seasonal variation of the electron (anti-)neutrino fluxes above 10 GeV.
When the air shrinks down, muons are created at lower altitudes, and the prob-
ability of muons to hit the ground before decaying increases. When the muons
hit the earth material, they lose their energy quickly, producing neutrinos with
very low energies. Besides, there is another seasonal mechanism with substantial
effect on the low energy neutrino spectra. When the atmosphere shrinks lower, the
muons travel in denser air and lose more energy before the decay, causing a shift
in the neutrino energy spectra. As the energy spectra of atmospheric neutrinos are
steeply decreasing at the energies 2 0.1 GeV, the fluxes decrease in the denser air
at those energies. Therefore, this mechanism is effecting the seasonal variation of
the neutrino flux, when most muons decay in the air, and for the neutrinos with
energies below a few GeV [92].

Through charged current interactions, the water Cherenkov detector Super-
Kamiokande (cf. section2.1.T) was able to compare the observed ratio of atmo-
spheric muon and electron-type neutrinos, defined in Eq. (1.29) to a Monte-Carlo
prediction and obtained a result of

R, /. = 0.60"0 05 (stat.) £ 0.05(syst.), (1.30)

formulating first the so-called atmospheric neutrino problem [94]. With the observa-
tion of zenith angle-dependent distribution of muon and electron type events in the
detector, the deficit in the ratio was caused by events coming from below the hori-
zon. Neutrino oscillations could unambiguously explain this deficit with the two
flavor oscillation hypothesis of v, — v, transitions mediated by the mixing an-
gle 053. Furthermore, these results allow inferring the oscillation mixing angle 653
and the squared mass difference Amgg (cf. section .

Therefore, by revealing the existence of neutrino oscillations in the atmospheric sec-
tor, and determination of oscillation parameters, a significant contribution to the
understanding of the neutrino and its properties could be accomplished through
atmospheric neutrino observations.
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1.4 Neutrinos as Astrophysical Messengers

1.4.3 Supernova Neutrinos

Core-collapse supernovae (CCSNe) are the spectacular outcomes of the violent
deaths of massive stars at the end of their burning cycles. The iron core, which
gets gravitationally unstable, collapses and forms a neutron star (NS) or a black
hole [95].

The fusion reactions proceed in stages that depend on temperature, defining the
potential of successively overcoming the Coulomb barriers for the formation of
heavier elements. While the Sun is not massive enough to produce energy in the
subsequent steps after the helium-burning, more massive stars continue energy
release through the fusion of heavier elements. At the end of iron burning, a star
with more mass than 8 M, becomes unstable against gravity, because no further
energy can be released in fusion processes when the binding energy reaches its
maximum, and the radiation pressure declines [96].10

If a star is more massive than this limit, it can become hot and dense enough in
the core to burn carbon and oxygen to iron and to develop an iron core at the
end of its life [97]. The Fermi-pressure of electrons in the innermost iron core fails
to balance the gravitational pressure, and the core collapses to a proto-neutron
star (PNS). This collapse comes to a sudden end when the core reaches nuclear
density (~3 x 10 gcm_3), where the core cannot be compressed further, and the
repulsive nuclear forces stop the collapse. This inner core of the iron core forms
the and further in-falling material bounces off the core and forms an outward
propagating shock front.

A successful [CCSN explosion'" can be divided into three typical phases, while the
whole signal will last for ~ 10 s. While the shock front propagates through the outer
core, nuclei are dissociated into free nucleons, and the conversion of protons into
neutrons releases a large number of [ s|via the electron capture process,

e +p—>n+v,.

When the shock front approaches the so-called neutrino-sphere, the region where
neutrinos decouple from matter, neutrinos start propagating ahead of the shock
in the so-called neutronization burst. Although the peak luminosity of this neu-
tronization burst exceeds 10™ erg 57!, the energy-release during this phase is only
of the order of 10°! erg due to the short duration (~20ms) [100].

" Stars below ~ (8—9) Mg, end in a white dwarf. A thermonuclear explosion could occur, named

supernova (SN) type Ia, if they accrete matter or merge with another star.
" For convenience, the common name core-collapse supernovae for SNe of Types II, Type Ib and Ic is

used. For observational classifications of SNe, see [99].
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Figure 1.10: Neutrino luminosities of the different neutrino flavors during a[CCSN as a
function of time. Here: |, is shown in black, [7, depicted in blue, and v, as one species of
Vi |V, 72} V7 in red. The left panel shows the prompt burst of electron neutrinos, while the
middle panel corresponds to the post-bounce accretion phase. The right panel displays the
decay of the neutrino luminosities over several seconds in the neutrino-cooling phase of
the newly formed neutron star. Figure is taken from [98].

After the neutronization burst, the so-called accretion phase follows, during which
the stellar matter of the surrounding shells continuously falls through the shock
and settles onto an inflated accretion mantle around the [PNS. During the mass
accretion, the temperature of the accretion mantle increases. However, this ultra-
dense core cools down by the emission of v pairs of all flavors.

Finally, with the cooling of the the neutrino luminosity declines. The
star deleptonizes and ends up as a During this phase, it mainly cools through
the emission of thermally produced neutrinos of all flavors for a duration of
~10s [100]. If the explosion is not successful, the accretion phase continues until a
still unknown mass limit for formation. At this point, the neutrino release will
stop abruptly. Fig.[1.10 shows the neutrino flux for the different neutrino flavors as
a function of time after core bounce.

The neutrinos emerge the neutrino-sphere when they decouple from matter, and
their energy distribution is determined by the temperature at which they de-
couple. The energy spectra of each neutrino species depend on the differential
neutrino number spectrum from the time-dependent luminosity L, (¢) and mean
energy (E,(t)) of each neutrino species:

szz _ Lu(t) fa(Eu)
dEu B <E1/> fooo fa(Eu)dEu‘

(1.31)
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Model  ProgenitorMass (E, ) (E,) (E,) a5 a,
(M) [MeV] [MeV] [MeV]

TBP [102] 11 10.0 114 14.1 3.7 22

15 10.0 11.4 14.1 3.7 22

20 10.0 11.9 144 36 22

KRJ [101] - 13.0 15.4 157 42 25

Table 1.2: Monte-Carlo simulations of alCCSN| from two different groups for three different
progenitor masses. They predict different shapes for the emitted neutrino spectra: mean
energies (E) and pinching factors o.. The parameterization (cf. Eq. ) and fit values were
taken from [105].

As low-energetic neutrinos may be emitted at higher densities, the correspond-
ing neutrino-spheres have smaller radii than high-energetic neutrinos. This effect
leads to pinched energy distribution with an assumed spectral shape parame-

t 100,101]:
er [100;[101] . <E>aex <_(Q+1)E> (1.32)
“—\®) P\ m ) |

The pinching factor o accounts for a different shape of the neutrino energy spectra
compared to the Fermi-Dirac assumption due to the finite width of the neutrino-

sphere of a particular flavor."?

The spectral shape parameters for [, and v, obtained by two exemplary Monte-
Carlo simulations are shown in Tab.[1.2] [101,[102]. Indirect constraints from the
chemical abundances of light elements produced through neutrino-nucleus reac-
tions in environment predict (£) =12—21MeV [103]. Numerical simula-
tions also predict (E;) in the same energy range and agree with the measured neu-
trino spectrum from SN1987A [101,102,[104]. While the thermalized 7 ;jand [v| only
interact via neutral current reactions with ordinary matter, and are also af-
fected by charged current reactions. Due to the high neutron density in and around
the the surrounding matter is more permeable for ;] and [} explaining the
temperature hierarchy (E, ) < (E, ).

Since the flavor neutrinos are not mass eigenstates, they mix with other flavor
neutrinos during their propagation (cf.section|1.2). To estimate the neutrino

2 Parameter o ~2.3 corresponds to a Fermi-Dirac distribution with vanishing degeneracy pa-

rameter, o >2.3 to a pinched, and o < 2.3 to an anti-pinched spectrum, where a = 2.0 gives the
Maxwell-Boltzmann distribution.
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Chapter 1 Neutrino Physics

spectrum in a terrestrial detector, the mixing and the impact of the matter potential
caused by the core and the surrounding progenitor star on oscillation probabilities,
has to be considered [100]. As the neutrinos pass from the core through the stellar
matter to vacuum, the change of the mixing parameters in the PMNS| matrix leads
to the flavor conversion of v, <« v,/v,. The behavior of matter-induced flavor
conversion'® inside the BN envelope is well understood, because the relevant
mixing angles and mass squared differences are well determined by recent solar,
atmospheric, and reactor neutrino experiments [29}(108-110].

In 1987, the first observation of neutrinos emitted by a [SN] explosion in the Large
Magellanic Cloud - named SN1987A - was performed by terrestrial neutrino de-
tectors. At a distance of 50 kpc, two large-volume water Cherenkov detectors, the
Irvine-Michigan-Brookhaven, and the Kamiokande experiment observed in total
197 events [2,111]. The next opportunity to detect neutrinos could be offered
by the burst from a future galactic[SN| With a predicted [SN]rate in the Milky Way
of about 1-3 per century, a detector with a lifetime of 30 years would have an
excellent chance to observe v’s from at least one galactic[SN|[100,[112]. Nowadays,
many experiments (cf. chapter [2) are waiting for such a rare event, that would yield
revolutionary neutrino data sets. Moreover, many experiments that can observe a
neutrino signal from a are part of the SuperNova Early Warning System such
that, in the case of a nearby[SN| astronomers are prepared.

In summary, the coincidence neutrino burst signals could give information about
the SN position and could provide a reliable test of SN] explosion models. Further-
more, neutrinos are unique messengers of late stellar evolution in the central re-
gions of core-collapse events. They can give information about nuclear and particle
physics at the extreme conditions near the collapsing core.

However, despite looking for the occurrence of a supernova in the Milky Way, an-
other approach is to look for the cumulative emission from all past CCSNe, called
the diffuse supernova neutrino background.

B The effect of self-induced flavor conversions is subdominant (O(10%)) compared to the MSW-

effect (cf. section[1.2.2) and is therefore not considered in this thesis [106)[107].
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1.4 Neutrinos as Astrophysical Messengers

1.4.4 Diffuse Supernova Neutrino Background

There are about 10% stars in the universe, with ~ 0.3% more massive than 8 M,

leading to an estimate of 10" occurred explosions over the entire history of the
universe [113]. In such a a vast amount of gravitational binding energy is
released. Neutrinos carry about ~99% of the released energy and only less than
1% is emitted as optical light. On average, one explosion has been occurring
every second somewhere in the universe, releasing a copious amount of ~ 10%®
neutrinos [114].

Instead of waiting for the next galactic [SN| explosion, a different, complementary
approach is to search for the diffuse supernova neutrino background (DSNB)). As
there is a vast amount of CCSNe, each releasing a huge amount of neutrinos, the
cumulative neutrino emission of CCSNe must fill the present universe with an
estimated flux in the order of a few tens/cm?/s [113]. So, the is the com-
bined flux of neutrinos and antineutrinos emitted by all past CCSNe in the whole
observable universe [115]. As this flux appears isotropic and stationary in time, it is
a guaranteed steady source of [SNIneutrinos. Due to the low flux, progress towards
its observation is essentially technologically driven, as it requires a large target
mass and a good background suppression.

Up to now, the [DSNB|was not measured by present neutrino detectors. The Super-
Kamiokande experiment (cf.section2.1.T) sets the current best limit,
imposing an upper limit"* (90%[C.L) on the [7] flux of (2.8—3.1) /cm? /s above
17.3MeV [3]. Current upper limits on the are close to the theoretically ex-
citing region of the parameter space, leading to the hope that detection might be
achieved at the next generation of neutrino observatories and motivating ongoing
efforts.

Future experiments like JUNOJand the gadolinium-enhanced [SuperK experiment
will offer sufficiently large target masses to achieve the first observation of
neutrinos possibly [4,117]. With the expectation of a few detectable events per
year, the detection of neutrinos from the in the following ~10—15 years
seems achievable for JUNO|and [SuperK] However, both experiments will have to
overcome notable experimental challenges.

As Earth is transparent to neutrinos, detectors see a total (over 47 angle-integrated)
diffuse differential number flux from the full sky. The predicted flux spec-
trum at Earth is computed as the line-of-sight integral of the initial mass func-

" The more stringent limit of [7] flux of 1.2 /(cm’ s) above 19.3 MeV was reported by col-

laboration in 2003 [116]. The result in 2012 includes updated uncertainty models, resulting in
larger exclusion limits.
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tion (IME)-weighted average number spectrum of neutrinos emitted by one past
explosion, multiplied by the evolving [CCSN rate Ry (2) as a function of red-
shift z over cosmic history

do, ?dN(E;) . 4B,
ae, ~ °) "4, " dE,

ﬁ
dz

X Rgn(z) X dz, (1.33)

where c is the speed of light [105,115]. The first term represents the neutrino emis-
sion spectrum, where E, denotes the energy at the time of emission from the cor-
responding SNl sources at redshift z. Thus, E,,, as the received neutrino energy has
to be redshift corrected via E, = (1 + 2)E,, as it was emitted at higher energy.
The detectable neutrino flux mainly originates from SNe occurring at red-
shifts z <1-2. One reason is that the energies of neutrinos produced in farther
SNe are too far red-shifted to contribute to the signal significantly [118,[119]. The
neutrino spectrum can be derived from simulations [[101,/102,120-123]. As
progenitors with different masses are not the same abundant, e.g., low mass pro-
genitors are more frequent than heavier ones; the time-integrated neutrino spectra
per core-collapse need to be weighted by a (constant in time) [MF [124]:

(M) =

N =235 M>05M
av M~¢, {C ’ N © (1.34)

dM ¢ =150, 0.1Mg <M <0.5Mg.

The [IME falls steeply with progenitor mass M, resulting in less relevant contribu-
tions from lower mass progenitors.

The last term in Eq. (1.33), accounts for the assumed cosmological model, which re-
lates z to the cosmic time ¢. The Friedmann equation gives the differential distance
through the expansion history of the Universe by

-1
(ji) = Hy(1+ 2/ + Q1+ 2)°. (1.35)

Throughout, standard ACDM"™ cosmology is assumed, with €2,, =0.3, 2, =0.7 as
today’s fractions of the cosmic energy density in matter and dark energy, respec-
tively, and the Hubble constant Hy = 70km/(s Mpc). By combining Eq. (1.33) with

5 Standard cosmological model with cold dark matter (CDM) and a cosmological constant (A).
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Figure 1.11: Comparison of the flux range together with the upper [SuperK flux
limits [3]. The shaded bands show the spread among the flux spectra of|, s, resulting from
various combinations of the source parameters. The different input source parameters are
explained in more detail in chapter|4 The fiducial model is marked by the dashed line.
Figure is taken from [125].

Eq. (1.35), the estimated [DSNBI flux spectrum is transformed into

4o T AN(E! R
o / d( ) v g, (1.36)
v o ) dB, \/QA+Qm(1+z)3

ThelCCSN rate Rgy(z) can be determined by combining optical information on the
star formation rate Rgp(z) and the[IMF of the forming stars and will be discussed
more detailed in section [4.2[105]. Fig.[I.11 shows the obtained range of possible
flux spectra, including uncertainties of the [CCSN rate, and the neutrino
source spectra that reaches a neutrino detector at Earth [125].

As the possible flux range is quite broad, a measurement of the spectrum of the
neutrinos will be a probe of various neutrino physics [126]. It could probe
the entire stellar population, in its diversity and cosmological evolution. As it de-
scribes the average, red-shifted [SNIneutrino emission spectrum, it carries imprints
of the neutrino production processes and the equation of state of nuclear matter as
well as the mass accretion rate onto the [127]. Therefore, the provides
an immediate opportunity to study the average emission of MeV-thermal neutri-
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nos from CCSNe and possibly the explosion mechanism [123,/127,128]. The
also serves as a test whether an individual event, such as SN1987A, the only|CCSN
with neutrino detection to date, is typical in its neutrino signal [129,(130].

Since the represents the average neutrino emission from all past core col-
lapses, it is sensitive to subpopulations with potentially systematically different
neutrino emission properties. So far, most predictions for the have consid-
ered only the most common scenario: the collapse into a[NS| However, not all SNe
terminate in the formation of a[NS| but a fraction of O(10%) is thought to collapse
further into a[BH] especially for extremely massive progenitors [131]. Such so-called
failed SNe are optically dark since no explosion occurs and, thus, contribute to the
uncertainty of the measured [SN| rate. Additionally, it has been shown that in the
case of collapse to a[BH] neutrinos with significantly higher energies can be emit-
ted compared to cases of successful explosions [127]. Therefore, the flux from stellar
collapses with directBHIformation is expected to be more energetic than that from
successful SNe. An observation of these neutrinos could answer many fundamen-
tal questions ranging from the nuclear equation of state of nuclear matter of
progenitor to the existence of new particles and interactions [123,(127,128].
Furthermore, a non-detection would aim for new stellar or neutrino physics, like
invisible neutrino decays or the presence of hypothetical new particles [132,]133].
The possibility to study the birth of using neutrinos opens interesting inter-
disciplinary connections with the studies of general relativity and with the new
frontier of gravitational wave detection from [BH mergers [134]. The effect and the
importance of the amount of failed SNe are discussed in more detail in section

36



Chapter 2
Large Volume Neutrino Detectors

Neutrinos have very small interaction cross-sections. The first detector that was
able to detect an interaction with a neutrino used an interaction target of approxi-
mately 1t. The large target, with its many interaction opportunities, compensates
for the small cross-section. Modern detectors use targets of up to several kilo
tonnes in an attempt to increase the rate of neutrino interactions. Nevertheless,
when looking for neutrinos from weak sources, such as the diffuse supernova neu-
trino background, exposure times of several years are necessary to acquire enough
events for analysis. Moreover, a stable and reliable detector behavior over the time
scale of several years is required.

The present chapter will introduce the primary methods of neutrino detection
and present currently existing large volume neutrino detectors. Neutrino detectors
can be divided into two types: Those that use the Cherenkov effect to detect the
secondary particles (section[2.1), and those that use a scintillating material for
detection (section . Future detectors, such as Theia (section @), may use a
combination of these two approaches. This chapter focuses on existing detector
technologies.

Independent of the technique used to detect the scattered or secondary particles,
all flavors of neutrinos and antineutrinos can be detected via elastic scattering (ES)
reactions

v,+e —uv,+e . (2.1)

The quasielastic reaction of the inverse $-decay (IBD), where electron antineutrinos
are detected by the reaction on free protons1

Ue+p—>e +n, (2.2)

producing a positron and a neutron. The scattered electron or produced positron
can be detected in a water Cherenkov detector if its kinetic energy is at least the
Cherenkov threshold of ~ 800 keV.

1

Here, free protons mean hydrogen nuclei in contrast to the bound protons in heavier nuclei, for
which nuclear binding effects suppress interactions at low energies.
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The most commonly used process in liquid scintillator (LS) detectors to detect MeV-
is the as the two resulting particles provide two time-separated signals.
The positron deposits its kinetic energy immediately (~100ps [135]), and, once
thus, thermalized, creates a prompt signal through annihilation or the formation of
positronium (Ps) [136].2 When the resulting neutron from Eq. is thermalized,
an additional signal is present through the later capture by a nuclear core, giving a
supplementary delayed gamma signal

n+ 45X — AIX 4. (2.3)
A commonly used scintillator material is linear alkylbenzene, where 99% of the
neutrons are captured by free protonss, releasing a characteristic 2.22 MeV ~-signal
with a delay of ~206 ps [139,(140]. Contrary, a gamma of such low energy is diffi-
cult to detect in a large water Cherenkov detector (WCD). The minimum neutrino
energy needed to initiate the reaction is

E, > Q ~m,+m, —m, =1.806MeV. (2.4)

As the neutron is much heavier than the positron, the kinetic energy of the resulting
positron is strongly correlated with the incoming|[/]energy. If the neutron recoil can
be neglected, the positron gets almost all the energy of the [] but reduced by the
Q-value of the reaction. In contrast to the[ES/channel, Eq. (2.I), the kinetic energy of
the incident neutrino can be determined on an event by event basis from the energy
of the detected positron signal,

E(V,) = Eyis + (m,, —m,,) — m, = Ey +0.78 MeV, (2.5)

allowing for neutrino spectroscopy. The delayed coincidence of prompt and de-
layed signals provides a distinctive event signature. Furthermore, the cross-section
of the [BDI reaction is relatively large in comparison to the[ES cross-section [141].

A short summary of the within this chapter introduced neutrino detectors is given
in Tab.2.1]

The bound state [Pslconsisting of a positron and an electron occur in two spin states: the singlet
state, parapositronium (p-Ps), which constitutes ~25% of the formed [Ps and the longer-lived
triplet state, orthopositronium (o-Ps), that has a lifetime of about 3 ns in organic[LS/[137]. While
[p-Ps|dominantly decays immediately (O(ps)) via the diametrical emission of two 511keV gam-
mas, for the dominant decay channel of[o-Ps/in vacuum three gammas are emitted [138].

The cross-section for the neutron capture on 12C is ~ 1% of the cross-section for capture on pro-
tons [139]. Therefore, in only ~ 1% of the cases, in hydrocarbons, neutrons are captured on 12C,
releasing v-rays of the combined energy of 4.9 MeV [140].
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Water Cherenkov Detectors

Super-Kamiokande (+Gd) IceCube
Location Japan South Pole
Overburden [km.w.e] 2.7 -
Target Mass 50 kt 10° kt
Target Composition water (+Gd) ice
PMTs 11k 20" 5k DOMs

Liquid Scintillator Detectors

Borexino SNO+ KamLAND JUNO
Location Italy Canada Japan China
Overburden [km.w.e] 3.8 6 2.7 1.9
Target Mass 300t 780t 1kt 20kt
Target Composition PC LAB dodecane + PC LAB
Wavelength Shifter PPO PPO PPO PPO, bis-MSB
Light yield [p.e./MeV] 500 400 250 1200
PMTs 2200 8" 9300 8" 1320 17" 17k 20"

554 20" 25k 3"

Optical coverage 34% 73% 34% 77%
Energy resolution 5% 5% 6% 3%

Table 2.1: Comparison of technical parameters of [JUNO to current|LS experiments: Borex-
ino, SNO+, and KamLAND [4,|142-145]. The energy resolution is given at 1 MeV visible
energy. The two large volume [WCDis [SuperK and IceCube are compared [146,|147]. The
listed neutrino detectors are introduces separately in the following sections.
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2.1 Water Cherenkov Detectors

The first real-time neutrino detectors were Cherenkov detectors, which mainly use
water as the primary target and benefit from the possibility of building immensely
large target volumes at a low cost.

If the secondary charged particle has enough energy, it will emit light by travers-
ing the water, which is registered by light detectors, such as photomultiplier tubes
(PMT5). So if, e.g., a scattered electron is energetic enough to move faster than the
phase speed of light, e.g., in water, it emits so-called Cherenkov light [148]. This
radiation is emitted along the charged particle’s track and is mostly emitted in the
ultraviolet and blue part of the visible spectrum with a usual light yield of ~ 200
photons per MeV [149]. Through the constructive interference of spherical light
waves, the radiation appears as a conical light front with the shape of a spherical
cone, which is illustrated in Fig.[2.1] The light cone opening angle « depends on the
refractive index n of the material through which the particle is passing,

1
sina = B—n, (2.6)

with 8 = 7 as the particles’ velocity [148].

Usually, Cherenkov radiation is registered by PMTk distributed on the embedding
of the detector. The detected radiation is characterized commonly by the angle o
at which the radiation impinges on a surface perpendicular to the particle track.

Figure 2.1: Illustration of the Cherenkov radiation created by an ultra-relativistic charged
particle with 3 ~ 1 passing through a medium with a refractive index n > 1 [148]. Along
the particle’s track (orange), spherical light waves (blue) are emitted. Their interference
manifest in a conical shape. The opening angle oo depends on the refractive index n of the
material and the particle velocity.
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The relation between the photon production angle compared to the charged par-
ticle’s direction is given by ac = 90° — a. Thus, WCDs offer the possibility to use
the orientation and the characteristic shape of the Cherenkov cone to determine
the direction of the charged particle. Unfortunately, the neutrino does not radiate
Cherenkov light itself, but for neutrino-electron elastic scattering (cf. Eq. (2.1)),
forward scattering becomes more probable for high energy neutrinos and the di-
rection of the electron and the neutrino nearly matches for higher energies.

However, a minimum energy of the charged particle is required to produce
Cherenkov radiation, since the particle has to move faster than the phase speed
of light of the material. Therefore, its velocity must be at least 5 >1, implying

threshold energy of

1
By = Yy = ———, 27)
2
n

with v = 1/1/1 — 3* and m, the rest mass of the charged particle. For the re-
fractive index of water ny, =1.33, the corresponding threshold energy becomes
Ey. =1.52mg. Thus, a particle needs to possess at least a kinetic energy of half
its rest mass to generate Cherenkov radiation in water. As the scattered neutrino
cannot be detected directly, the neutrino energy cannot be reconstructed from the
electron on an event by event basis. However, this becomes possible through a
statistical analysis of several events. So, based on the number of photons registered
by the and their respective arrival time, [WCDs allow to explore the neutri-
nos energy spectra in real-time and offer the possibility to reconstruct roughly the
direction of the incoming neutrino as well as their interaction position. Further,
due to a differing distortion of the ring as which the Cherenkov cone arrives at the
[PMT5k, the distinction between charged muons and electron-like events (ei/ v) is
possible [113].

A disadvantage of[WCDs and the neutrino-electron scattering detection channel is
the indistinguishable background from reactions (cf. Eq. (2.2)). Nevertheless,
the forward-peaked nature of neutrino-electron scattering allows an angular cut
that should contain the majority of scattering events. However, even in a narrow
cone, near-isotropic events contribute as background [112]. Neutron tagging
can be utilized to overcome this disadvantage. For this, elements that feature a
large neutron capture cross-section, like gadolinium, can be added to the detector
target, in order to identify events via radiative neutron capture on gadolin-
ium (cf. Eq. 2.3)) [112]. The addition of such elements strongly enhances the
event signature.
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Moreover, neutrinos created in solar or supernova processes are of rather low
energies (100 keV—-50MeV), and the detection thresholds of neutrino Cherenkov
telescopes are far too high in energy to be sensitive to these type of neutrinos.
Therefore experiments dedicated to low-energy neutrino search are usually liquid
scintillator detectors, which are lower in volume and, at the same time, more
densely instrumented with light detectors that are explained in the section

The focus in the following is on currently existing large volume [WCDs that of-
fer at least 1kt of the target material. Therefore, Super-Kamiokande (section ,
and IceCube (section 2.1.2), are shortly introduced within the next sections. As the
heavy{WCD Sudbury Neutrino Observatory finished data taking 2006, it is not con-
sidered here, and the reader is referred to [[150].

2.1.1 Super-Kamiokande

Super-Kamiokande (SuperK) is an imaging[WCD, located at the Kamioka Observa-
tory in Japan [27,146,151]. With 50 kt of ultra-pure water in a cylindrical tank with
39.3m diameter and 41.4m height, it is the world’s largest low-energy neutrino
detector. can detect neutrinos from the Sun, Earth’s atmosphere, and the
K2K long-baseline neutrino beam with high efficiency. The scientific goals of the
experiment include searches for proton decays, and studies of neutrinos
from various sources: the Sun, atmosphere, supernovae, gamma-ray bursters, and
other astrophysical sources, as well as artificial neutrino beams [146].

To reduce cosmic-ray backgrounds, [SuperK is covered by more than 1 km overbur-
den corresponding to a residual muon rate in the detector of about 2 Hz [27]. The
fiducial volume of the detector, defined as the inside region with 2m distance from
the inner detector wall, contains ~ 22.5 kt water.

Via the [ES] reaction of neutrinos off atomic electrons (cf. Eq. (2.1)), detects
mainly solar low energy neutrinos. The scattered relativistic charged recoil elec-
tron loses energy and is detected by the cones of optical Cherenkov light. The
Cherenkov process is only a small component of the energy loss rate but is the only
one that detects directly. The emitted Cherenkov light travels through the
water to the ~11.000 inward-facing 20-inch PMTk on the walls, which watch the
homogenous volume of transparent water. Even though the Cherenkov light yield
amounts to about 200 photons per MeV [149], the PMT quantum efficiency of 21%
(at 360—400nm) and the optical coverage of ~40% limit the number of detected
photons [146]. Furthermore, PMT] dark noise limit the current detector threshold

for electrons to Fy;, =4.0MeV.*

*  Dueto changes in the electronics and number of active[PMTk, the detector threshold varied from

4.0 MeV to 6.5 MeV over the lifetime of the experiment [[146].
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Significant results include the first unambiguous evidence of neutrino
oscillation in atmospheric neutrinos [152]. Moreover, it was possible to confirm the
solar neutrino flux deficit with realtime observations [153]. A first measurement of
the solar neutrino energy spectrum above 5MeV was achieved, and the world’s
best limits on partial lifetimes for nucleon decay modes were obtained [154-156].

The even larger [SuperK-Gd is the approved gadolinium-based upgrade of the
detector, which is limited by backgrounds [117]. The gamma-ray that is
emitted following neutron capture in the reaction has an energy of 2.2 MeV
and cannot be reliably detected in [157]. Gadolinium, added to the water
at a concentration of 0.2%, will capture the thermalized neutrons [117]. The sub-
sequent de-excitation of the gadolinium nuclei leads to gamma rays with a total
energy of about 8 MeV, which is easily detectable in[SuperK [117]. The time corre-
lation between the positron signal and the Gd(n,7’s)Gd cascade signals, combined
with the vertex correlation, are reliable indicators for a real [BDlevent. In May 2018,
stopped taking physics data to start the work toward [SuperK-Gd [158].
The proposed upgrade could reduce the background substantially and justifies the
ongoing research and development effort [159].

2.1.2 IceCube

IceCube is the first ever built gigaton neutrino detector and consists of a cubic
kilometer of ice instrumented with PMTs, and was completed in 2011. The neu-
trino detector is sensitive to atmospheric neutrinos and high energy neutrinos
from astrophysical sources [160]. IceCube uses strings with PMTk deployed in the
ice at the South Pole, and detect the Cherenkov light emitted by charged particles
after a neutrino interaction in this naturally abundant target material. The South
Pole glacial ice is 2.8 km thick and extremely clear, making neutrino telescopes
of unprecedented scale and sensitivity possible [161]. The age of the ice at 2.5 km
depth is ~ 10° y, and radioactive contaminants in the deep ice are in the range of
~10"2 g(U/Th)/g and ~10~° g(K)/g [162].

With a Cherenkov photon yield of O(10°) visible photons per GeV of secondary
particle shower energy, the long optical attenuation length of South Pole ice, and
large-area PMTE, it is possible to instrument cubic kilometers of ice with a rather
sparse spacing of detectors. In order to detect the Cherenkov photons emitted by
charged particles traversing the ice, 5160 optical sensors are deployed between
1450 m and 2450m depth distributed on 86 vertical strings. The primary in-ice
array consists of 78 strings with a vertical separation of 17 m between the optical
modules, instrumenting a total volume of one cubic kilometer of ice. This design
was chosen in order to meet the primary science requirement of detecting astro-
physical neutrinos in the energy range of O(TeV)-O(PeV).
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Two event topologies form the standard signatures of neutrinos in IceCube. First,
track-like events originate from a charged current interaction of a high energy
muon neutrino with a nucleus, producing a hadronic shower at the vertex and an
outgoing muon that emits Cherenkov light in a cone along its track. The second
class, the cascade-like events, arise from electromagnetic or hadronic showers from
interactions of all neutrino flavors, resulting in a more spherical light generation in
the detector.

IceCube detected the first very high energy astrophysical neutrino flux [163]. In
2018, Ice Cube detected the first likely source of high energy neutrinos, a blazar,
that was also observed with gamma rays telescopes and lower energy photons and
constitute the first-ever identification of a likely source of extragalactic neutrinos
and high energy cosmic rays [164].

The future IceCube Upgrade consists of seven new additional strings of photosen-
sors, each densely instrumented with approximately 700 optical sensors, and em-
bedded near the bottom center of the existing cubic-kilometer-scale IceCube Neu-
trino Observatory allowing for an improved atmospheric neutrino event selection
and reconstruction at a few GeV [165]. The Upgrade will provide leading sensitivity
to neutrino oscillations through the reduction of statistical uncertainties in neutrino
oscillation analyses. Furthermore, it will enable IceCube to take unique measure-
ments of tau neutrino appearance with high precision and will be the world’s most
stringent test on the unitarity of the PMNS matrix [165]. Furthermore, IceCube re-
sults will contribute to the determination of the neutrino mass ordering (NMO), the
fundamental parameter of neutrino physics. The combination of the atmospheric
oscillations using IceCube results with complementary measurements of, e.g., the
reactor neutrino oscillation data from the JUNO|experiment, the NMOIwill be pre-
cisely determined soon (see section [3.4). Finally, the Upgrade represents the first
stage in the development of the future IceCube-Gen2, and is planned to be con-
structed in 2022 /23 [165,[166].
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2.2 Liquid Scintillator Detectors

Liquid scintillators (LSs) are good targets for neutrino detection because both,
the positron and the neutron produced in the interaction (cf. Eq. (2.2)) can be de-
tected. This specific double-coincidence signature allows for robust background
suppression. Some [LS materials are also cheap enough to build large detectors at a
reasonable cost.

When an ionizing particle travels through a substance containing aromatic com-
pounds, like [LSs, it loses energy by exciting and ionizing the molecules forming
the compounds. In this process, the m-electrons of the aromatic compounds get
excited [167].5 Upon de-excitation of the excited state, a luminescence photon can
be emitted, which can be detected by light detectors. The energy states of the
m-electrons can be schematically shown in a Jablonski diagram, as depicted in
Fig. [167]. Sy is the ground state, while Sy, S;, and S5 are the excited singlet
spin-states and 77, T3, and T3, the excited triplet spin-states. Dashed lines represent
the vibrational sub-levels (Syy, Sp1,...). If the de-excitation process proceeds from a
singlet or triplet state to the ground state, fluorescence or phosphorescence photons
are emitted, shown respectively in green or violet in Fig.2.2l The T} — S, transi-
tion is suppressed by the selection rules for state transitions and has, therefore, a
relatively long lifetime of the order of us. Thus, energy is generally dissipated by
faster processes. For triplet states T, reverse intersystem crossing from triplet into
singlet states is also possible, resulting in delayed fluorescence light. As each par-
ticle type may create a different ratio of singlet and triplet states, the characteristic
scintillation pulse shapes vary with the incident particle type. This allows for pulse
shape discrimination, which is explained in chapter [§]for the [UNO]scintillator.

The light yield of a scintillator is typically not linear with deposited energy.
The term quenching is used for processes that dissipate energy without photon
emission. Several effects contribute to quenching in a[LSland can be described with
the help of the Jablonski diagram, shown in Fig.[2.2]

First, the transition responsible for the emission of fluorescence light is from the
lowest excited singlet state S; to the ground state S). Contrary to that is the
direct excitation of the first states, S; or 7}, suppressed by symmetry and spin
arguments, respectively [168]. Therefore, the molecules are mainly excited into
the higher electronic states S,, and 7,, by direct excitation and ion recombination,
respectively [168]. The higher excited singlets S,, degrade rapidly by internal con-

°  Detailed information about the chemical structure of the [LS material of the detector can
be found in section B.2!
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Figure 2.2: The Jablonski diagram is showing the energy levels of the w-electrons in an or-
ganic scintillator molecule [167)]. S, is the ground state, while S,, Sy, and S are excited
singlet spin-states (left) and T, T5, and T3 are the excited triplet spin-states (right). Dashed
lines represent the vibrational sub-levels. Fluorescence photons are emitted by radiative
de-excitation of the singlet state S, to vibrational sub-levels of the ground state. Phospho-
rescence photons are emitted from the triplet state T} .

version processes, and after several picoseconds, most excited singlets are in the
S, state [167]. Consequently, all energy that excites a scintillator molecule to an
electronic or vibrational level above (S, Sis,...), dissipates first non-radiatively
and very quickly to the lowest state via thermalization and is, therefore, unde-
tectable [167,169]. Hence, the maximal energy of the emitted photon is equal to the
energy difference between the states S;, or T}y and Sy [169].

Secondly, an effect called ionization quenching contributes also to nonlinear behavior
of the light output. This effect comes into play when the incident particle ionizes
many molecules in a small region of the scintillator. These excited molecules inter-
act with each other such that one of them reaches the ground state, leaving only one
molecule to de-excite by photon emission [167]. This type of quenching is intrinsic
to any scintillator.
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The loss due to ionization quenching can be expressed as a function of the ioniza-
tion density with a semi-empirical model described by Birks” formula [170]

dE

. _ 1’076177 (2.8)
drz 1+ kB4E

with the number of photons emitted per unit path length %. The specific energy
loss or stopping power of given scintillator material and with respect to the parti-
cle type is given by £, while L, defines the absolute scintillation efficiency. The
material-specific and empirically determined Birks factor kB links £ to the differ-
ential energy deposition per unit path length $£. The scintillator and particle type
dependent Birks factor needs to be determined through measurements.® In general,
the larger the energy deposition per unit path length, the higher is the ionization
density, and thus, the quenching effect [173]. The absolute[LYlfor a given deposited
energy £ is determined by [167]

Ey Ey
dL dx Ly
LY(Ey) = E.is(Ep) = / — X —dFE = / 7dEdE’ (2.9)
) dz dE ) 1+ kBS:

where E; is the visible energy in the scintillator. Eq. shows that for small
values of kB, quenching effects can be neglected, and the relation between the de-
posited energy and the[[Ylis almost linear. For heavy charged particles, 4£ can be
described in general with the energy-dependent Bethe-Bloch formula [174]. How-
ever, for electrons, additional effects like Bremsstrahlung and different scattering
kinematics due to the small electron mass have to be considered and the Berger-
Seltzer-formula accounts for these effects [174,175]. All in all, the quenching effect
has to be considered seriously in order to interpret the experimental outcome cor-
rectly. How an unknown quenching effect could influence the experimental results
is exemplarily explained for the question of neutrino mass ordering in section

The technology of detectors has been used in several experiments,e.g., in
[145], Borexino [143], Chooz [176], RENO [177] and Daya Bay [178].
An overview of their main technical parameters is given in Tab.2.1} In the fol-
lowing, existing large volume [LS detectors, Borexino (section[2.2.1), SNO+ [144]
(section[2.2.2), and (section[2.2.3), will be introduced separately.

®  The kB value was measured to 98 um/MeV and 127 um/MeV for the scintillator and a
JUNO-like[LSmaterial, respectively [171][172].
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2.2.1 Borexino

The Borexino experiment is built mainly to perform real-time spectroscopy of solar
neutrinos. The detector is situated in the Laboratori Nazionali del Gran Sasso, an
underground laboratory under the Gran Sasso mountain massif. The overburden,
corresponding to ~ 3.8 km.w.e., shields the laboratory effectively from cosmic ra-
diation. The inner detector with a diameter of ~13.6m is encompassed by a steel
dome of 18 m diameter and 16.9 m height filled with ultrapure water that acts as
a [WCD to veto muons. The transparent nylon vessel (¢ =8.5m) as the detector
core contains ~ 280 t[LS target and is surrounded by the buffer liquid. The [LSis a
mixture of pseudocumene and the wavelength shifter PPO. Circa 2000 PMTk are
mounted on the inner surface of the stainless steel sphere of the inner detector to
detect the light emitted by neutrino interactions in the [LS|target. To identify the
cosmic muons passing through the detector, ~ 200 additional PMTk are mounted
on the outer surface and the floor to detect the emitted Cherenkov light produced
in the outerWCD.

The primary goal of the first real-time measurement of the solar 7Be neutrinos was
achieved in 2007, followed by a precision measurement of the solar "Be neutrino
flux [82, 179].7 A first measurement of the solar °B neutrinos with 3 MeV threshold,
as well as the first evidence of the solar pep neutrinos accompanied by the currently
best limit on the CNO neutrino flux, was obtained [79,[84]. After a purification cam-
paign in 2010 and 2011, the reduction of the intrinsic background level allowed to
accomplish the first real-time measurement of pp neutrinos generated in the low-
energetic branch of the solar pp-chain [180]. Moreover, the first simultaneous spec-
troscopic measurement of the solar pp, pep, and "Be neutrinos was performed [64].
In the future, the main effort will be centered around the CNO neutrino flux with
the goal of a more stringent limit or even the first observation, which would con-
stitute the final capstone of Borexino’s rich solar neutrino program.

2.2.2 SNO+

The upgrade of the Sudbury Neutrino Observatory (SNO) experiment, the SNO+
experiment, will have the main goal to search for the neutrinoless double 5-decay
and reuses the infrastructure of the experiment [181]. It is lo-
cated in the Creighton mine near Sudbury, at SNOLAB, Canada, ~ 2 km below the
surface (corresponding to ~ 6 km.w.e) [181]. The strategy will be to load more than
a kiloton of the known double-3 isotope tellurium in a large volume [LS| detector,
with a low background level, and high optical coverage. [SNO is sensitive also to
other low energy physics and is an observatory for solar, geo, and supernova neu-
trinos. Detector commissioning is planned in a three-phase approach, in which the

7 . . . .
An overview of solar neutrinos can be found in sectlonm

48



2.2 Liquid Scintillator Detectors

active medium is changed from water to ultra-pure scintillator, before loading the
with 0.5% natural Tellurium, allowing for different physics goals. The experi-
mental hall is filled with pure water for shielding with ~9300 PMT5s viewing the
liquid medium, housed in a transparent spherical acrylic vessel that held 1kt of
heavy water in and will hold 780t of [LSin SNO+.

The first phase began in May 2017, as a pure water Cherenkov detector allows
for the characterization of the optical properties of the outer water and [PMT] re-
sponse [182]. The main physics goal defined for the SNO+ water phase was the
search for invisible nucleon decay of 10 and a measurement of the B solar neu-
trino flux [182-184].

The subsequent scintillator phase started in November 2018, where a pure[LS detec-
tor allows to characterize the optical properties and backgrounds of the scintillator.
The consists of as a solvent, and PPO in a concentration of 2g/1. New
measurements of lower energy signals, other solar neutrinos, or geo anti-neutrinos
will become possible.

In the last, the tellurium phase, the is loaded with tellurium, and the two
neutrino double 3-decay becomes the primary signal, dedicated to
the search. Tellurium was chosen due to the high natural abundance
of the "’Te isotope (~34%), which has a known low rate of the 2v33-decay]
(T, =82 x 10% yrs) with high endpoint energy (@ =2.53MeV) [185]. A load of

0.5% by mass in 780 t of [[S provides circa 1.33t of the '**Te and has been shown to
keep a high light yield, good transparency, and fast decay, allowing for pulse shape
analysis for background discrimination [186]. This phase was planned to start at
the end of 2019, and five-year data taking campaign is planned [182,(187].

2.2.3 KamLAND

The Kamioka Liquid-Scintillator Antineutrino Detector has been col-
lecting data since 2002 and was the first homogeneous large volume [LS detector.
It is located in the Kamioka mine ~1km under the peak of Ikenoyama moun-
tain, providing a vertical rock overburden corresponding to ~ 2.7 km.w.e [188].
18 Japanese commercial power-stations surround the Kamioka mine and gener-
ate in total ~70 GW power, which corresponds to ~12% of the world’s nuclear
power-generation [145]. consists of an active detector region of 1kt of
contained in a 13 m-diameter spherical balloon made of transparent nylon and
supported by a network of Kevlar ropes. An array of ~ 1900 PMTk are mounted
on the inner surface of the outer containment vessel, providing 34% photocathode
coverage. A 3.2kt [WCD, instrumented with additional 225 [PMTk, surrounds the
inner [LS detector. This outer detector absorbs 7-rays and neutrons from the sur-
rounding rock and allows for muon tagging.
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The primary physics goal of KamLANDIis the search for the oscillation of[7, s emit-
ted from the nearby nuclear power plants. The long-baseline of ~ 180 km, enables
to address the oscillation solution of the solar neutrino problem with
IV¢’si KamLAND] detected fewer reactor [7] events than standard assumptions pre-
dicted, allows for the exclusion of all solutions to the solar neutrino problem, except
for the large mixing angle region [29]. Furthermore, gave the first evi-
dence of the spectrum distortion in reactor neutrinos at long baselines for the first
time with 3 o confidence level [18]. Moreover, performed the first ex-
perimental study of antineutrinos from the Earth’s interior, so-called geoneutrinos,
which are emitted by primordial U and Th and their daughter products [189].
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Chapter 3

Jiangmen Underground Neutrino
Observatory

The Jiangmen Underground Neutrino Observatory is a multipurpose neu-
trino oscillation experiment, currently under construction in southern China. Due
to its large target mass of 20kt liquid scintillator (LS) material, is capable
of performing high statistics measurements of reactor neutrinos from the nearby
nuclear power plants Taishan and Yangjiang [4]. With an unprecedented energy
resolution of 3% at a visible energy of 1 MeV, it can precisely measure the energy-
dependent survival probability of reactor electron antineutrinos [4].

Due to the excellent expected energy resolution and an adequate distance of the
reactor complexes to the detector, is designed to determine the neutrino
mass ordering (NMO) [4]. Besides, the observation of potential supernova neutri-
nos, the detection of the diffuse supernova neutrino background, as well as studies
of atmospheric, solar, and geo-neutrinos are planned to be accomplished with this
detector. Furthermore, can precisely measure neutrino oscillation parame-
ters and is going to improve the precision on Amj,, Am3y, and sin® 6, [4]. The
detector concept, as well as the characteristics, are described in section and
section respectively. A short overview of the detector simulation can be found
in section Besides, a detailed summary of the physics program is given in sec-
tion
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3.1 Detector Concept

& JUNODetector

~53 km

Figure 3.1: Experimental site of the experiment [190], located in southern China,
west of Hongkong. The yellow pin represents the position of the detector, while the red
pins represent the reactor complexes Yangjian and Taishan.

The [[UNO| experiment is located in Jiangmen, Kaiping, Guangdong province, in
southern China, as shown in Fig.[3.T} It is positioned at a distance of ~ 53 km from
the two nuclear power plants (NPPs), Yangjian and Taishan. The Yangjian [NPP is
the largest nuclear power station in China, including six reactor cores, with 2.9 GW
thermal power each . The Taishan is planned to have four reactor cores,
each providing thermal power of 4.6 GW." There is no other within 200 km.
The Daya Bay [NPP, with 17.4 GW of total power, is ~ 215 km away from the JUNO]
site and is expected to contribute ~3% to the reactor electron antineutrino ()
events [4]. Further, the NPPs Huizhou and the proposed Lufeng, do not play a
disturbing role, with a distance of 265 km and more than 300 km from the detector,
respectively [4].

To suppress muon-induced backgrounds, the detector will be located deep under-
ground, and a 270 m high granite mountain provides proper shielding of cosmic
muons, a primary background source. With a total overburden of 650 m, the ex-
pected muon rate is reduced to ~ 3.5 Hz for the central detector ﬂ@].2

It is possible that two of the Taishan cores are not yet operational at the time when JUNO|will
start data taking [191]. This would reduce the total thermal power by ~ 25%.

2 In [@], the expected muon rate was quoted with ~ 3.0 Hz. However, a change in location of the
experimental hall results in a ~ 30 m higher position with ~ 50 m less overburden, and therefore
in an enhanced muon flux.
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Top Muon Tracker

Figure 3.2: The proposed detector concept of [UNO, built underground within rock shield-
ing. The [LAB-based LS is in the acrylic sphere (yellow), which is fixed with struts in a
stainless steel truss (violet), where the[PMTs are mounted. Outside the acrylic sphere is a

cylindric water pool (light blue) as well as a top muon tracker (dark blue) placed above the
central detector and the outer| WCD|

The central detector concept, which is depicted in Fig.[3.2] consists of a spheri-
cal tank submerged in a water pool. The inner acrylic sphere, with a diameter of
35.4m, is filled with 20kt linear alkylbenzene (LAB)-based [LSand is positioned in
a stainless steel supporting structure, with a diameter of 40.1 m, where additionally
the photomultiplier tubes (PMTs) are mounted. Therefore, the radial distance be-
tween the detector center and the photocathode of the PMT5 is ~19.3m. About
17,000 20"[PMTs5 are used to achieve an optical coverage of at least 75%, composed
of ~ 12,000 micro-channel platePMTk and ~ 5,000 Hamamatsu R12860 PMTk [[193].
Additionally, about 25,000 3”[PMT5 are planned to be used alongside the large ones,
in order to serve as a second calorimetric system [194]. Furthermore, technological
advances allow the quantum efficiency of the photocathode to reach ~ 35% [193].
The outer cylindrical water tank protects the central detector from radioactive back-
ground from the surrounding rock. After being equipped with additional 2400 20”
[PMT5k, the water Cherenkov detector serves as an efficient muon veto.
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Supplementary, there is a second muon tracking detector, composed of plastic scin-
tillator strips from the decommissioned OPERA experiment [195]. The top tracker
with an area of ~20 x 47 m? is placed above the central detector and outer WCD.
It covers 60% of the water pool top area to enhance muon identification efficiency

and provide precise muon tracking to reach the expected muon detection efficiency
of 99.8% [4,]196].

The experiment construction is scheduled to be completed in 2021, including also
a tunnel, an underground experiment hall, a water pool, and some ancillary facili-
ties. The detector construction and final cleaning will be completed end of 2021,
and the start of data taking is scheduled for 2022.

The advantage of the [UNO| experiment is the combination of a vast target mass
with an excellent energy resolution of ~ 3 % at a visible energy deposition of 1 MeV.
As the collect the light from particle interactions, the energy is in first order
proportional to the number of collected photoelectrons. The photoelectron statistics
dominate the error ¢ of a scintillator detector, hence

o 1

0.8 .
E vis Mpe

(3.1)

As 3%/v/MeV energy resolution is a mandatory requirement to answer the ques-
tion of the neutrino mass ordering (NMO) (see section[3.4), the design goal for
the photoelectron yield is 2 1100 pe/MeV, which represents a significant improve-
ment compared to the state of the art detectors (compare Tab.[2.T) [142]. To reach
this unrivaled energy resolution, high optical coverage (~75%), highly efficient
[PMTE (~ 35%), and a highly transparent[LS/with a long attenuation length (> 20 m)
are required. The reduction of photons that reach the[PMTk can be approximated by
the factor exp (—R/L), with the detector radius R and L as the attenuation length.
With a light yield of [LAB] of ~10400 ~/MeV, the photoelectron yield can be ap-
proximated by

17.7m

104 M . . .e. -
0400~/ eV><O75><035pe/7><exp< 50

) ~ 1100 p.e./MeV,  (3.2)

where 17.7 m is the radius of the[LS|vessel [4]. This short calculation motivates the
above-mentioned detector characteristics, that were chosen in order to fulfill the
energy resolution condition.
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3.2 Liquid Scintillator
(CHy), (CHy)r,

CH;4 CH,4

Figure 3.3: Chemical structure of linear alkylbenzene. A benzene ring is attached to a linear
alkyl chain.

The liquid scintillator (LS) solvent linear alkylbenzene (LAB) will serve as the de-
tector target in It is chosen due to its good transparency, high flash point,
low chemical reactivity, and excellent light yield. The solvent[LABl refers to several
scintillator compounds, that generally share the same structure formula, but vary
in the length of the carbon chain. It is a mixture of hydrocarbons, consisting of a
linear alkyl chain of 10—13 carbon atoms, attached to a benzene ring. The chemical
formula can be written as

CoH12(CHa)ym; 3.3)

with n +m between 7 and 10 and is schematically shown in Fig.[3.3|[197]. The mass
weighted composition of JUNO/s[LSlis listed in Tab.[3.1} with the number of atoms
and protons per kiloton of scintillating material. [LABIis liquid at room temperature
having a density of p =0.856 g/ cm® and a refractive index of n =1.54 [4]. Parti-
cles, which deposit their energy by interaction in the [LS volume, excite the [LAB
molecules (compare section 2.2). The following emission of light at a wavelength
of 283nm is very close to the [LAB's absorption maximum at 260 nm [197]. Hence,
scintillation light from pure [LABl would be strongly affected by self-absorption.
Therefore, two solutes will be added to the scintillator in order to improve the
transmittance. The two wavelength shifters, PPO® and bis—MSB4, will transform
the emitted light to a wavelength of ~420nm, with a contribution of 3g/1 and
15mg/1, respectively [4,197]. As this wavelength is subject to less reabsorption, the
light can traverse the detector volume.

2,5-diphenyloxazole
p-bis-(o-methylstyryl)-benzene
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mass fraction [%] atoms [kt_l] protons [kt_l]

'y 12.010 716 x 100 7.16 x 10*!
2c 87.924 441 x10°"  2.65 x 10%
N 0.027 1.16 x 10®  1.62 x 10%
%0 0.034 128 x 10®  2.05 x 10%
323 0.005 9.36 x 10°°  3.00 x 10%®

Table 3.1: The number of target atoms and protons for the[JUNO scintillator [4]. Note that
protons from hydrogen are "free" protons, whereas protons from the other nuclei are bound
protons.

To ensure that enough produced light can reach the PMT5, a high optical trans-
parency of the scintillator material is crucial. If light traverses through a medium,
it is attenuated by scattering and absorption processes. For the case that multiple
scattering is negligible, the intensity of a light beam traveling a distance x through
a medium is attenuated exponentially, with [198]

I(z) = I exp(—%). (3.4)

The attenuation length A is quantified as the distance over which the light intensity
is reduced to a fraction of 1/e [199]. The attenuation is due to two kinds of pro-
cesses: light absorption on organic impurities, in which case the photon can either
be fully absorbed and potentially re-emitted, and light scattering of the solvent

molecules [200]

1 1 1

— = + . (3.5)
A Aabsorp’rion Ascattering

The attenuation length has to be at least of the order of the detector radius. For
a medium, absorption processes convert the scintillation light into heat or
re-emitted photons, whereas scattering changes the direction of the produced pho-
tons within the medium. This leads to the fact that absorption processes have to be
suppressed, and the [LS/material has to be cleaned in several steps to improve the
optical transparency of the scintillator solvent. Besides aluminum oxide column
purification, distillation, water extraction, and nitrogen stripping purification tech-
niques are proposed [193].°> The Rayleigh scattering length was measured with
(27.0+2.3) m [200]. Based on the measured attenuation length of ~20m [201], an

°  Different purification techniques are explained in more detail in [201].
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absorption length of ~ 77 m is obtained, which warrants excellent detector perfor-
mance and allows for a rich physics program for the detector within the
next years [201].
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3.3 Detector Simulation

In the present thesis, the potential for to detect the diffuse supernova neu-
trino background is studied using a detector simulation. Therefore a short intro-
duction into the simulation framework of is given. The signal and back-
ground events were simulated with the[[UNO|full detector Monte-Carlo simulation
based on Geant4 (Version 9.4.p4), in the following called JUNO's Offline Simulation
Framework [202-205].

The is a serial simulation framework, based on SNiPER (Software for Non-
collider Physics ExpeRiment) and composes a full chain of data processing, visual-
ized in Fig.[3.4/[206,207].[OSHis composed of SNiPER plugin components, with de-
pendencies on external packages. First, the physics generators produce kinematic
information of the primary particles. In the subsequent step, the detector simula-
tion algorithm starts tracking of these partic:les.6 Here, the hits of the photons on the
[PMTIphotocathode, containing charge and time information, are generated. Within
the simulation, also quantum efficiencies of the[PMT5 are considered. After that, the
electronics simulation algorithm performs the digitization, containing waveforms
information. These waveforms are processed by the [PMT] calibration algorithm to
calibrate charge and time for each [PMT] Afterward, reconstruction algorithms are
used to perform event reconstruction. Lastly, physics analysis becomes possible,
and the reliable Monte-Carlo simulation software plays an essential role in detec-
tor parameter optimization and physics studies [207].

In the present thesis, the signal, as well as the background sources, are simulated
within the version J18v1rl.

JUNO Offline Simulation

e e T o e e e e T e e e = T e e e e =

TMC Simulation
SNiPER

1

External Libraries

Analysis Reconstruction Calibration
Geant4,
ROOT,

CLHEP...

Detector Simulation Electronics
Geometry, Simulation
Physics Processes, PMT Simulation,
Optical Mode... Electronic Simulation...

Generator

P T T P

Figure 3.4: The serial simulation framework implemented to perform physics analysis for
the[JUNO detector [207].

®  The absorption and Rayleigh scattering length was set to 77 m and 27 m, respectively, to obtain

an attenuation length of 20 m, as discussed in previous section.
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3.4 Physics Potential

With the future JUNO]| experiment, a broad physics program is achievable within
the next years. Besides the primary goal of determine the neutrino mass order-
ing (section [3.4.T), solar (section [3.4.3), supernova (section [3.4.4), and geo-neutrino
(section [3.4.5) measurements are discussed in the next sections. Furthermore, neu-
trino measurements within JUNO]will allow to constrain some of the neutrino os-
cillation parameters further (section[3.4.2). Moreover, also the possibility to study
the presence of sterile neutrinos (section [3.4.6), proton decay (section[3.4.7), and
dark matter (section will be part of the following sections. As the central part
of this thesis is a feasibility study of observing the diffuse supernova neutrino back-

ground (DSNB), the[DSNBJsignal in will be explained separately in chapter[d

3.4.1 Neutrino Mass Ordering

The oscillated reactor [] event spectrum measured by the detector is the
product of the initial [7,] flux spectrum, the inverse 5-decay cross-section and
the oscillation probability P(E,,, L):

dN, do,
dE, dE,

x o,(E,) X Pl—,e_n;E(EV,L) X N, (3.6)

with the number of protons in the target volume N,, following Tab.[.T) [141].
The oscillation probability is given in section[1.2.1] The measured reactor [7] spec-
trum for calculated with the oscillation parameters presented in Tab.[I.1]is
shown as a function of the neutrino energy in Fig.[3.5, Both possibilities for the
neutrino mass ordering (NMO) are compared: the normal ordering (NO) (blue)
and the inverted ordering (IO) (orange). Please note that no detector response
function, e.g., detector resolution, is inserted. The ability to resolve the position of
the minima and maxima will provide the determination within [4].
JUNOfs goal is the identification of the at a confidence level of 3—4 o after
six years of data taking [193].

Three main types of systematics could influence this measurement. First, the un-
certainty on the large mass differences Am3; and Am3, strongly affect the survival
probability, as it will influence the primary oscillation frequency and hence, the
ability to resolve the effect of the [NMQl’

Second, an (unknown) uncertainty in the detector energy response would in-
fluence the interpretation of the experiment, as, e.g., a shift of the energy scale has

7 The actual uncertainty on |Am3,| is ~2%. The reader is referred to the next section [3.4.2| for

discussion of this topic.
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Figure 3.5: Reactor neutrino spectrum for [[UNO without detector resolution for nor-
mal (blue) and inverted (orange) ordering. The aim of [JUNO is to resolve the position of
the maxima and minima, which actually are determined by the[NMO|

the same effect as a change in Am3;. This shift could stem from quenching effects
(introduced in section[2.2). An illustration of this effect is given in Fig.B.6) where
the reactor [ spectrum is plotted for two values that characterize the strength of
the quenching effect, the kB parameter (compare Eq. (2.8)). The kB parameter was
set to kB =(0.980 4+ 0.078) %107 m/MeV and kB =2.00 x 10 m/MeV. While
a measurement motivates the first value for kB, the second value was chosen
large enough to demonstrate the impact of an uncertainty of this parameter [171].
Furthermore, both orderings: the[NO and [[O are compared. Fig.[3.6/illustrates how
an unknown non-linearity could significantly influence the interpretation of the
spectral measurement in connection with the determination. At ~5MeV, an
overlay of the solid blue curve with the red dashed curve is present, which repre-
sents different orderings and could lead to a misinterpretation if the non-linearity
is not precisely known. Therefore, several measurements are ongoing to investigate
the non-linearity of the[LS][171,208].

Lastly, an unprecise knowledge on the reactor [ ] flux spectrum will influence the
measurement as well. Since one is searching for frequencies in the Fourier
spectrum, any unknown high-frequency components in the flux can lead to mis-
interpretations. Neutrino reactor fluxes have a microstructure at the 50keV level,
which is similar to the signal in [209]. This uncertainty arises, as
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Figure 3.6: Reactor neutrino spectrum for two different kB parameters:
kB =0.98x 10" m/MeV (solid) and kB =2.00 x 107 m/MeV (dashed) and normal
ordering (blue) and inverted ordering (orange) in the most sensitive energy region. An
energy resolution of 3% is also included.

antineutrinos from reactors are produced in the S-decays of neutron-rich fission
products. There are ~ 100 isotopes with ~ 100 individual 3-decay branches, which
would have to be known with reasonable accuracy to compute the antineutrino flux
with percent level precision. Therefore measurements of the total 5-decay spectrum
from fission fragments are used to reconstruct the antineutrino spectrum [210-212].
A priori calculations account for about 80—90% of all S-decays and, thus, reproduce
the total S-spectrum as measured to about the same degree [213]. This problem
can be resolved entirely by using a second reference reactor [, spectrum measured
with at least similar energy resolution. The sensitivity may improve beyond the
original one since all flux uncertainties are eliminated [214].

The proposed Taishan Antineutrino Observatory detector is planned to be
a 2.6t (1t fiducial) volume Gd-loaded detector placed ~30m from a 4.6 GW
Taishan reactor core, which ensures ~ 30 times the event rate [214,215].
With the desired energy resolution of ~1.5% at 1 MeV, the reference detector
should be able to look for fine structures in the reactor energy spectrum.
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Besides the existing systematics of this measurement, background events, that are
mimicking the coincidence signature arise and should be considered for the
determination of the These are mainly accidental coincidences, cosmogeni-
cally produced ®He and “Li (described in section , fast neutrons (described in
section , 3C(a,n)'®0 reactions, and geoneutrinos. In order to suppress back-
ground, the temporal and spatial cuts between the prompt [, signal and a delayed
signal neutron capture must be tuned. The detector volume around a muon track
should be vetoed for several lifetimes of the neutron unstable cosmogenic radioiso-
topes. After the application of such cuts, ~ 60 events per day, of which ~ 4 are
caused by backgrounds, are expected in [4].

Due to the broad range of neutrino experiments, some neutrino oscillation parame-
ters can be determined by several measurements. Therefore, combined analyses
can give access to the full information on neutrino oscillation parameters. In the
case of the there is the possibility of combining JUNO]with the atmospheric
neutrino oscillation experiment IceCube (cf. section 2.1.2). Especially through the
combination of complementary measurements the will be precisely deter-
mined even sooner [216]. While JUNOJaims for a careful investigation of the energy
spectrum of oscillated [7] produced by nuclear reactor cores, the IceCube array will
observe large numbers of atmospheric neutrinos that have undergone oscillations
impacted by Earth matter effects. Their neutrino source, reactor vs. atmospheric
neutrinos, as well as their energy range, MeV vs. GeV, differ. Moreover, the os-
cillation effects are entirely complementary, sub-dominant vacuum oscillations vs.
matter-induced differences in the oscillation patterns, for and IceCube, re-
spectively. The different Am3; dependencies of the measurements by
and IceCube constitute the most pronounced synergy effect of their combined anal-
ysis. Due to the different positions of the minimum y*-values in the oscillation pa-
rameter space within the wrong ordering, the combined analysis achieves a better
sensitivity than the purely statistical combination of the sensitivity from the two
experiments, as depicted in Fig.[3.7][217].

Depending on the detector configurations, the combined analysis will reach a me-
dian sensitivity of 50 within less than two years of joint lifetime [217]. Even
if has no more than eight (instead of the ten nominally expected) reactor
cores available and the less instrumented IceCube Upgrade is assumed, the result-
ing combined analysis exceeds a significance of 50 in 3—5 years of the lifetime of
both detectors [217].

64



3.4 Physics Potential

true NO true 10
10
&
3 I
g 5
g !
=
=
.20
0 PRI PR B N T | L1 . 1 . 1 . 1,1 0 Lo 1 1.1 . 1.1 L1 1. 1.1 .1
123456 12345¢6 123456 123456

livetime (years)

Figure 3.7: Lifetime evolution of the[NMQ sensitivity of the individual experiments and
their (statistical and full) combination, assuming the parallel start of data taking. The results
from the stand-alone (blue and black line) are compared to the simple (quadratic) sum
(yellow dashed), and the combinational result (red). Results for the PINGU and nominal
JUNO configuration are shown with the IceCube Upgrade and the 8-reactor-core [[UNO
configuration. The left panels assume true [NO, while the right panels corresponding to
assumed truellO. Figure from [217].

3.4.2 Determination of Oscillation Parameters

Additionally, the excellent energy resolution of the detector allows to im-
prove the precision of some neutrino mixing parameters significantly. The observed
energy spectrum allows access to the three oscillations parameters: 6,5, Am3,, and
|Ams3,| to a sub-percent level (cf. Fig. [193]. The expected precisions of mixing

Parameter Experiment Individual 10 Global 1o JUNO
Am2,  KamLAND [50] ~2.5% ~2.4% ~0.6%
|Am3,| Daya Bay [218] ~2.8% ~2% ~0.5% and sign
sin’(0;5) SK [49] ~ 8% ~4.2% ~0.7%
sin? (Ay3) T2K [219] ~ 6.8% ~ 5% N/A
sin’(0;3)  Daya Bay [218] ~3.5% ~3.2% ~15%

Table 3.2: Expected precision of mixing parameters achieved by [[UNO in comparison to
the current precision, including systematic and statistical uncertainties [10,(142,|220]. The
experiments with the main contribution to the individual parameters are listed.
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parameters for[UNOJare listed in Tab.[3.2}° The accuracy of the detector will
not be competitive regarding 6,3, as it will not improve the Daya Bay achieved
precision [51,193]. Together with the expected Daya Bay experiment results on 63
(better than ~4%), the unitarity of the neutrino mixing matrix can be tested at the
1% level [220]. Any deviation from unitarity is considered to be a hint towards new
physics, such as the existence of more than three light neutrinos [221]. Even in the
framework of only three light neutrinos, extensions of the Standard Model, that
are postulated in order to generate the observed small neutrino masses, typically
produce a leptonic mixing matrix that is non-unitary [221].

3.4.3 Solar Neutrinos

The detector may also study neutrinos originating from the Sun
(cf. section [T.4.T). With its large target mass, could provide a high statistics
measurement of the solar higher energetic ®B neutrinos via the elastic scatter-
ing channel. However, a successful measurement, especially of lower-energetic
solar neutrinos, strongly depends on the actual intrinsic background level [4].
Furthermore, the relatively high rate of cosmic muons of ~3.5Hz worsens the
solar neutrino measurements [192]. Based on the same purity as reached in the
[KamLANDIexperiment [188], a signal to background ratio of ~ 3 : 1 is expected for
allowing only for a ’Be neutrino measurement at lower energies [4]. Fig.
shows the expected solar neutrino spectra for "Be, pep, and pp neutrinos (red)
and N, '°0O, and 'F neutrino spectra (grey). Besides, radioactive and cosmogenic
background sources are shown.

Although, a "Be neutrino measurement is still challenging since especially the *'°Bi
background (pink) needs to be determined precisely. Also, the radioactive decay
decays of SKr (yellow), 28y (violet), and K (dark blue) contribute non-negligibly
in the energy range between 0.2MeV and 0.7 MeV. Despite the comparably high
rate of cosmic muons, cosmogenic e (turquoise) does not affect the measurement
since the minimum energy deposition is 1.022 MeV that can be well separated from
the "Be neutrinos with a maximum visible energy of 665 keV. If [UNO|could reach a
purity level similar to that of Borexino phase I, also pp neutrinos could potentially
be observed [4, 222].9 In this case, the 2104 background would be small enough
that the pp neutrino flux dominates the energy spectrum between ~ 160keV and
230keV. The separation from the overwhelming e background that goes up to
~156keV is only possible due to the excellent resolution of the detector.
Nevertheless, a good pulse shape discrimination of highly quenched «-particles,

Current values of oscillation parameters can be found in Tab.lZl.
Solar neutrino spectra with radioactive background for this scenario can be found in the ap-

pendix in Fig.[A.1}
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Figure 3.8: The expected solar neutrino spectra in[[UNO with radio-purity assumption from
the experiment [188]. Even if the ’Be neutrino flux is below the *'°Bi back-
ground level, the “Be shoulder is still visible in the spectrum at 665 keV. Figure from [4].

clean removal of pile-up events, and a good understanding of low-energetic noise
are still mandatory but challenging. The observations of solar pep and CNO neu-
trinos are supposed to be extremely difficult with the detector since the
210g; decays at low energies and the cosmogenic e decays at high energies are
expected to overwhelm these neutrino signals entirely [4].

Besides the mentioned prospects for low-energetic solar neutrinos, will be
able to measure the higher energetic ®B neutrino flux with unprecedented energy
resolution and even with a lower energy threshold compared to previous measure-
ments [4]. For the high-energy ®B neutrinos, with an endpoint at ~15MeV, the
decay of 208T] with a Q-value of 5MeV causes the main component of the intrin-
sic background for this measurement. While this background can, in principle, be

. ) .. 2125 212
estimated via the coincidence of “ “Bi-

Po decays, it is still mandatory to keep
the internal “*Th contamination at a level below 107 g/g to enable an analysis
threshold significantly smaller than 5 MeV. The dominant external background will
arise from the 2.6 MeVy-rays of Tl decays in the photomultiplier tubes. How-
ever, this background may be efficiently reduced by applying a fiducial volume
cut. Above 5MeV, the most relevant background sources are cosmogenic radio-
isotopes such as 8Li, 16N, and 'Be [4]. If muon identification and tracking will be
possible, the shorter-lived isotopes may be suppressed by vetoing a specific volume
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around a muon track. Contrary, the spectra, and rates of the longer-lived isotopes
have to be measured accurately and subtracted from the accumulated data. Be-
sides the elastic scattering channel, also the v, + ¢ = e + N reaction with a
threshold of 2.2 MeV may be used to study the solar ®B neutrino flux [142]. With a
high statistics ®B neutrino measurement, the experiment could explore the
transition region between the vacuum and matter-dominated oscillation regimes
and probe the[MSWFH.MA solution. As mentioned in section probing the sur-
vival probability in this energy region allows investigating many potential hints of
new physics.

3.4.4 Supernova Burst Neutrinos

As introduced in section[1.4.3] an immense burst of (anti-)neutrinos of all three
flavors accompanies the core collapse of massive stars. These neutrinos carry valu-
able information on the environment in which they have been produced and allow
to approach many characteristic properties of these particles themselves. With its
large target mass, may acquire a high statistics measurement of neutrinos
originating from a near supernova (SNJ.

Tab.[3.3]lists the expected number of SNIneutrino interactions dependent on the de-
tection channels, for a hypothetical "typical" core-collapse supernova at a distance
of 10kpc and assuming a mean neutrino energy of (E,) =14 MeV [4]. Within 10s,
approximately 5000 [ ] events are expected to be detected via which serves as
the primary detection channel. Neutral current (NC) neutrino-proton elastic scat-
tering (ES) will contribute to additional ~ 1200 events. More than 300 events are
expected to be caused by[ES on electrons, which represents the most potent channel
for extracting the direction of a potential SN][4]. Contrary, the separation between

Detection Channel Events

Vetp—e +n ~ 5000
Vy+p —= Uy +p ~1200
vyt+e —u,+e’ ~ 360

ve+ 2C—5 v+ 2C ~320
Uo+12C—set+ B ~110

Vet PC——e +™N  ~90

Table 3.3: Expected neutrino signal in[JUNO, for the main detection channels of neutrinos
produced by a core-collapse supernova at a distance of 10 kpc. A mean neutrino energy of
(E,) =14 MeV is assumed [4].
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the prompt and the delayed signal of the 5000 reactions allows only for the
statistical determination of the direction of the incoming neutrinos, reaching an ac-
curacy of ~9° [4]. Additionally, ~ 500 events caused by neutrinos interacting with
12C in the scintillator are possible [4].

By measuring the time evolution of the neutrino signal, the energy spectrum, and
the flavor composition, the neutrino-driven explosion mechanism, described in sec-
tion[1.4.3) may be probed. Also, a possible correlation between the neutrino
signal and a gravitational wave signal may be investigated and could be used to
combine the complementary information of both signals. Further, information on
the [SNI nucleosynthesis may be gained by extracting the time-averaged spectra of
different neutrino emission channels through the detection and identification of
significant numbers of neutrinos of different flavors. Besides these astrophysical
implications, the detection of SNIneutrinos would give significant insights into the
properties of the neutrino as a particle itself. Thus, the time delay between arriving
neutrinos may be used to extract a bound on the absolute neutrino mass scale, and
the estimated statistics are, in principle, sufficient to investigate the neutrino mass
ordering through the shape of the [/ spectrum [4].

3.4.5 Geoneutrinos

An interdisciplinary topic of interest for geology is the study of geoneutrinos. They
are produced by (-decays of radioactive isotopes of the 28U, P2Th chains and *’K
naturally abundant in the Earth. A fraction of antineutrinos from #2Th decay chain
with end-points energies of 2.1 MeV (ZZBAC) and 2.3 MeV (212Bi) and those from “°U
with end-points 1.9, 2.7, and 3.3 MeV (**Bi) and 2.2 MeV (***Pa™) will be detectable
via the [BDJinJUNOJ[223]."° The geoneutrino flux and the radiogenic heat, released
during radioactive decays, are given in a well-fixed ratio [223]. Hence, the observa-
tion of these|r,’s|and the determination of the contribution of radioactive heat to the
total thermal power of the Earth allows to extract information on the Earth’s com-
position [224]. Therefore, discrimination between different geo-dynamical models
that give an insight into the structure of the mantle and the nature of mantle con-
vection becomes possible [223]. So far, geoneutrinos were first observed in 2005
by the and later also by the Borexino experiment [189,225]. Due to its
enormous target mass, the detector should detect ~ 400 events caused by
geoneutrinos only during the first year of data taking. Even though the reactor
flux immensely overpowers the geoneutrino signal in an observation is ex-
pected to be feasible through precise knowledge of the reactor neutrino spectrum.
Thus, after approximately six months, JUNO|would match the present world sam-
ple of recorded geoneutrino interactions [4].

" The geoneutrinos produced in the K decays cannot be detected, as the end-point (~ 1.3 MeV)

of their energy spectrum is below the threshold of the reaction (~ 1.8 MeV).
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3.4.6 Sterile Neutrinos

Results from the Large Electron-Positron Collider on the decay width of the Z°-
boson show that there are only three species of light neutrinos coupling to the
Z° [37]. Therefore, a hypothesized fourth neutrino flavor must be a sterile neutrino
without direct coupling to standard model gauge bosons. As gauge singlets of the
Standard Model, they do not participate in standard weak interactions. Though,
sterile neutrinos with mass would couple to the active neutrinos through non-zero
mixing between active and sterile flavors [10].

The not proven existence of sterile neutrinos allows for a wide hypothetical sterile
neutrino mass range. Heavy sterile neutrinos featuring masses near the Grand
Unified Theory scale can explain the smallness of the three active neutrino masses
via the traditional type-I seesaw mechanism, and play a crucial role in the lepto-
genesis explanation of the cosmological matter-antimatter asymmetry [226-230].
On the other hand, light sterile neutrinos at the eV or sub-eV scale can play an
influential role in particle physics, astrophysics and cosmology, and are well mo-
tivated by data of several experiments [231-236]. Short-baseline reactor neutrino
experiments observed a rate deficit, known as the reactor neutrino anomaly [236,237].
Short-baseline oscillations could describe the anomalies via a mass splitting Am”
of sterile and active neutrino mass eigenstates of around 1eV>. Contrary, several
measurements contradict the interpretation of a sterile neutrino state with a mass
of ~1eV [238-242]. Therefore, an unambiguous confirmation or refusal of the exis-
tence of light sterile neutrinos by dedicated short-baseline oscillation experiments
is an urgent requirement.

UNQO offers the potential to search for sterile neutrino oscillation in the eV and
sub-eV range, with Am? values on the scale of eV> and O(107°) eV, The eV range
could be tested if a radioactive (anti-)neutrino source is placed inside or near the
detector, and oscillations (with L.s. ~1m) can be observed. There are two possible
source options under discussion.'’ A monochromatic electron neutrino (v.) emitter
and an[]emitter with a continuous 8-spectrum are potential candidates. Asjv,|can
scatter elastically off electrons in the liquid scintillator target, the event signature
cannot be distinguished from many background sources, like 3-decays, Compton
scattering of gamma-rays, or elastic scattering of solar neutrinos. Especially if the
source would be placed outside of the detector target, a very high source activity is
required to overcome these backgrounds.

" There is the perspective of using a cyclotron-produced neutrino beam to directly test the short

baseline anomalies at ~ 5 m distance [243].
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As [ can be detected via the [BD) efficient rejection power for the backgrounds
mentioned above is provided, and favor this approach. Nevertheless, a suitable
source must feature a Q-value larger than the [BDJthreshold of ~ 1.8 MeV, and a
sufficiently long lifetime, to allow for source production and transportation. Never-
theless, placing a 50 to 100kCi '**Ce source inside or outside the central detector
gives sensitivity to the entire global analysis region for electron-flavor disappear-
ance at more than 30 confidence level after 1.5 years of data taking [4].

Moreover, super-light sterile neutrinos on a Am? scale of (’)(10_5) eVz, near the solar
mass-squared difference, could be discovered through a precise study of the reactor
antineutrino oscillations [244,245]. With six years of running at full reactor power, a
total of ~ 10° reactor[,]events will be collected. If super-light sterile neutrinos exist,
additional distortion could be observed in the reactor neutrino spectrum, with the
most sensitive region between 10~ and 10 % eV? [4].

3.4.7 Proton Decay

Baryon number violation is one of the three prerequisites needed to explain the
observed matter-antimatter asymmetry of the universe [246]."* However, there has
been, up to now, no experimental evidence for baryon number violation. In many
Grand Unified Theories (GUTs) that unify strong and weak interactions, baryon
number conservation is only an approximate symmetry, e.g., a slightly broken
symmetry. The gauge coupling unification scale of such models is typical
of the order of 10'° GeV, which cannot be reached with particle accelerators even
in the future. Fortunately, an indirect experimental test of some GUTs is possible
through observation of one of the unique predictions of GUTs: the proton decay.
The predicted decay of the proton in the GUTs leads to a non-conservation of the
baryon and lepton numbers. Therefore, a measurement of such a decay could be

a probe of those theories and give further evidence for new physics beyond the
Standard Model.

The two decay modes which have often been searched for are

0, +
p—— ++ ei and (3.7)
p— K" +7,-
The Super-Kamiokande (SuperK) collaboration has set the current lower
limit on the dominant decay mode into positron and pion with a lifetime of
r>1.6x 10* yr (90%[C.L)) [247]. The search for the second listed mode is hindered
by the decay kinematics for [WCDs, as the kinetic energy of the resulting kaon

> Besides violation of C- and CP-symmetry, and interactions out of thermal equilibrium [246].
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is below the Cherenkov threshold (~ 253 MeV) and therefore invisible. However,
this mode opens the window for to improve existing limits on this channel.
Today’s best limit is 7 >5.9 x 10 yr (90%[C.L) reported by the collab-
oration [248]. For most other decay modes, the liquid scintillator technique does
not provide any immediate advantages over [NCDs in the aspects of the signal
efficiency and background. Consequently, only the target mass determines the
detection capability. Therefore, the signal characteristic of this mentioned decay
mode is shortly discussed in the following.

If the decaying proton originates from hydrogenB, it will decay at rest, and the
kaon and the neutrino receive fixed kinetic energies of 105 MeV and 339 MeV, re-
spectively. The kaon will cause a prompt mono-energetic signal, while the neutrino
escapes without producing any detectable signal. Afterward, the K * meson decays
with a lifetime of 7 ~12.4ns in one of the following main channels:

K'— u' + vy (63.4%)
K'— " +7° (21.1%)
K'-7nt+7"+77  (5.6%)
K> +e" +u, (4.9%)

K=t + 70 +7° (1.7%)

Hence, a second delayed mono-energetic signal arises, if the K meson decays
into the most probable branch with a corresponding fixed kinetic muon energy of
152 MeV. After ~ 2.2 uis, the muon also decays via u* — e* + v, + 7, leading to the
third long-delayed signal [4].

If the kaon decays into pions (second most probable channel), the 7+ deposits
its 108 MeV kinetic energy, whereas the 7° instantaneously (7 ~9.4 x 10° ns)
decays into two ~-rays with the sum of the energies equal to the total energy
of E(r”) =246MeV. Afterward, the 7' decays (1 ~26ns) primarily to muon:
=t + v,,- The muon itself has low kinetic energy (~4.1 MeV), but it decays as
in the other case about 2.2 s later, yielding the third long-delayed decay positron
signal.

Y Ifa proton decays in a carbon nucleus, nuclear effects have to be taken into account. In particular,

the effective mass of the proton is reduced by the binding energy, and the Fermi motion modifies
the decaying proton’s momentum, leading to a change of the kinematics of the decay process.
These effects are discussed in [249,250].
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In both cases, a clear signature of a three-fold coincidence arises

p - KT ECLIN ' 2248, et (3.8)
that allows to search for that possible channel of proton decay. Both the prompt
and the delayed signal will have well-defined energies. Additionally, with the third
long-delayed signal, a powerful tool to reject backgrounds is provided. As the de-
cay time of 12 ns the kaon is very short, the signal pulses from K and its daughter
particles (1) will typically be in fast sequence or even mixed. Therefore, a good
time resolution is necessary in order to resolve prompt and delayed pulses. Al-
though the three-fold coincidence provides good background suppression, neutral
particles, produced by muons outside the veto system can penetrate the scintilla-
tor before being tagged. These neutral particles with energies ranging from few
MeV to a few GeV could serve as a background source [251]. Through the pas-
sive shielding from [[UNOYs water pool and the possibility of particle identification
using pulse shape discrimination techniques, additional background suppression
can be expected. A detailed discussion about background sources and their dis-
crimination strategy is given in [4]. After ten years of measurement and no event
observation, a sensitivity on the proton lifetime of 7 >1.9 x 10% yr (90%[C.L) can
be reached, which improves today’s best limit of [SuperK by a factor of three [4].

3.4.8 Dark Matter

The existence of non-baryonic dark matter (DM) in the Universe is, by now, well es-
tablished by astronomical observations [252]. For most spiral galaxies, the rotation
curve of stars or gas far from the galactic center does not decline with increasing
distance but instead stays above expectations, indicating the existence of a massive
dark halo that envelops the galactic disk and extends well beyond the size of the
visible part of the galaxy [253]. The currently most accurate, if somewhat indirect,
determination of the energy density comes from global fits of cosmological pa-
rameters to a variety of observations. Thus, the current cosmological observations
have helped to establish the concordance cosmological model where the present
Universe consists of about 69% dark energy, 26% dark matter, and 5% baryonic
matter [254]. Understanding the nature of is an open problem in astroparticle
physics and cosmology.

candidates must be stable on the cosmological time scale and might only
interact weakly with ordinary matter and electromagnetic radiation. Within the
Standard Model (SM) of particle physics, only the neutrinos are electromagneti-
cally neutral and carry no strong interaction charge. However, the relic density of
the neutrinos is too low today to explain the effects. Therefore, hints at
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physics beyond the SM. A widely studied class of candidates are the weakly
interacting massive particles (WIMP5). The masses of [WIMPs are in the range of
GeV to TeV, and their interaction strengths with[SM particles are in the range of the
weak interaction scale.

might be detected either directly, through observation of a nuclear recoil, or
indirectly, by detecting the final-sate particles resulting from annihilation or
decays in the galactic halo. Direct detection could be possible because the [DM]
particles continuously bombard the Earth as the Earth sweeps through the local
[DM] halo.

The possible detection in JUNOJ]will focus on the neutrino signal of all flavors
that are produced from annihilation in the Sun. When the Sun sweeps through
the halo, a WIMP could elastically scatter with a nucleus in the Sun. If the
WIMPlloses most of its energy, and the speed becomes less than its escape velocity,
it can be captured by the Sun’s gravitational force [252]. The particles will
be accumulated in the core of the Sun due to repeated scattering and the Sun’s
gravity potential, and particles can begin to annihilate into the [SM particles at
an appreciable rate. In general, inside the Sun might annihilate into leptons,
quarks, and gauge bosons. However, only the neutrino, as annihilation products,
can escape from the Sun and reach the Earth, where they could be detected. Hence,
the Sun’s neutrino flux would be enhanced due to the decays of such final-state
particles.

A possibility is the detection of the muon neutrino (7;)/muon antineutrino (v,
flux from the annihilation channels. The charged current (CC) interactions of
result in detectable and reconstructable single muon tracks, for muon neutrinos
with at least ~1GeV energy. [4]."* Moreover, the possibility to explore the AV
signals in from the light (~4—20GeV) annihilation was studied [255].
In that case, [vJ/[7JICClevents with visible energy above 1 GeV can be identified and
reconstructed well with an assumed angular resolution of 10°.

Overall, as shown in the right plot of Fig.[3.9 can reach a much better sen-
sitivity on spin-dependent [DMtnucleon scattering cross-section than the current
direct detection constraints. The expected sensitivities for to a cross-section
from vi (solid line) and 777~ channels (dash-dotted) are much better than current
experimental limits [255]. In the case of spin-independent cross-sections (left plot),
is only competitive with direct detection experiments for masses below
7GeV [4].

" Itis assumed that an angular resolution better than 1° is feasible if the muon track is longer than

5m and intrinsic[PMT]timing resolution better than 4 ns [4].
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Figure 3.9: The expected sensitivities for [[UNO after ten years to spin-independent (left)
and spin-dependent (right) [DM-nucleon cross-section as a function of[DM mass mp. The
three possible[DM annihilation channels into vi (solid line), 77 (dash-dotted line), and
bb (dashed line) are compared to current limits from experiments. Figure from .
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Chapter 4
Diffuse Supernova Neutrino Signal

As the current limit on the diffuse supernova neutrino background flux
is already close to theoretical predictions, future experiments, like the Jiangmen
Underground Neutrino Observatory (chapter [3) or the Gd-upgrade of the
Super-Kamiokande detector (section , will have a substantial chance to ob-
serve the [DSNB|within the next decade.

The focus of this chapter will be the description and discussion of the main input
parameters, that control the flux spectrum, and their influence on the pre-
dicted spectra (compare Eq. (1.33)). Besides, the cosmology part, that was shortly
discussed in section the supernova neutrino physics that determines the neu-
trino source spectrum, as well as the astrophysics part, defining the rate of su-
pernovae, will be discussed. Differences in the neutrino outcome from successful
and failed supernovae are presented in section 4.1 The impact of the comic core-
collapse supernovae rate on the spectrum is the topic of section[4.2] Sec-
tion [4.3] presents the possible allowed range of the flux and discusses the
variety of the signal rate in the detector. Lastly, a description of the simula-
tion and event selection procedure for the detector follows in section

' Later, longer-term projects like the Hyper-Kamiokande experiment (section|12.2), the water-

based liquid scintillator detector Theia (chapter [E]), or the Argon-based Deep Underground
Neutrino Experiment (section|12.3) could follow.
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4.1 Neutrino Signals from Successful and Failed
Core-Collapse Supernovae

Due to the limited amount of near distanced supernova (SN) events, SNphysics can
be probed with the help of simulations, while waiting for future[SN|observations to
validate the simulation data. Neutrino signals from core-collapse supernovae (CC-
SNe) can, in principle, be computed with the help of detailed simulations
(e.g., [256]). However, it is challenging to simulate [SNIneutrino emission in its full
complexity within three-dimensional explosion models over time scales longer
than some hundred milliseconds. Further depends the outcome of [CCSN strongly
on the progenitor structure, making simulations over wide ranges of [SN| progeni-
tors necessary. Thus, most diffuse supernova neutrino background studies
were based only on exemplary progenitor models.

The following discussion and analysis are based on the work done in [125], where
[DSNB| predictions were computed from large sets of parametrized [SN|simulations.
A "calibrated neutrino engine" was placed into the center of all pre{SN| models
to explore the outcome of stellar core collapse over a wide range of progenitor
masses [257].2 Thereby, reliable neutrino signals for a broad set of individual stars,
unevenly distributed over the ZAMS (zero-age main sequence) masses 9—120M,,
were obtained [125]. The neutrino engine placed into the centers of all progenitors
was calibrated to yield explosions in agreement with the well-studied cases of
SN1987A and the Crab-SN [261-264]. Depending on the calibration model, the
simulation resulted in more or less successful explosions, as can be seen in Fig.[4.1]
From top to bottom, the initial mass function-weighted fraction of successful ex-
plosions (red) ranges from 81.9% (top) to 57.6% (bottom). One could note that
there is no characteristic mass, separating successful and failed SNe (at low or
high masses, respectively) [265,266]. Contrary, as Fig. illustrates, there is a
non-monotonic pattern of explodability instead, arising from a strongly varying
progenitor structure [267-269]. The intermediate engine model is used in the fol-
lowing as the reference case, which has a fraction of successful and failed SNe of
72.7% and 27.3%, respectively.

Successful SNe were simulated in [125] up to a post-bounce time of 15s when the
neutrino luminosities from proto-neutron star (PNS) cooling have already declined
to an insignificant level. In the case of failed explosions, the continued infall of the
surrounding mass shells is adding energy to the leading to an ongoing ac-
cretion component of the neutrino luminosities. The signals from failed explosions

z In detail, a set of 200 non-rotating single star solar-metallicity progenitor models is

used [258-260].
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Figure 4.1: Explodability of five different engine models employed in [125]. Successful SNe
explosions are depicted in red, while the formation of a black hole (failed|SN)) is shown in
black. The numbers at the right correspond to the initial mass function-weighted fractions
of successful versus failed SNe. Figure from [125]].

truncate when the [PNS|reaches the (uncertain) limit for black hole (BH) formation.
Either way, time-dependent neutrino luminosities and mean energies of each neu-
trino species were obtained for every single progenitor [125]. For successful SNe,
a mean value (E,) ~15MeV was obtained from the simulations, while the mean
energies from failed explosions vary considerably among the progenitors and
depend strongly on the threshold mass [125]. The total neutrino energies radiated

from failed explosions lie between 5.2 x 107 erg and 6.7 x 107 erg [125].

The fiducial electron antineutrino flux spectrum is shown in
Fig.[4.2] [125]. The figure further illustrates how the various sources add to the
total flux spectrum, and shows the individual contributions from successful iron-
core SNe (red), and BHHorming failed SNe (dark red). In this fiducial model,
conventional iron-core SNe and failed SNe contribute with comparable fluxes,
with 18.6 /(cm”s) and 14.3 /(cm?s), respectively, but with distinctly different spec-
tral shapes [125]. Below ~15MeV, the contribution from successful explosions
predominates, while failed explosions dominate the flux at high energies. Even
between 20MeV and 30MeV, failed SNe make up 57% of the total flux [125].
Hence, it might be possible to probe the fraction of invisible events by measuring
the spectral shape of the
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Figure 4.2: Components of the differential IDSNB flux of |v.’s arriving on Earth with
energy E assuming the reference model. The total flux is depicted as the dashed black
line, while the solid lines represent the contributions from successful iron-core SNe (red),
and failed SNe (dark red). Figure from [125]].

Besides the unknown fraction of failed SNe, the critical mass, above which a
neutron star (NS) turns into a and neutrino signal breaks down, is also still
uncertain. Therefore, four different values of the maximum baryonic mass,
ranging from 2.3 M, to 3.5 M., were considered in [125] as a mass threshold. The
lowest assumed baryonic mass of 2.3M,, corresponds to a gravitating mass’
of ~1.95M, and is compatible with the largest currently measured pulsar masses
of ~2M,, [270-272]. The baryonic mass of 2.7 M, is motivated through the first
gravitational wave observation of a binary merger (GW170817 [134]) and its
electromagnetic counterparts, setting this value to the reference threshold [273,274].
Nevertheless, there are still uncertainties, motivating the two more extreme values
of 3.1 M, and 3.5 M,,. Eventually, further pulsar timing measurements, as well as
an increased number of observed binary [NS mergers should be able to shed more
light on the mass threshold [270-272]. Fig.[4.3]shows the flux spectra for the
four various choices of mass limits [125]. Raising the mass limit from 2.3Mg, to
3.5M,,, the[DSNB|flux drastically enhances towards higher energies.

The baryonic mass is the sum of all particles that comprise the mass and is theoretically relevant
as it is directly connected to the mass of the iron core, which is conserved in merging neutron
stars. The mass measured through observations is the gravitational mass. For neutron stars,
gravitational mass is smaller due to the binding energy.
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Figure 4.3: Parameter dependence of the [DSNB flux spectrum on the black hole mass
threshold. A gray shaded band indicates the uncertainty arising from the cosmiclCCSNIrate
(corresponding to the =10 upper and lower limits to the star formation history rate [122]),
that is explained in more detail in the following section. The approximate detection win-
dow is indicated by shaded vertical bands. Figure from [125].

The reason is that a higher threshold mass corresponds to a longer accretion phase,
leading to enhanced time-integrated neutrino luminosities and generally hotter
spectra. Nevertheless, the most considerable uncertainty arises from the cosmic
[CCSN rate, shown as the grey band in Fig.[4.3] which will be discussed within the
following section.
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4.2 Cosmic Core-Collapse Supernova Rate

One of the crucial inputs for calculating the flux is the cosmic rate of core-
collapse supernovae (CCSNe). As nuclear burning proceeds fast in massive stars,
the progenitors of CCSNe and failed SNe are short-lived (< 10° years) compared to
cosmological time scales [275]. Therefore, one could assume that the CCSNe rate
density Rgy(2) as a function of redshift equals the birth rate density of massive
stars [114,[122]:
125M

Jente w(anan
Jos g, Mo (M)AM

Although the CCSNe rate is denoted in the following work as Rgy, it should be
noted, that this rate also includes the cases of failed SNe. The star formation history
Rsry(z) is defined as the mass that forms stars per comoving volume per unit
time at redshift z. The upper integral in Eq. corresponds to the number of
stars that lead to core collapse, while the lower integral represents the total mass of
stars. The initial mass function (M), describes the progenitor mass distribution
of stars at birth (cf. section[I.4.4). For the choice of the integration limit in the nu-
merator, one needs to know the mass range of stars leading to a core-collapse. In
general, it is difficult to predict accurately from theory, because stellar properties
change rapidly in the lower mass range (~6—10M). In principle, the mass can
be determined from direct identifications of progenitor stars from pre-explosion
imaging, where the luminosity of the star determines its mass, leading to a mini-
mum mass of (8.5+£1.5) M, [276]. This certainly high uncertainty would translate
to an uncertainty of about ten percent in Rgy(z) [114].

Rgn(2) = Rgpp(2) (4.1)

The star formation history (SEH) is most often derived from measurements of
living massive stars [277-279]. The measured luminosities, together with knowl-
edge of their masses and lifetimes, results in their birth rates. Since the most
massive stars have the shortest lifetimes, they provide a measure of the most recent
star formation activity, and the cosmic is relatively well-known out to z ~ 1.
The red-shift dependent gained from observations in different wavelength
bands, is shown in Fig.[f.4] The red lines correspond to the fit function of the
and the +10 upper and lower limits [122]. From the present epoch to z ~1, the
cosmic increases by an order of magnitude. From z =1 to at least z ~4-5,
the is nearly flat, while at higher redshifts, the rate becomes less certain.
However, only sources at low redshifts z <1-2 noticeably add to the high-energy
part of the [105,119,[121H123]. Concretely, in the energy range of interest,
more than 70% of the flux arises from SNe explosions at z <1 [125]. The reason is
that the energy of neutrinos that were emitted from a at redshift z is reduced
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Figure 4.4: The red-shift dependent star formation rate function. Observed data in in-
frared (red), optical (blue), ultraviolet (magenta), X-ray (light blue) and radio band (green)
are shown. Red lines show the star formation rate as a function of redshift z deduced from
fitting, along with the =10 upper and lower limits [122]. The black dotted line represents
thelSFH based upon the data set used in [280]. Figure from [122].

by a factor of (1 + 2)7! reflecting the expansion of the universe. Hence, neutrinos
from high redshifts are almost entirely shifted to energies below 10 MeV, where
background sources dominate the flux. Fig.[4.5]shows the contribution by SNIneu-
trinos emitted from different redshift ranges, where low redshifts corresponding to
light color and high values of z to dark color. At energies above ~ 20 MeV, the flux
is mainly originating from sources below redshift 2 <1. Recent estimates using
multi-wavelength proxies for the [SEH|rate indicate + 20% uncertainty at z = 0 and
a larger uncertainty at higher redshift, producing an average of 4-40% uncertainty
on the total detection rate [114].

In [125], the parametrization for the [122] function was applied, which is rep-
resented as the black dotted line in Fig.[4.4] In order to allow for a range of possible
normalizations of Rgy(z), the 10 upper and lower limits to the are em-
ployed additionally, such that

Rgn(0) = 1.04709¢ x 107*/(Mpc® yr) (4.2)

for the local universe is obtained [122,{125].
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Figure 4.5: Contributions to the differential |v,’s IDSNB flux from various redshift re-
gions. The approximate detection window is indicated by shaded vertical bands. Figure

from [125]].
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4.3 Signal Expectation in JUNO

The variation of astrophysical parameters, like the explodability of a progenitor,
the maximum baryonic neutron star mass, and the cosmic [CCSN] rate, spans a
range of possible fluxes. The impact of single source properties on the
flux was discussed in previous sections. It will be discussed within this section
how the variety of fluxes will translate to differences in observable signals in the

detector.

Therefore, three exemplary flux models, defined in Tab.[4.1} are compared.
The fiducial flux model has the reference parameters described in the previous
sections. Beside the fiducial model, two "extreme" cases, called low and high flux
model, are defined as well.

The corresponding fluxes for the three flux models are plotted in
the left panel of Fig.[4.6] Besides, the most stringent [7] limit set by the Super-
Kamiokande (SuperK) experiment, ®(E >17.3MeV)< (2.8-3.1)/( cm?s), is shown
as ared line [3].4 The various combinations of the considered parameters lead to an
extensive spread within[DSNB]flux. At high energies, individual models can differ
by over an order of magnitude, with the most extreme cases yielding an integrated
flux which exceeds the limit. Unfortunately, it is not possible to restrict
single parameter spaces using the current[SuperK|limit, as the high flux model is a
combination of several parameters. Hence, it is only possible to exclude parameter
combinations.

parameter events [ /(100 kt yr]
flux model
Rgn(z) failed SNe Mpy <40MeV 11-30MeV
low —1o [122] 18.1% 2.3M, 18.3 10.6
fiducial [122] 27.3% 2.7Mg, 37.7 22.6
high +10 [122] 42.4% 3.5M, 133.4 86.8

Table 4.1: Defining three IDSNB flux models, with their corresponding parameters. The
last column shows the expected number of [DSNB| events for neutrino energies between
(0—40) MeV and (11-30) MeV.

* The flux shape of the fiducial flux is applied, when plotting the current [DSNB] flux limit. Here,

the integral between 17.3 MeV and 50 MeV corresponds to a flux of 29 cm s ™.
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Figure 4.6: Left: Differential [, [DSNB flux arriving at Earth with neutrino energy E,, for
the fiducial model (blue), laying between the low (light blue) and high flux model (dark
blue) [125]. Besides, the [SuperK upper-flux limit is given in red [3]. The right plot shows
corresponding|DSNB[V_ spectra for exposure of 100kt yr.

The expected [DSNBlenergy spectrum in a neutrino detector is given by

dN,  do,

dE, dFE (4.3)

x 0,(E,) X N,

with the differential [DSNB| flux g% , the inverse -decay cross-section o, (E, ), and

the number of protons in the target volume N, [141].° The number of target pro-
tons can be taken from Tab.[3.1} The right panel of Fig.[4.6gives the resulting
spectrum for for exposure of 100kt yr. The number of expected events is
calculated by integration of Eq. and listed in the last two columns of Tab.[4.1]
The strong variation within the different[DSNB]|flux models leads to possible signal
rates between ~ 18 and 130 events for 100 ktyr exposure. Approximately half of
them are falling in the relevant energy window ~ (11-30) MeV. Therefore, JUNO
will have a substantial chance to observe[DSNB|events within the next decade, but
the signal rates strongly depend on the astrophysical (unknown) parameters.

The two-dimensional rate expectation is plotted in Fig.[4.7) where the amount of
failed SNe is fixed, while the color represents the events in dependence of
the[CCSN rate and on the BHImass threshold.

> It is concentrated on the detection of via the inverse $-decay, as the coincidence signal

provides excellent background suppression properties, as explained in chapter
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Figure 4.7: Expected signal rates for a filled scintillator detector, between
11-30MeV. The number of events is displayed with a color scheme, where light colors
represents more events than dark colors. The amount of failed SNe is fixed to 27.3%, and
the CCSNe rate Rgy and the minimum mass for[BH formation are varied. The grey star

represents the fiducial flux model and the yellow line, the current[SuperK upper limit [3].

As the range of possible signal rates is quite broad, a measurement of the spectrum
of the neutrinos will be a probe of stellar physics and cosmological evolu-
tion. The neutrino signals carrying imprints of the neutrino production processes
and the equation of state of nuclear matter [127]. Therefore, the provides a
great opportunity to study the average neutrino emission to fully understand the
explosion mechanism [123,[127,[128]. So far, most predictions considered only the
collapse into a a fraction terminate into [BHk. These optically dark explosions
can be accessed through their released neutrino signals.

To evaluate the amount of detectable[DSNBlevents within[JUNO|including detector

performance, the detector simulation, which was introduced in section is used
to simulate the signal events, and is explained in the next section.
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4.4 Simulation and Event Selection

In order to estimate the sensitivity of measurements in J[UNO] a detector
simulation is performed. The signal events were simulated with the JUNQ|full de-
tector Monte-Carlo simulation, in the following called JUNO’s Offline Simulation
Framework and introduced in section 3.3} The generator produces
positron - neutron pairs, where the energy distribution is sampled from the fore-
casted spectrum. An isotropic flux of incoming neutrinos is assumed. There-
fore, the direction of the incoming neutrinos is homogeneously distributed. As the
inverse 3-decay (IBD) cross-section depends on neutrino energy F, and scattering
angle 6 the two parameters are sampled from the two-dimensional function

A0(E,) do(0,F,)

dE, dcosf ’ (44)

f(E,,0) =
with the incoming neutrino flux ®(F,), and the differential cross-section
0(0,E,) [281]. The energy-dependent cross-section divided by energy o/E, is
plotted for different angles in Fig.[4.8] where 6 is the angle between the incoming
neutrino and the outgoing positron direction. The resulting positron and neutron
energies, as well as momenta, were calculated using energy and momentum con-
servation and inserted into the detector simulation JOSE|

IBD cross section
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Figure 4.8: The differential cross-section for the inverse 3-decay reaction in dependency of
the neutrino energy for different fixed angles 6 [281]].
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After simulating the events, several defined criteria prove the [BD] event
signature.é’7 Four main cut criteria are defined:

1. Fiducial Volume Cut. In order to avoid background events, penetrating from
outside into the detector volume, only events within a certain radius R <16 m
are accepted.

2. Time Difference Cut. The difference in time 6¢ between the prompt and de-
layed pulse must lay in the defined time interval: 600ns < J¢t <1ms. For a
neutron capture time of ~ 200 us [139], this time window is long enough to
ensure that delayed pulse will be included.

3. Multiplicity Cut. To avoid background events, only events with exactly two
pulses within a time window of 1 ms are allowed, as illustrated schematically
in Fig.[4.9] The signal of the first (prompt) pulse opens the 1 ms time window.
If there are more than two pulses within the window, the multiplicity cut is
applied.

4. Delayed Energy Cut. To ensure that the second pulse origins from the
2.2MeV neutron capture, the number of delayed registered photoelectrons
should correspond to this energy.8 Therefore, 10° ~v-events with 2.2 MeV were
simulated randomly distributed in the detector volume. The distribution of
photoelectrons per event is shown in the appendix in Fig.[A.2] with a mean
of ~3250p.e. and 0 =160 p.e. Hence, it is defined that the number of delayed
photoelectrons has to be between 2750 and 3750.

In total, 2 x 10* events, assuming the fiducial flux model, were simulated
homogeneously distributed within the liquid scintillator detector volume, and
~98% of them surviving the above-described cuts. The prompt energy spec-
trum is depicted in Fig.[4.10.

Unfortunately, a measurement will not be background free, as there exist
various background sources. Their origin, and their impact will be the main topic
of the next chapters.

These criteria are applied in the same way to the simulated background signals, described in the
next chapters.

The characteristic of the[[BDlevent signature is discussed and explained in chapter

The detector concept of [UNO]is introduced in sectionlil, explaining the connection between
deposited energy and number of detected photoelectrons.
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Chapter 4 Diffuse Supernova Neutrino Signal

1 ms window

Z multiplicity cut

prompt pulse delayed pulse

time

Figure 4.9: This sketch illustrates the time difference cut and the multiplicity cut. Within
the 1 ms time window, there have to be precisely two pulses, where the minimal time dif-
ference between these two is 600 ns. As more than two pulses are vetoed, this is called the
multiplicity cut.
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Figure 4.10: Prompt energy spectrum obtained from simulation of IDSNB events in [JOSH
The event spectrum follows the calculated theoretical spectrum, explained in section

92



THE BACKGROUND SOURCES

93






Chapter 5
Reactor Neutrino Background

The nuclear reactor complexes Taishan and Yangjian produce an enormous amount
of electron antineutrinos (,’s), which will be detected by the Jiangmen Under-
ground Neutrino Observatory (JUNO) via the inverse (-decay (IBD). Hence,
reactor neutrinos provide a source of background for the diffuse supernova neu-
trino background (DSNB) signal. In conventional nuclear power plants (NPPs),
are created in the fission processes of the four fuel components 235U, 238U,
239 241
Pu, and =" Pu.

The differential reactor[7]rate detected in the detector per reactor core is the
product of the initial differential reactor [7] flux, the energy-dependent [BDI cross-
section o(E,) and the oscillation survival probability P, _,; (E,, L):

dR d®
B, = ap, . X o) X o, (B, L), (5.1)

Eq. (1.11) in section [1.2] gives the energy-dependent probability for an [7] to be de-
tected as an[ ] after having traveled the distance L.

Knowledge on the resulting [] spectrum can be directly derived from neutrino
experiments by inversion of the measured spectra or by calculation of the super-
position of thousands of S-decays of the fission fragments with nuclear database
[209-212,236,282,283]. However, a first-principle calculation is challenging even
with modern nuclear databases. In general, the uncertainty is ~ 10%, while the al-
ternative method of measuring, carries an uncertainty of ~ 3% [31}[283]. Using the
method of determining the reactor neutrino flux by measuring the spectra and de-
cay schemes of the individual fission products, the 7, flux for a single reactor may
be calculated as:

d(I)reactor Wth
= xS a.S,.(E,), (5.2)
dE, Dk Qe zk: eSk(£)

where the index £ considers the fission istopes 235U, 238U, 239Pu, and **'Pu [4].
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Chapter 5 Reactor Neutrino Background

Fission Isotope  ay, e [MeV]
2y 0.577 (0.60) 201.92+0.46
28y 0.076 (0.05) 205.5240.96
2py 0.295 (0.30) 209.99 = 0.60
2lpy 0.052 (0.05) 213.60+0.65

Table 5.1: The contributions «;, of the four main fissile isotopes 235U, 238U, 239 Pu, and Hlpy
in the reactor fuel and the energy release per fission e;, in MeV [284]]. The power fractions
are adopted to be equal to the averaged values of the Daya Bay nuclear cores [4]. The
brackets are the values used in JUNQ'’s Offline Simulation Framework (cf. section .

The first term of Eq. represents the number of fissions per isotope occurring
in the reactor with total thermal power Wy,. In total, the two [NPPs next to the
location of JUNO|will have W,;, ~36 GW [4]." The energy-release per fission e;, of
each isotope and the contributions oy, of the four main fissile isotopes are given in
Tab.[5.1l

The second term of Eq. gives the corresponding neutrino flux per fis-
sion, where S;.(E,) is the [] spectrum of the corresponding isotope. A possible
parametrization for Sy (E,) is given in [282]. The quotas oy, of the isotopes to the
total fission rate averaged over a nuclear burning cycle are also listed in Tab.[5.1}
The power fractions are adopted to be equal to the averaged values of the Daya
Bay nuclear cores [4]. As the normalized reactor [] spectrum is approximated
as a superposition of the 235U, 238U, 239Pu, and **'Pu spectra, the reactor
spectrum is very sensitive to the contributions of different isotopes a;. Above
10MeV, 50% more events are expected when taking the Daya Bay values instead
of the values used in the JUNO’s Offline Simulation Framework simula-
tion (cf.section[3.3), given as the values in brackets in Tab.5.1} In order not to
underestimate the reactor flux background, the Daya Bay values are assumed. In
principle, the neutrino output of any reactor changes over time as the propor-
tions of the four main fissile isotopes varies throughout the fuel cycle. However,
time-independent average contributions «;, of the isotopes in the reactor fuel are
assumed in the following. In order to consider possible reactor shutdowns dur-
ing the experimental lifetime, 300 working days per year are assumed for the[NPPs.

' Itis possible that two of the Taishan cores will not be operating when [UNO]starts taking data,

resulting in a lower total thermal power of 27 GW [191].
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Figure 5.1: The exponential decreasing reactor [7, background spectrum (orange) for nor-
mal ordering with the|DSNB spectra for the fiducial case (medium blue) and the two cases
of high and low flux model (light and dark blue), introduced in chapter|4 The reactor
neutrino background is calculated with flux approximation given in [282] and[IBD cross-
section from [141)]. As the reactor background is overwhelming the |[DSNB signal by or-
ders of magnitude, this background sets a lower limit on the[DSNB detection window at
~ 10MeV.

With the approximation for the reactor neutrino flux given in Eq. (5.2), the reactor
neutrino spectrum, without any detector response function, is depicted in orange
for normal ordering” in Fig. The right panel corresponds to a zoom-in with the
three defined models for the[DSNBflux (compare section [4.3) shown in blue. In the
energy regime below ~ 9 MeV, the background of nuclear reactor [,]dominates the
signal by several orders of magnitude, making detection of the in the
energy region of the reactor neutrinos impossible. Above 6 MeV, the reactor neu-
trino spectrum decreases almost exponentially and drops below the signal
at ~9MeV.? The reactor neutrinos high-energetic tail above 8 MeV is nevertheless
relevant as it determines the lower energy limit on the detection window.

By restricting the detection window to E,, >10MeV, the reactor back-
ground is reduced by approximately four orders of magnitude, reducing back-
ground already below the signal. As this energy cut also reduces the
signal, by almost 30%, it is mandatory to optimize the lower energy threshold. A
summary of signal and bround rate depending on the lower neutrino energy

threshold is visible in Fig. *

A comparison of the reactor spectrum dependent on neutrino mass ordering is given in sec-

tion

This threshold is independent of neutrino mass ordering, as the differences are negligible in the

higher energy range (compare section [3.4.1).
The corresponding signal and background rates for different lower energy cut thresholds can be

found in the appendix in Tab.
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Figure 5.2: The exponential decreasing reactor neutrino background rate (orange) with
the rate for the fiducial flux. The integration is performed to neutrino energies
E, <40MeV, where the lower energy threshold is varied. Note that no detector response
function is considered. As the reactor background is overwhelming the|DSNB signal by
orders of magnitude, this background sets a lower limit on the|DSNB detection window.
Above ~ 9 MeV, the reactor background drops below the|DSNB signal rate.

Within the ILL+Vogel reactor flux model is inserted [210-212,1283]. An up-
dated flux model is proposed in [236,282], showing a 3.5% increase in total flux and
a small excess’ in the high energy part of the spectra compared to the ILL+Vogel
model [4]. As for[DSNBldetection, the high energy part of the reactor spectrum is of
relevance, a 5% uncertainty on the rate calculation given in Tab.is assumed. Us-
ing JOSE, 6 x 10° reactor [7] events, corresponding to ~ 1.6 x 10" ktyr, were simu-
lated homogeneously distributed over the detector volume. Due to the exponential
decreasing energy spectrum, the simulation was performed with an initial reac-
tor [7] energy threshold of 9MeV. Fig.[5.3|shows the resulting simulated reactor
spectrum (orange) in comparison with the fiducial spectrum (blue).

> The bump that has been observed by several experiments in the reactor neutrino spectrum

around 5MeV is not considered here, as it is present in an energy regime that does not play
a critical role for[DSNB| detection [237].
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Figure 5.3: The simulated reactor neutrino spectrum (orange) with the fiducial|DSNB spec-
trum (blue).
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Chapter 6
Atmospheric Neutrino Background

Atmospheric neutrinos are produced when primary cosmic radiation impinges on
the atoms of the Earth’s atmosphere. The resulting hadronic showers consist to a
large extent of unstable mesons. If the generated secondary mesons, in particular,
charged pions and kaons, decay into muons, and as these muons are expected to
decay further, neutrinos are produced.1

As atmospheric neutrinos originate from cosmic radiation and the propagation of
primary cosmic rays is affected by the Earth’s geomagnetic field, the neutrino flux
at Earth is location-dependent. Accordingly, the atmospheric neutrino flux for the
location of the Jiangmen Underground Neutrino Observatory is presented in sec-
tion[6.1] The following discussion on how atmospheric neutrino interactions ap-
pear as background sources for diffuse supernova neutrino background detections
is divided in the atmospherically charged current and neutral current reactions, in
section |6.2|and section respectively. The subsequent section explains the simu-
lation procedure of the atmospheric neutrino reactions.

' Section introduces atmospheric neutrino production in more detail.
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Chapter 6 Atmospheric Neutrino Background

6.1 Atmospheric Neutrino Flux

Atmospheric neutrino fluxes for the location of the Jiangmen Underground Neu-
trino Observatory above 100MeV up to an energy of 10* GeV are given
in [92]]. As solar activity influences the primary cosmic radiation, activity is in-
versely proportional to atmospheric neutrino flux (cf. section . Hence, in order
not to underestimate the flux, minimal solar activity is assumed.” The flavor de-
pendent atmospheric neutrino fluxes above 100 MeV are shown in the right panel
of Fig.[6.1l Atmospheric neutrino fluxes from electron and muon (anti-)neutrinos
are shown in red and blue, respectively, while solid and dashed lines correspond
to neutrinos and antineutrinos. The sum is shown in black. The fluxes are higher
for muon neutrinos, as the decay of kaons and pions with their subsequent muon
decay, provide more muon neutrinos than electron neutrinos (cf. section[1.4.2). The
total error is given to be a little lower than 10% in the energy region 1-10GeV [92].

For even lower neutrino energies, atmospheric neutrino fluxes were obtained
from FLUKA simulations, as HKKM fluxes does not include information for
E, <100MeV [285]. Their simulations provide low energy atmospheric neutrino
fluxes between 13MeV and 944 MeV for the location of Kamioka mine (latitude
~36.6°N).

FLUKA Atamospheric Neutrino Flux HKKM2014 Atmospheric Neutrino Flux
x10

oy
£05[

> L

2 I

=y

w [

o [

%03

i I I I I

ool : :
10 102 10? 10° 10* 10° 10° 107
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Figure 6.1: Atmospheric neutrino flux is given for the[JUNO location for|v,, [, Ve and 7.}
as well as their sum (black). The flux for electron neutrinos is shown in red and for muon
neutrinos in blue. The dotted lines represent the antineutrino fluxes. The right panel shows
the HKKM fluxes for minimum solar activity and neutrino energies above 100 MeV [92].
FLUKA atmospheric neutrino fluxes below 100 MeV for Kamioka location were scaled by
a factor of 0.9 and shown in the left panel [285].

2 The difference manifests mainly at smaller neutrino energies and is ~ 6% for 100 MeV neutrino

energy [92].
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Figure 6.2: Dependence of the total atmospheric neutrino flux below 60 MeV on the detector
location. The scaling factor compares atmospheric neutrino fluxes to the one at the Kamioka
site [286].

As the neutrino flux depends on geographic latitude, a scaling factor, introduced
in [286] and normalized to Kamioka location, that scales atmospheric neutrino flux
below 60MeV, is shown in Fig.[6.2] If one assumes a linear dependency below a
latitude of ~35°N, the scaling factor for the location of [UNO]with a geographical
latitude of 22.6°N [4] is approximately 0.9. Therefore, the atmospheric neutrino
fluxes below 100 MeV were obtained by taking the simulated fluxes for Kamioka
location and scaling them by a factor of 0.9 [285]. The obtained low energy neutrino
spectrum is plotted in the left panel of Fig.[6.1}

The uncertainties in the prediction of the atmospheric neutrino flux in the very low
energy region are related to the knowledge of the primary spectrum and, in part,
to the hadronic interaction models. The overall uncertainty on the absolute value
of these fluxes is estimated to be below 25% and dominated by the uncertainty on
the primary spectrum [285]. Comparisons of the event rates using the atmospheric
flux in [116,287], show that previous calculations underestimated the atmospheric
neutrino background by up to 40% for £ <30MeV compared to what is predicted
by [285].

To merge the two flux models, it is assumed, that they should be almost the same in
the energy range above 100 MeV. The difference between the two flux models is al-
ways less than 3% between 100 MeV and 200 MeV. It is assumed that HKKM fluxes
are more precise. Therefore, FLUKA fluxes are scaled to fit the HKKM expectation.
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Figure 6.3: Atmospheric neutrino flux (sum of all flavors) for[[UNO location derived from
FLUKA (solid) and HKKM (dashed) simulations [92,285]. For energies below 100 MeV, the
FLUKA flux is taken, while for higher energies, the HKKM flux is used. A 35% uncertainty
in the lower energetic region is assumed, shown as a grey band.

The atmospheric neutrino flux for location above 10 MeV up to 10 TeV can
be expressed as

1.03 x 0.9 X ®ramioka(FLUKA)  E, < 100 MeV

6.1
®juno (HKKM, solar min) E, > 100 MeV. ©1)

Pruno(Ey) = {

Both fluxes in the low energy range are shown in Fig.[6.3] The grey band represents
the assumed uncertainty of 35%, which is motivated in the following.

Besides the neutrino production in the atmosphere, the effect of neutrino produc-
tion in the Earth through atmospheric produced muons is mentioned. A large num-
ber of atmospheric muons are produced, and some of them can penetrate the rock
and seawater of Earth’s surface to significant depths. These muons will finally stop
in the Earth and then produce low energy neutrinos (£, <53MeV) through their
decay [288]. Unlike 1", a stopped 1~ cannot only decay but can be captured, in
~40% of the casesS, by the nucleus and produce a with energy less than the

8 The value of ~ 40% corresponds to the capture probability in rock. In water, the nuclear capture

probability is ~ 18% [289].
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muon mass. For neutrino fluxes of v} [7,} and [, | the differences between a stopped
muon in rock and water are tiny [289]. Except, the[7]flux is larger in the water than
in the rock case due to a higher muon decay probability in water. Therefore, the
flux from stopped muons depends on the local rock and water distributions for a
given detector. For neutrino energies below 53 MeV, the|v,} and |v,|fluxes are
on average 10.8%, 6.3%, 3.7%, and 6.2% of the corresponding atmospheric neutrino
fluxes at the location of Super-Kamiokande [285,289]. Therefore, the uncertainty of
25% is enhanced by 10% in the lower energetic part, including the uncertainty of
the primary spectrum and the enhanced flux due to stopped muons [285].
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6.2 Charged Current Reactions

The most relevant backgrounds for the diffuse supernova neutrino background
detection are other [] sources appearing in the same energy range as the
signal. Unfortunately, these background events are indistinguishable from
the signal and can only be suppressed by an energy cut, which also limits
the detection window.

A list of possible charged current (CC) reactions of atmospheric neutrinos on 'H
and "°C in the scintillator is given in Tab.

CC Reaction Veto Strategy
7o+ H—sn+e -
v, + 'H——n+ wh muon veto
Ve + 2C —3 "N +e” no neutron
Uo+ 2C— "B+e’ no neutron

12 12 -
v,+ C—= "N+u  noneutron & muon veto

v, + e B4 " no neutron & muon veto

Table 6.1: The possible atmospheric charged current reactions in the scintillator are listed.
Besides the irreducible[7.-' H reaction, one could veto this background through the missing
delayed neutron signal or the assumption that the resulting muon will be detected.

First, there is the reaction of [] on protons, that serves as an irreducible back-
ground. Most of the other reactions do not provide a neutron, that is necessary
for fulfilling the inverse (-decay coincidence condition. Additionally, it is
assumed, that resulting muons will be visible in the detector and that these events
can be vetoed sufficiently. Hence, in the following, we will focus on the 1H
reaction.*

The expected background rate of atmospheric reactions is then given through

dRoc _ dPam
dE,  dE,

A simple approximation of the fully relativistic result of the energy-dependent

[[BDI cross-section oypp, that agrees within a few permille for neutrino energies less

than 300 MeV, is given in [141]. The atmospheric neutrino flux df% was given in

X UIBD(EV) X Np. (62)

*  There is the possibility that the decay of '*B and N would provide a delayed signal. That the

amount is negligible is shown in the appendix.
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6.2 Charged Current Reactions

Eqg. (11.3) and the number of protons N, in the liquid scintillator can be taken from
Tab.3.1} Through the integration of Eq. (6.2), an expected atmospheric back-
ground rate of

Ree = (0.2 40.07)/(kt yr), (6.3)

is obtained for neutrino energies below 100 MeV and with the estimated uncer-
tainty in the lower energetic flux regime of 35%. The corresponding calculated at-
mospheric[CClevent spectrum is plotted in Fig.[6.4]

The atmospheric [CC background, depicted in green, overwhelms the spec-
trum above ~ 30MeV, shown in blue for three different flux models intro-
duced in section#.3] As this background is indistinguishable from the signal, it
defines the high energy limit on the detection window. The precise limit
strongly depends on the flux and the lower energetic atmospheric neutrino
flux. As both fluxes provide high uncertainties, the higher energy limit is difficult
to estimate but would settle between ~ 30 MeV and 40 MeV.
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Figure 6.4: The increasing atmospheric|CC reaction spectrum of |E on protons is shown
in green. For comparison, the [ DSNB spectra for the fiducial case (medium blue) and the
two cases of high and low flux models (light and dark blue), introduced in chapter|4, are
also shown. The atmospheric|CC background overwhelms the|[DSNB signal in the higher
energy part and defines the upper limit on the|DSNB detection window.
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6.3 Neutral Current Reactions

Besides the indistinguishable [CClreactions of atmospheric [7] also the neutral cur-
rent (NC) reactions of atmospheric neutrinos and antineutrinos of all flavors pose
a possible background for the detection. This background was first dis-
covered in 2012 by the Kamioka Liquid-Scintillator Antineutrino Detector experi-
ment [290]. There is a variety of possible reactions that contribute to the atmo-
spheric[NClbackground. In the reaction with the largest branching ratio, an atmo-
spheric (anti-)neutrino knocks out a neutron of a 2C nucleus in the target volume:

Y i2c Y 1ny e (6.4)
Neutrinos can also produce protons by interacting with carbon nuclei by so-called
proton knockouts:

Y2 — Y +p+ B (6.5)
In contrast to the neutron knockout, proton knockout events do not mimic the
event signature, due to the missing neutron. Enclosed to this, the following focus
will be on [NCl reactions on 12C, as the reaction on 'H also provides no neutron in
the end state.”

The atmospheric[NC spectrum can be calculated via:

dRye (d<I>l,

ae, \dE,

4o,
dE,

UV(EV) + X UV(EV)> X Nt7 (66)

with IV, as the number of target atoms in the scintillator and
oy = Uf_) +ol, (6.7)
v v v

as the neutrino flavor independent quasielastic cross-section on protons and neu-
trons, respectively. The atmospheric neutrino flux in Eq. represents the sum
of the (anti-)neutrino flavors. Fig.[6.5shows the flavor dependent atmospheric

. . . 12
neutrino interaction spectrum on ““C.

5 Heavier nuclei targets in the liquid scintillator are also not considered, as they contribute with

less than 1% (compare Tab.[3.1).
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6.3 Neutral Current Reactions

Figure 6.5: The atmosphericINC spectrum of quasielastic reactions on '°C for different neu-
trino flavors. The sum is shown in black.

The expected [NClevent rate between 100 MeV and 10 GeV is
Ryo = (30.8 £ 0.31)/(kt yr), (6.8)

with the in section[6.1 motivated uncertainty due to atmospheric flux uncertainty
of 10% [92].

Deexcitation of Resulting Nuclei

When an atmospheric neutrino interacts with a '2C nucleus, there is the possibility
of knocking out nucleons. Therefore, the remaining nucleus is often left in an ex-
cited state, giving additional particles from the de-excitation. In the simple nuclear
shell-model, the e ground state is described as a closed-shell nucleus. For both
protons and neutrons, the lowest-lying P, and 5/, shells are filled, while all

higher (sub-)shells are empty. A sketch of the shell model with excited '*C nucleus
is pictured in Fig.[6.6}

In the ground state, there are two neutrons in the S /2 shell and four neutrons in
the P35 shell. The situation for protons is basically the same, with 2.7 MeV upwards
shifted energy levels due to the Coulomb repulsion. If, in the simple shell-model
picture, a neutron disappears from the P 5 shell, the residual "C nucleus is always
left in the ground state. As the energy of an atmospheric neutrino is usually large
compared to the binding energies of the nucleons, it is assumed that the probability
of interacting with an atmospheric neutrino is the same for each nucleon. After the
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Figure 6.6: The sketch shows the occupation of energy levels by neutrons for the '*C ground
state in a simple shell model picture. In the left part, the closed-shell model is shown, while
the right part considers the partially filled shell model of the nucleus. One neutron has been
knocked out from the S, ,, level in the left sketch, whereas the neutron hole is in the Ps/,
level in the right part.

neutrino has interacted with a nucleon, the nucleon can scatter with other nucleons
before it leaves the nucleus. Due to these so-called intranuclear scattering reactions,
further nucleons can be emitted. If one assumes that only nucleons from the Ps/,
shell are released in these reactions, there is a 2/6 chance that the residual nucleus
has a hole in the 5 /; neutron or proton shell, depicted in the left part of Fig.

In more sophisticated shell-model calculations, it has been shown that the simple
closed-shell picture of the 2C ground state has to be remedied. Due to correlations,
especially pairing effects, the P, shell is also partially filled with nucleons from
the P;/, level lying just 4.44MeV below [291]. Various shell-model calculations
give partial occupation numbers of the P, , shell of ~ 0.8, which can be interpreted
as by saying that approximately 60% of the time, the P;/, shell is filled, while in
40% of the cases two neutrons are in the P, 5 shell [292,293]. This scenario is shown
in the right part of Fig.[6.6, which introduced a finite probability that a neutron dis-
appearing from the P, state will leave the residual "C nucleus in an excited state.
As the de-excitation energy of this scenario is below the knockout scenario with a
hole in the S /5 shell, this will lead to less energy release. Moreover, a comparison
showed that including the scenario with the partially filled P-shell nucleons, will
not affect the atmospheric neutrino spectrum significantly [294]. Therefore, only
the de-excitations with an empty P ; shell are considered in the following.
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The excitation energy of the residual "'C in the case of a hole in the S; /2 shell can be
calculated by the difference between the binding energy of the S; , neutron level
and the neutron separation energy:

E" = 41.7MeV — 18.72MeV ~ 23 MeV. (6.9)

This is high enough to exceed the separation energy for protons, neutrons, and a-
particles in ''C, making them the primary emission products of the highly excited
nucleus. Qualitatively, the emission of a proton should be more frequent than the
emission of a neutron since ''C is a proton-rich nucleus. Assuming equality is not
underestimating the resulting background, as the neutron emission is needed to
ensure coincidence.
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6.4 Simulation Setup

The simulation of atmospheric neutrino events is performed in two stages. First,
an event generator models the interactions of atmospheric neutrinos in the liquid
scintillator (LS) of [UNO] Final-state particles resulting from these interactions are
then tracked in a Geant4-simulation of the detector response.

First, for the simulation of neutrino interactions inside the [LS target volume, the
GENIE Neutrino Monte-Carlo Generator (Version 2.12.4) is used [70,295]. For the
atmospheric neutrino flux input, the HKKM flux is inserted [92]. The upper neu-
trino energy threshold for simulation was set to 10 GeV and the [LS composition
given in Tab. was adopted. In total, 2 x 10° atmospheric neutrino interactions
were simulated in GENIE, corresponding to an exposure of ~1.1 x 10* /(kt yr).
The left column of Tab.[6.2] list the quasielastic [NC| interactions, obtained
from the GENIE simulation.

Afterward, the GENIE output was read into the Geant4 JUNO’s Offline Simula-
tion Framework (JOSE). For the [CCl background, 1.5 x 10* atmospheric neutrino
events of [7] on 'H with E, <100MeV, were simulated. In addition, for the [NC|
reactions, 1.17 x 10° atmospheric neutrino events of all flavors on *C with
FE, <10GeV were simulated. The de-excitation branches were simulated in [296]
using the nuclear reaction program TALYS (Version 1.4) with an excitation energy
of E* =23MeV [297]. Within the Geant4 simulation, one-third of the reactions
are assumed to de-excite. In these cases, a de-excitation channel is chosen based
on the TALYS output and added to the particles that go into the detector simulation.

After simulating atmospheric reactions in JUNO|with JOSF, including de-excitation
modes, the event selection algorithm, presented in section 4.4, was applied. A sum-
mary of the most probable atmospheric neutrino[NClinteractions is provided in the
right column of Tab.[6.2] The upper energy limit on the prompt energy deposition
was set to 1 x 10° photoelectrons, corresponding to ~ 68 MeV. The prompt energy
spectra of the simulated atmospheric neutrino background are shown in Fig.[6.7]
Even though only a part of all atmospheric events passes the event se-
lection criteria, this background still overwhelms the signal by at least one
order of magnitude. In order to make the detection still feasible, excellent
background identification methods have to be applied and will be discussed within
the next chapter.
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4 Simulation Setup

z/x+12C—>yx+

NC interactions in LS [%]

after event selection  [%]

p+ "B 291 n+'lC 33.1
n+'C 250 n+p+ B 22.8
n+p+ 10g 182 n+2p+ 10ge 9.3
2p + Be 42 n+p+’H+"Be 7.1
2n+ '°C 40 n+p+*He+°Li 6.5
n+2p+ Be 1.1 2n+'°C 5.1
2n+p+’B 11 2n+2p+°Be 2.8
2n+2p + Be 1.0 2n+p+’B 2.7
3n+3p+°Li 09 n+3p+°Li 2.0
other channels 15.4 other channels 8.6
30.8 /(ktyr) 7.8 /(ktyr)

Table 6.2: Reaction channels of atmospheric[QE[JNC reactions on '*C, sorted by their preva-
lence. The left column lists the|NC interactions obtained from the GENIE simulation. The
right column lists the reactions taking into account the de-excitation products and the event

selection described in section
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Figure 6.7: The prompt energy spectrum of the simulated atmospheric neutrino back-
ground and the fiducial[DSNB spectrum (blue). The plot shows in green the atmospheric
|CC reactions, while the atmosphericINC spectrum corresponds to the red line.

113






Chapter 7
Muon-Induced Background

Muons, generated in air showers in the atmosphere, penetrate deep underground
and could produce particles in the rock surrounding the detector hall or in the
detector material itself. Hence, cosmic-ray muons and their spallation products
are potential sources of background for neutrino detectors. In the present chapter,
muon-induced backgrounds include events created by muons appearing close to
the detector. The effect of neutrino production through muons in the whole Earth
material is treated in chapter[6] To shield the detector against cosmic muons, a
270m high granite mountain provides shielding for the Jiangmen Underground
Neutrino Observatory experiment. To further suppress muon-induced
backgrounds, the detector will be located underground with a total overburden of
650m rock, corresponding to 1.9 km.w.e [4,192]. Nevertheless, a non-neglectable
number of cosmic ray muons can still reach the detector with an expected muon
rate in the central detector of ~ 3.5 Hz and mean muon energy of 215GeV [4,(192].

When muons travel through matter, their energy loss leads to nuclear breakup
processes. Hence, at sufficiently high muon energies, many subsequent particles
can be produced by muon-induced electromagnetic or hadronic processes, like
cosmogenic radioactive isotopes, neutrons, protons, pions, and gamma rays. Un-
derstanding the background produced by muon-initiated spallation processes
is essential for the interpretation of the data. Two cosmogenic muon-produced
background scenarios are discussed in this chapter. First of all, the background
generated by muons that transverse the inner detector volume and secondly,
muon-induced neutrons that could enter the detector from the surrounding experi-
mental hall, are considered.

Nonetheless, in [UNO| cosmic-ray muons will be identified either by a large
amount of scintillation and Cherenkov light detected by the photomultiplier
tubes (PMT5) watching the detector volume or by the Cherenkov light detected by
the outer PMTk, observing the water buffer (see sectionB.I). Supplementary, the
second muon tracking detector placed on top of the water pool enhances muon
identification efficiency. Moreover, the muon tracks can be reconstructed from
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Chapter 7 Muon-Induced Background

arrival times of the first-arriving Cherenkov or scintillation photons at the PMT5.
Thus, it is easy to veto the muons themselves. Unfortunately, cosmogenic muons
can produce relatively long-lived radioactive isotopes. The delayed decays of un-
stable daughter nuclei are a relevant background source for the diffuse supernova
neutrino background search. The cosmogenic isotope production and their mean-
ing as a background source are discussed in section

Contrary to muons that traverse the detector, muons can pass the water Cherenkov
veto volume or the rock outside the detector volume. In interactions with the rock
material, high-energetic particles can be produced, like neutrons. Some of these
outside produced neutrons can enter the detector volume without being tagged
and provide an additional background source. This so-called fast neutron background
is explained and discussed in section
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7.1 In-Situ Produced Cosmogenic Isotopes

A cosmic muon, which traverses the target volume, can interact with the carbon
nuclei in the liquid scintillator (LS) and produce cosmogenic (unstable) radioiso-
topes inside the target volume by muon-induced spallation reactions. It is quite
efficient to veto the muons themselves, through the produced Cherenkov light
in the inner or outer detector, but the decay of relatively long-lived radioac-
tive isotopes can produce background signals. As the majority of these decaying
radioisotopes events will not provide a delayed neutron signal, they are no back-
ground events for the inverse -decay (IBD) channel. However, e.g., He and °Li
are (-unstable radioisotopes and can decay into an excited state, which leads in-
deed to the emission of a neutron. Hence, these two isotopes can mimic the
event signhature and constitute a possible background in the diffuse supernova
neutrino background search.

The radioisotope *He decays (Q =10.6 MeV, 7 =172 ms) with a 16% branching ra-
tio into an unstable state of °Li*, leading to the subsequent instantaneous emission
of a neutron [298]:
*He e + Ve + SLi*
81 ¥ 7 (71)
Li" - n+ 'Li

The neutron separation energy of °Li is 2.0MeV, reducing the Q-Value to
~8.6MeV, corresponding to ~9.4MeV reconstructed neutrino energy [299].}
For analysis, it is only necessary to consider the background that falls into
the observation window above ~10MeV, defined by the overwhelming reactor
neutrino background fluxes below this energy threshold (compare chapter [5). Con-

sequently, the background produced by the decay of ®He is not relevant in the case
of detection.

On the contrary, the decay of °Li features a large enough Q-value to remain
as a background candidate. ’Li decays (Q =13.6MeV, 7 =257ms) with 50.8%
branching ratio into an excited state of ?Be, which leads to a followed emission
of a neutron and two a-particles [298]:

qLi > e + 0, + 'Be* 72
‘Be* —n+2a. '

! Furthermore, the light output from neutron scattering reactions is strongly quenched, which

also reduces the reconstructed prompt energy.
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The electron would provide the prompt signal, and with the delayed neutron cap-
ture signal, the coincidence condition for an event would be fulfilled. As just
the decays from an excited state lead to a neutron, the maximum kinetic energy
of the emitted electron is the Q-value, reduced by the energy of the excited state.
Therefore, the maximum energy of the electron corresponds to the first excited state
and is

@ —2.43MeV ~ 11.2MeV, (7.3)

correlated to ~ 12 MeV reconstructed neutrino energy. This is well above the lower

energy threshold of 10MeV, and so °Li could provide a background source in the
low energetic part of [DSNB

For the expected °Li background rate in the Borexino result for the *Li-
production yield is considered, which is ~30% higher than the yield determined
by Kamioka Liquid-Scintillator Antineutrino Detector [300,301]. The
cosmogenic production yields are summarized in Tab.[7.1} The muon-initiated
spallation production yields depend on the number of carbon atoms per weight
and the muon energy spectrum. As has 5% less carbon nuclei per ton
of [LS/and the mean residual muon energies differ between the two experimental
sites, this explains the difference in the observed production yields. Moreover,
it was found that there is a factor two of discrepancies between the calculated
and the measured production yields, mainly resulting from hadronic uncertain-
ties [302]. As the calculated yields for both experiments have a lower value than
the measured ones, the measured yield of Borexino is adopted. As the production
cross-section of cosmogenic isotopes scales with the muon energy o o E2'75, the
production yield for is reduced by a factor of ~ 0.8 [303]. Moreover,
has fewer carbon atoms per ton[LS, reducing the production yield by an additional
small amount of 3%.

Borexino KamLAND JUNO

number of carbon atoms [1028 /t] 4.52 4.3 4.41
<Eﬂ> [GeV] 283 260 215
Yo, [1077 (ng/em®) '] (29+03) (22+0.2) -

Table 7.1: The measured cosmogenic °Li production yield of Borexino and

KamLAND [300,301].
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Overall, a 'Li production rate of

R(°Li) = 0.8 x 0.97 x Ys . x R,,

(7.4)
~ (2580 =+ 260)/(kt yr)

is expected with R, as the muon rate in the [LS/target. In line with measurements,
an uncertainty of 10% is assumed | . As in only 50.8% of the cases, ’Li
decays into an excited state, the rate is reduced to ~ (1310 £ 130) /(kt yr). Neverthe-

less, the possible background due to °Li production overwhelms the signal
by orders of magnitude. Hence, veto strategies are urgently needed.

Luckily, there are spatial and temporal correlations between spallation events and
the parent muons. As the °Li production is close to the traversing muon track, this
offers the possibility to veto these events by using a volume cut around the recon-
structed muon tracks. Once isotopes are produced, they do not move far before
they decay. It was found that 99% of isotopes decay within 3 m [302]. Through pre-
cise muon tracking, muon detection efficiency is expected to reach 99.8% [4]. For
muons that either deposit a large amount of energy or cannot be tracked, one could
apply an additional time veto of the full detector [4]. The possibility of vetoing a
cylinder with a radius 7, around the reconstructed muon track for a particular
time t,, is schematically shown in Fig.

Nveto

LS Target

A= -

Figure 7.1: Sketch of the fiducial volume cut to reduce cosmogenic produced °Li back-
ground in thelLS target (grey) of the[J[UNO detector. A cylinder (blue) with radius r ., is
vetoed for a certain time t ., after each reconstructed muon track (orange) that traversed
the detector volume.
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Chapter 7 Muon-Induced Background

The baseline veto strategy suggests a cut with rye, =3m and ¢, =125 af-
ter each muon along its track through the central detector. This veto can re-

duce the cosmogenic background by 98%, which reduces the ’Li background to
(26.2£2.6) /(ktyr) [4].

The dead time caused by the cylindrical veto cut, with a mean muon track length
of (L,) =23m, is in total ~12% [4]. Additionally, it is assumed that for tagged and
non-trackable muons (1% of all muons), the whole [LS| volume is vetoed for 1.2,
resulting in a signal loss due to this fiducial volume cut of ~ 16%.

A simulation of the ’Li decay is performed within JUNO’s Offline Simulation
Framework. The implemented decay scheme is presented in the appendix in
Fig. Only the decays into excited states were simulated, as the ground state
does not provide neutrons for the delayed neutron signal. In total, 1.5 x 10* s-
decays into the excited states are simulated, and the prompt energy distribution
is visible in turquoise in Fig.[7.2|with the predicted [DSNBIsignal given in blue. The
°Li signal sets, besides the reactor neutrinos, an additional lower energy limit on
the[DSNB]detectable energy window. Please note that the maximum prompt energy
deposition of oLi goes beyond the maximum energy of the released electron, as the
scattering reactions of neutrons and a-particles also contribute to the prompt sig-
nal. The °Li background rates in comparison with the[DSNB|signal rates are plotted
in the right panel of Fig.[7.2]

visible scintillation energy (MeV) lower visible scintillation energy threshold (MeV)
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Figure 7.2: The prompt energy spectrum of the simulated cosmogenic °Li decay (turquoise)
and the fiducial [DSNB spectrum (blue) is given in the left panel. The cylindrical fiducial
volume cut is applied. The right panel shows the total expected event rates for exposure of
100kt y of in-situ produced cosmogenic °Li and the fiducial[DSNB flux model as a function
of the lower energy threshold.
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7.2 Fast Neutrons

If a muon enters the detector, neutron signals can be efficiently suppressed with a
time-interval veto of ~ 1s following the muon. A further source of background is
arising from highly energetic neutrons, produced by a cosmic-ray muon outside
the detector in the surrounding rocks. Since the primary muon is not penetrating
the detector or muon veto, they are invisible and cannot be used for discrimination
purposes. In nuclear cascades, high energy neutrons can be produced up to GeV
energies, and above.? Therefore, a fraction of neutrons is energetic enough that
they can reach the scintillator volume before they are moderated and absorbed.
Neutrons that are reaching the scintillator volume can scatter and create a recoil
proton. After thermalization, the neutrons are captured by hydrogen atoms, which
can produce a fake event for the electron antineutrino search. The elastic scat-
tering reactions of high energy neutrons, which produce nuclear recoils, can fall
into the expected energy range of DSNB|interactions. Summing up, the recoil pro-
tons provide the prompt signal, and the neutron once thermalized and captured,
produces the delayed event.

The intensities of the residual muons and the muon-induced neutrons depend
strongly on the depth of the underground detector. Due to the relatively low
depths of the detector cavern, neutrons created by cosmic muons passing
through the rock close by the detector are relatively frequent and constitute a rele-
vant source of background. The deposited prompt energy distribution is assumed
to be flat [304]. It should be noted that an apriori knowledge of the precise shape is
not necessary, as the spectral shape could be studied during measurement. Because
of the finite mean free path of the neutrons, most of the events are concentrated on
the verge of the scintillator volume. Hence, fast neutron background events show a
radial dependency. The study of this background, matching online measurements
with simulations, will help to understand this kind of background very well and
allows for statistical subtraction.*

The vast majority of neutrons are produced by natural radioactivity in the rock. U/Th emit a-
particles, which may then interact with light nuclei (Z < 30) to produce neutrons. Neutrons from
the spontaneous fission of heavy elements (mainly 238U) are restricted to a few MeV, allowing for
shielding from rock neutrons using H-rich material, which moderate and capture them. Hence,
they are not discussed here.

This was mainly verified in [305]. Nevertheless, the energy spectra show a slight decrease at
higher energies. Contrary to [296], where a small increase is noted.

Furthermore, the application of pulse shape discrimination method will further reduce this kind
of background, which is discussed in chapter
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The expected rate of fast neutron background events for the [LS volume was
determined to 3.4 events per year between 11MeV and 30MeV of deposited
energy [304]. This value is enhanced by ~16% due to the updated higher muon
flux for JUNO arising from less overburden [304]. The local dependency was fitted
with an exponential function.

The obtained expected background rate is plotted in dependency of the maximum
radius of the fiducial volume cut in the left panel of Fig.[7.3] Within a radius of
16.8 m the signal surpasses the fast neutron background. The amount of ex-
pected events is added with flat energy distribution to the data, visible in the right
panel of Fig.[7.3|for a fiducial radius of 16 m. The assumed uncertainty rate of 20%
is visible as the shaded band.
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Figure 7.3: Event rate in the LS volume from muon-induced fast neutrons per 100kt yr
below 40 MeV and assuming flat energy distribution [304].

Left panel: The fast neutron background (pink) is showing a radial dependency, while
the|DSNB signal (blue) is homogeneously distributed in the central detector volume. The
exponential fit function is plotted as the dotted line, where the data points, including their
statistical error, are also given. Within a radius of 16.8m, the | DSNB signal surpasses the
fast neutron background.

Right panel: Flat fast neutron background (pink) for R < 16 m with simulated signal
(blue). The assumed 20% uncertainty is plotted as the shaded area.
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Chapter 8
Pulse Shape Discrimination

To overcome the enormous amount of background reactions, mainly arising from
atmospheric neutral current (NC) reactions (cf.section[6.3), background identi-
fication methods are necessary to allow for a diffuse supernova neutrino back-
ground measurement with the Jiangmen Underground Neutrino Obser-
vatory (JUNO). A powerful tool is the so-called pulse shape discrimination (PSD),
which will be explained in this chapter. It based on the fact that positrons create
the prompt pulses of events, while the atmospheric[NClevents arise mainly
from much heavier protons and neutrons. Hence their pulse shapes differ due
to different fractions of singlet and triplet excitations in the scintillator, which is
explained in section [2.2, making background reduction possible.

The photon emission process in a liquid scintillator (LS), can be described with the
exponential decays of several components. The sum of the functions can express
the probability density function F(¢):

F(ty=>Y —te 7. (8.1)

Here, 7; is the time constant of the ith component, and NV; is the mean fraction
of photons that are emitted with the time constant 7;, such that >, N; =1. The
number of exponential functions is adjustable, and the values of NNV; and 7; are
particle dependent.

In the JUNO’s Offline Simulation Framework (introduced in section [3.3), the
light emission is modeled by three fluorescence components with the default pa-
rameters of the optical model summarized in Tab.[8.1} The amplitudes of the time
constants depend on the particle’s energy deposition per unit path length [197].
More massive particles deposit more energy per unit path length and thus emit a
larger fraction of photons by the slower components because a higher density of
ionized and excited molecules increases the possibility for intermolecular interac-
tions [197]. The light emission parameters for e, e*, and + particles were adopted
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e, e+, v « n/p
Fast fraction V; 79.9% 65.0%  65.0%
Medium fraction Ny  17.1%  22.75% 23.1%
Slow fraction N 3.0% 12.25%  11.9%
Emission time 74 4.93ns 1ns 1ns
Emission time 75 20.6ns 35.0ns 34.0ns
Emission time 73 190 ns 220ns  220ns

Table 8.1: The|LS photon emission default parameters of JUNO's Offline Simulation Frame-
work [4]. Fast, medium and slow components describe the fluorescence light emission.

from measurements, while parameters for neutrons, protons, and a-particles were
obtained from Monte-Carlo tuning in Daya Bay [306,307]." The normalized pho-
ton emission distributions from Eq. using the parameters given in Tab.[8.1are
plotted exemplary for neutrons and electrons in Fig.[8.1] The pulse levels off much
slower for neutrons than for electrons, mainly due to the more strongly populated
third fluorescence time component. Hence, this behavior can be used to distinguish
between different particle types by analyzing their observed pulse shape.

As the power of particle identification through strongly depends on the
parameters describing the time profile of the light output, one has to determine
them carefully. Typically, these parameters will be obtained through a scintillator
calibration with neutrons or a-particles with energies below ~8MeV. Through
quenching effects (compare section[2.2), the amount of deposited energy will be
further reduced, so, unfortunately, no knowledge at higher particle energies on the
emission timing can be gained. However, to estimate the pulse form of the prompt
or atmospheric neutrino interaction events in the energy window 2 11 MeV,
this knowledge is necessary. Nevertheless, Borexino first showed that pulse shape
based particle identification allows identifying atmospheric neutrino events
even with higher deposited energies (7.6 MeV—-29 MeV) [308]. By adopting knowl-
edge on pulse shapes at low energies to the higher energetic region, the
algorithm was able to separate between different particle interactions [308]. With

Note, that there is no difference implemented between electrons and positrons. Positrons may
form a bound state with an electron, so-called positronium, shortly discussed in chapter[2| As
the longer-lived spin state orthopositronium has a lifetime of ~ 3 ns in[LS) its formation changes
the time distribution of photon emission [137]. Hence the pulse shapes of electrons and positrons
in principle differ, but as the lifetime of positronium is small compared to the slower emission
times on which the particle identification is most sensitive, this should not affect the present
discrimination results.
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Figure 8.1: The probability density function F'(t) from Eq. @ describes the photon emis-
sion process in a[LS. The time-dependent light emission is shown for neutrons (red) and
electrons (blue) with the parameters from Tab.@

this proof of principle, it was shown that techniques constitute a promising
tool to suppress the overwhelming background from atmospheric neutrino
interactions. As Borexino uses a different scintillator material (pseudocumene), it
is not possible to unequivocally conclude that this will be feasible for JUNO[s
to the same extent. Nonetheless, this motivates the following discussion, where
the particle dependent parameters, presented in Tab.[8.1} are assumed to be energy
independent and that one can apply the information measured at low energies
without restrictions to the high energy regime. It is crucial to emphasize that the
subsequent considerations strongly depend on this assumption.

The simulation process, which is implemented to study the efficiency, is de-
scribed in section 8.1} Afterward, the simple but powerful method to distinguish
pulse shapes, the tail-to-total ratio method, is introduced in section Applying
this method, the discrimination power to distinguish atmospheric[NClevents from
[DSNBlevents is evaluated subsequently.
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8.1 Obtaining Pulse Shapes within the Simulation Process

JUNO'’s Offline Simulation Framework was introduced in section (3.3|and includes
four steps of data handling. In the first step of the detector simulation, the physics
simulation, including photon propagation up to the photosensors, is performed,
resulting in Monte-Carlo truth data. This step was accomplished for signal
and background sources described before (see, e.g., section . The second step
includes the electronics simulation, which translates the IMC truth information
into FADC (Flash Analog to Digital Converter) waveforms. The waveform recon-
struction follows as the third step, to receive the charge and hit time information
from the waveform. Lastly, the event is reconstructed, based on charge and timing
information.

In order to have more flexibility, the pulse shape analysis is mainly based on [MC
truth data directly obtained from the first step of detector simulation. The main
effects appearing by performing steps 2—4 are added manually.” The pulse - mean-
ing the timing information of detected photoelectrons - is not equal to the timing
distribution of the light-emission process in the scintillator. This is mainly due to
a time shift due to the photomultiplier tube (PMT) performance and to scintillator
optics, such as scattering3, absorption, and the varying time of flight (TOF) to the
photodetector surface. It follows a description of the data handling process to add
such effects manually.

For the pulse shape is measured with a set of PMTk, and the pulse is defined
by the time distribution of light emission (LE), which can be reconstructed from the
photon hit time at the PMT ¢;,;; and the reconstructed [TOF t1og:

tLE = thit — tTOF- (8.2)

Due to the geometry of a[PMT) there is a marked time delay between the hit time
of the photon on the photocathode and the creation of the electrical pulse, which is
registered. This delay is characterized by the transit time and results directly from
the process of amplifying photoelectrons and collecting the cascade of secondary
electrons on the anode. As this is a statistical process and various systematic ef-
fects can affect the transit time (I'T), the[TT varies, characterized by the transit time
spread (TTS), given in full width at half maximum (FWHM).4 Fig.illustrates the
described time shifts.

2 Moreover, this procedure was motivated by [309], where it was shown that there is no relevant

difference in performing full detector simulation compared to the manual approach.

It is assumed that the Rayleigh scattering length will not be noticeably smaller than the 27m,
assumed in the detector simulation, as this would influence the timing information.

4 The transit time of the Hamamatsu R12860[PMTs is ~ 95 ns [310].
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S

Tlight-emission

Figure 8.2: The light emission time of a photon can be reconstructed from the detected time
tsignat, thelTOF and the transit time of the[PMTl ThelLS volume (grey) is surrounded by the
(blue).

In the current analysis, only 20-inch [PMTk are considered, and the [TTS distribu-
tion of the sensors is shown in Fig.[8.3] The majority of the PMTk are micro-channel
plate PMT5 with a[TTS of ~ 12 ns, while the ~ 5000 Hamamatsu R12860[PMTs have
a much shorter [I'TS of ~ 3 ns [311]. The delay due to is added to the PMT! hit
time for eachPMTlwith the corresponding random draw [T'TS values from Gaussian
with 0 = T'T'S/2.35, so that Eq. transfers to

tLE = thit T tr15 — tTOF- (8.3)

The measurable value of [TT represents a constant time offset. Therefore, for sim-
plicity, ttt = trrs, as the "unknown" [[TS will influence the pulse reconstruction.
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Figure 8.3: Distribution of [TTS (FWHM) for Hamamatsu R12860[PMTs (black) and micro-
channel plate (MCP)[PMTs (blue).
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Figure 8.4: Not to scale sketch of the acrylic sphere surrounding the[LS volume (light grey).
The buffer medium water (dark grey) is between the[PMTs (blue) and the scintillator. If a
photon is created within the|LS volume, shown here with the star, the|TOF can be sepa-
rated in the|TOEF in the|LS and the buffer volume, with the effective light speed v; s and vg,
respectively.

Note that the background effect due to the dark noise of the[PMTk is not considered
in this work. If one assumes a dark count rate of 50 kHz per PMT) one expects less
than 10° photoelectrons due to dark noise during a time window of 1 us, which
is well below the signal. As they should be uniformly distributed in time and
independent of location, it is assumed that they will not change the pulse
shape noticeably. Moreover, due to the uniform distribution in space, a fraction of
them could be vetoed with specific clustering algorithms [296].

Furthermore, it is assumed that the uncertainty of the time offset due to electronics
is small in comparison to the [TTS, resulting in a negligible effect on the pulse
shape. Moreover, it is assumed that the waveform reconstruction will not affect the
pulse form, as the waveform reconstruction can be optimized for different energy
regions such that time-dependent effects on the signal can be neglected [312].

The [TOF can be obtained from the PMT] position and the reconstructed event
verteX Tyertex- The approximated calculation of [TOF is shown in the illustration
in Fig. Note, that no refraction is inserted, which underestimated the actual
[TOF. The differences by including refraction effects was evaluated to be less than
1.6ns, and even smaller (< 0.2 ns) in the inner detector volume with R <16 m [313].
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8.1 Obtaining Pulse Shapes within the Simulation Process
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Figure 8.5: An arbitrarily chosen pulse of a simulated [DSNB event. The "raw" pulse
corresponds to the time distribution of the photons, reaching the photocathode of the
(black). The effect of the [TOF correction and pulse shifting is illustrated with the
blue distribution.

The event vertex @yepex iS extracted from the [MC detector simulation, giving the
actual event position, which is smeared afterward with a position independent
vertex resolution. Starting from o =12cm/+/E(MeV), the spatial resolution is set
to a fixed value of o =3.8 cm, assuming a minimum energy deposition of 10 MeV
in the study [4]. After the previous described steps, including first the vertex
smearing, followed by offset correction using Eq. (8.3), the light emission time dis-
tribution is shifted so that the beginning of a pulse, defined as where the amplitude
reaches 10% of total pulse height, is at ¢ =0. The pulse handling, including the
effect of [TOF correction, is shown in Fig.[8.5|for an arbitrarily chosen pulse.

The above-described procedure is applied to all events that survive the inverse
f-decay event selection cut, described in section[d.4} Fig.[8.6 illustrates the nor-
malized sum of all prompt pulses from the simulated atmospheric and
events.” The difference in pulse form, especially above 100ns, is recognized and
could verify that the pulse shapes follow the light emission time distribution plot-
ted in Fig.[8.1} The obtained pulse shapes in Fig.[8.6]are less separated below ~ 30ns
in comparison to Fig.[8.1 due to detector effects. The prompt pulses arising from
atmospheric[NClevents decrease slower than events. This characteristic can
be used to identify different particles in [LS reactions.

> Information about the simulation procedure used to obtain signal and background events are

given in section [£.4/and section [6.4, respectively.
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Figure 8.6: The normalized and averaged prompt pulse of atmosphericINC (red) and|[DSNB
(blue) events.

Over the past decades, several methods have been developed to distinguish be-
tween different particles in a[LS/by analyzing pulse shapes. For the study of[PSDlin
the tail-to-total ratio method is investigated within this work, which will be
presented and discussed in the next section. Since the main challenge in the field of
detection is the suppression of the overwhelming atmospheric[NClneutrino
background, the following analysis on analysis is based on these two event
classes.
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8.2 Discrimination Efficiency using the Tail-to-Total Method

With the tail-to-total ratio method, the integrated photon emission sig-
nals p(t) are compared within a predefined time interval. The so-called tail inter-
val includes only the last part of the signal, where the difference between a- and
B-pulses is most significant (cf. Fig.[8.6), while the total interval is used as a normal-
ization factor. Subsequently, the ratio between the tail and the total interval, ITR|
is given as:

ns

oo et ST
with the entries in the pulse histogram p;.
An advantage of the [TTR method is its straightforward implementation. Further-
more, no knowledge of average pulse shapes is required. A disadvantage is that
only integrated information is used. Thus, the[[TRImethod is often not as powerful
as other, more sophisticated methods.
As neutron and proton signals have a more substantial fraction of the slow com-
ponents, these events have, on average, a higher [TTR| value than S-events. The
optimal start value of the tail interval depends mainly on the probability density
function of the photon emission process, described by Eq. (8.I). Consulting Tab.[8.T}
after ~100ns, the majority of photons are emitted by the third, slow component.
Hence, the fraction of photon hits in the tail interval is directly connected to the
strength of the third component N3, which differ for a- and -events.

(8.4)

First, the impact of the start value of the tail interval named tail value on the dis-
crimination efficiency is studied. Therefore, the tail value is varied between 80ns
and 260ns, and the resulting [TTR] distributions are shown for atmospheric [NC|
and events in Fig.[8.7] In principle, the separation is enhanced by higher
tail values, as the difference between the pulses is most visible for later times.
However, the amount of photon entries is reduced. A value of 120 ns as the start for
the tail value is chosen as a reasonable compromise to ensure that enough entries
remain in the tail of the pulse.

Moreover, from Fig. one can see that the distribution is not symmetric, which
is caused by a slight position dependence of the pulse form, and visualized in
Fig.[8.8] There are several reasons for a position-dependent pulse shape. First of
all, the probability for a photon to be scattered before reaching the PMT] depends
on the event position. At the center of the detector, ~35% of all detected photons

6 Advanced methods, like the Gatti method or methods using neural networks, could provide

better discrimination efficiencies [314,[315]. However, they are not discussed within this work,
as the present work aims to assess the potential of a[PSD. It is not assumed that the obtained
background identification efficiencies are already maximized for[DSNB|detection purposes.
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Figure 8.7: The normalized[TTR distribution of simulated atmosphericINC (red) and|DSNB
(blue) events is shown. The integration starting point of the tail interval - tail value - fol-
lowing Eq. (8.4) is varied between 80ns and 260 ns from top left to bottom right. A higher
tail value shifts the[TTR distribution to lower values, while the separation improves.

were scattered while at the edge only ~23% undergo scattering. Hence, the sta-
tistical fluctuation of the photon detection time is increased due to the scattering
effect, as scattered photons are detected later than un-scattered ones. The [TOF of
a scattered photon is longer than the one assumed in pulse reconstruction. Thus,
the [TOFE corrected emission time of a scattered photon is delayed, and therefore
the [TTR| rises with the number of scattered photons, which deteriorates the dis-
crimination efficiency. This effect of position dependence explains the shape of the
distribution of events in, e.g., the left upper panel of Fig.[.7, which is the
sum of Gaussian distributions. As more events in the outer shells show lower [TTR|
values, this explains the right-skewed distribution. Contrary the flat amount of
atmospheric [NCl events cannot be explained through this. That are mainly events
with de-excitation +’s (cf. section , which are "positron" like events due to the
same fluorescence timing parameters (Tab.[8.I) and reach therefore into the [ITRI
distribution of events.

134



8.2 Discrimination Efficiency using the Tail-to-Total Method

»n 05
= [ — 4m<R< 5m
_Z [ — 9m<R<10m
= 04
2 I —14m <R < 15m
@ i
S 03
>
3 [
% [
o 02
[a] L
0.1+
00 L Il Il L L Il
0.06 0.08 0.10 0.12 0.14
TTR

Figure 8.8: The normalized distribution of[DSNB events dependent on the event po-
sition in the detector is plotted. The plot shows the distribution for events within three
exemplary detector shells of 1 m width. The[ITR value decreases for events occurring near
the detector edge.

Furthermore, the pulse form could change due to the enhanced probability for total
reflection at the edge of the scintillator volume. As the scintillator and the buffer
medium have different refraction indices, a certain number of photons will not be
detected directly at the photocathode, if the angle of photons impinging on the
sphere is large enough. The critical angle for total internal reflection is

1. °
0 = arcsin (nBUffer> = arcsin <33> ~ 60°. (8.5)
nis ].54

The angle o under that photons impinging (cf. Fig.[8.4)

2 2 2
cosa = Ris+dis—r , (8.6)
2RLS X dLS

can be determined through the law of cosine and maximizes for d; g = 1/ Rig—1r®

with
7 2
& = arccos (RRT> ~ 65°, (8.7)

forr =16 mand R; g =17.7 m. Therefore, the simulation was performed within the
inner 16 m detector volume, to get rid of most effects due to reflection, appearing
at the detector edge.
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Chapter 8 Pulse Shape Discrimination

In order to consider the position-dependent pulse form and to avoid pulse shape
corrections, a radius dependent [TTR| cut value is chosen to increase separation
efficiency.

All in all, for each simulated event, the [TTRl was calculated based on the obtained
pulse gained from the pulse simulation process explained in section [8.1} The ratio
of the detected photons in the time intervals [120 ns, 1250 ns] and [0 ns, 1250 ns]
was saved. As a loss in signal mostly accompanies the usage of background identi-
fication methods, eight different cut modi were defined by their minimum amount
of surviving signal events, meaning that the TTR| cut values were chosen to
meet the requirements for the signal efficiency, which were varied between 40%
and 98%. A[DSNBJsignal rate of 37.7/(100 kt yr) (cf. Tab..I|from chapter {), and an
atmospheric background rate of 780/(100ktyr) (cf. Tab.[6.2] in chapter [p) was
used. Fig.[8.9/shows the resulting signal and background rates in the dependence
of the [TTR| cut modus. Linear interpolation between the cut modi is visible as the
solid black line. Besides, background rejection efficiency can be taken from the up-
per x-axis.

Remaining Background [%)]
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Figure 8.9: The solid black line shows the amount of[DSNB signal events compared to the

remaining atmospheric|NC event rate and dependent on the TTR cut setting. The dashed

line corresponds to the right y-axis and shows the significance, defined in Eq. (8.8), with S

and B the amount of signal and background events, respectively. The cut that maximizes

the significance is marked with the grey line, corresponding to a signal efficiency of ~ 93%.
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8.2 Discrimination Efficiency using the Tail-to-Total Method

Moreover, the "significance", defined as

S
5 (8.8)
with S and B the amount of signal and background events, respectively, is given
by the dashed line, corresponding to the right y-axis. This simple significance-like
expression is used for optimization purposes. As the imposed maximization could
be overestimated, in the following, the focus will be on all cut strategies shown as
the shaded area in Fig.[8.9) with signal efficiencies between 86% and 97% [316].

In addition, the efficiency for the background induced by fast neutrons, which
was introduced in section [7.2}, was studied. For this purpose 10° neutrons with a flat
energy distribution up to 50 MeV were simulated in the central detector volume.
If neutrons with flat energy distribution not necessarily show a flat distribution
of deposited energy, an energy-dependent correction factor was introduced. The
resulting distribution of the simulated neutrons with flat energy distribution
was afterward weighted with this correction factor. Based on the [ITR| cut strategy
favored in Fig. the fast neutron background is reduced to ~ 4%,

It is assumed that other background sources, like reactor neutrinos, atmospheric

charged current reactions, and cosmogenic oLi background, will have the same
signal loss due to[PSDJas obtained for the signal.

All in all, Fig.[8.10 shows the potential of a cut. The prompt energy spectra
shown for the simulated data from the signal (section[4.4) and the background
events (chapters[5, [/} and [6). The upper plot shows the spectra of the [BDHike
events, where the muon veto cut, described in section is applied. The [PSDI
method with a signal efficiency of ~93% is applied, visible in the lower plot,
mainly reducing the amount of atmospheric [NC| events and fast neutron back-
ground.

The represents a promising tool in [LS detectors to suppress the background
below the aimed for signal. Nevertheless, a second background identifica-
tion method in order to further suppress the atmospheric events is discussed
within the next chapter.

7 Anoverview of all cut efficiencies can be found in the appendix in Tab.

137



Chapter 8 Pulse Shape Discrimination

Visible Scintillation Energy (MeV)
10 20 30 40 50 60
T

L e L S E B By E s s B Sy N S S S S B
T T T T I

)
-
o

N

-
o

—_

UREaRLU|

_L
<

T

Events /(100 kt yr x 2000 p.e.

-
2
N

WAL

‘H‘\HH\HH\HH\HH\H‘LHHLHHX103
20 30 40 50 60 70 8 90 100
Prompt Scintillation p.e.

-
S
«w

Visible Scintillation Energy (MeV)
10 20 30 40 50 60
T

L e L E B By N s s B Sy s S S S S B e
T T T T I

)
-
o

™

— DSNB
— AtmNC
— AtmCC
Li9
—— Reactor-v's
FastN

Events /(100 kt yr x 2000 p.e.
o -
IR - )

—
2
n

_.
S
«w
—

T

]
‘ ‘ ‘ |'| ‘ ‘ x10°

20 30 40 50 60 70 80 90 100
Prompt Scintillation p.e.

Figure 8.10: The visible energy spectrum expected for the| DSNB|signal (blue) and its ample
backgrounds, including reactor neutrinos (orange), cosmogenic °Li (turquoise), fast neu-
trons (pink) as well as atmospheric neutrino|lCC (green) and|NC (red) interaction rates. The
upper plot is before application of discrimination techniques. The lower plot shows the
potential of application ofIPSD, with the[TTR cut ensuring 93% signal efficiency, greatly re-
ducing the atmospheric|NC background, as well as background events from fast neutrons.
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Chapter 9
Delayed Decay Triple Coincidence

As the atmospheric neutral current (NC) background overwhelms the diffuse
supernova neutrino background signal by orders of magnitude
(cf.chapter[6), it is necessary to develop powerful veto strategies in order to
reduce the background. A possible proposed background suppression method,
beside pulse shape discrimination, is to search for the coincidence of atmospheric
NC events with the subsequent decay of any within the reaction produced
radioactive isotope. In atmospheric events, nucleons are knocked out of the
'2C nucleus, where the thermalization of final particles provides the prompt sig-
nal, and the neutron capture the delayed signal. As some of the resulting final
nuclei of atmospheric [NC] reactions (cf. Tab.[p.2) are not stable, they will decay
afterward. Depending on the isotope, they will decay immediately or after several
microseconds up to days. If there is a third time-resolvable signal arising from a
delayed decay after a prompt-delayed inverse -decay (IBD)-like candidate, this
offers an additional veto s’cra’cegy.1 The possibility of a three-fold coincidence to tag
the decay events on a one-by-one basis is depicted schematically in Fig.0.1l After
the coincidence signal, the event is tagged if there is a third signal within a
proposed veto time ¢y,. This veto procedure is discussed in the present chapter.

Outgoing from the resulting nuclei given in Tab.[6.2]in chapter [} such a cut can be
applied to tag "¢, 1°C, and PLi. All other listed isotopes are either stable (', 1B,
“Be, 6Li), or decay almost instantly (QB, 8Be)2.3 Therefore, the following discussion
concentrates on the possibility of tagging the delayed decays of "¢, °C, and ®Li*
As the promising channels of atmospheric [NC| reactions with ¢, °C, and ®Li in

! This procedure is adapted from the three-fold coincidence after a muon track to look for e

production [317].
As °B, ®Be will decay instantly into two a-particles, these reactions should be possible to veto
through[PSD, described in chapter[8} As the decaying particles are not included in JUNO’s Of-
fline Simulation Framework, the observed[PSD potential is slightly underestimated.
Tab. in the appendix lists the radioactive decays of the final state nuclei from atmospheric
[NCJreactions on "*C.
4 . . P .

Their decay schemes are shown in the appendix in Flg.
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Figure 9.1: The basic idea of the proposed triple coincidence veto. After each[[BD-candidate,
consisting of the prompt and delayed signal, one can probably tag one-by-one events from
atmospheric|NC reactions. If there is a third signal arising from radioactive decay of the un-
stable nuclei, this allows distinguishing between events and atmosphericINC back-
ground.

the end state sum up to ~40% of all background events, it is encouraging to study
the possibility of a triple coincidence veto.

NCis a positron emitter with an endpoint at 0.96 MeV, and therefore, the total
deposited positron energy in the scintillator after annihilation is between 1.02 MeV
and 1.98MeV. The energy deposition of the released positron of the e decay is
between 1.02MeV and 2.93 MeV, accompanied by one (718 keV) or two (1.022 keV)
v-lines so that the total amount of deposited energy will be between 1.74 MeV
and 3.65MeV. The maximum energy of the released electron from SLi decay is
12.97 MeV, released with one 3.03MeV-vy, summing up to a deposited energy up
to ~16 MeV. As the energy depositions, as well as the decay times, differ, a more
advanced veto strategy compared to Fig.[9.1]is proposed and presented in Fig.[9.2]
The total veto time ¢y, is separated into three veto time windows, with different ve-
toed energy regions, to account for different energy depositions and half-life times
of 11C, 10C and 8Li. The veto time t’{/ should be set to a few times the lifetime 7 of the
isotopes. The energy ranges consider energy resolution effect and is chosen large
enough (30) to ensure that the energy deposition will be within the vetoed window.

Once the position of the prompt signal and/or the closeby delayed neutron capture
is known, one needs to apply a cut in space and time around each [BDFcandidate
and veto events with the corresponding energy deposition. This is sketched in
Fig.0.3] where the grey shaded area represents the vetoed volume with radius Ry, .
As the reconstructed position of the neutron capture or the prompt signal does not
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Figure 9.2: The advanced triple coincidence veto strategy. After an[IBD event candidate, for
a specific time ti,, any event with an energy deposition between 0.9 MeV and 16.4 MeV will
be vetoed, to tag HC, IOC, and ®Li. To consider the longer half-lives of 0C and HC, even
smaller energy windows are vetoed for t},, and t},, respectively.

tell us about the position of the isotopes birthplace, compare Fig.0.4] it is crucial
to set the radius of the spherical cut large enough to ensure that the decay could
happen inside the defined volume.

Hence, if events occur during the defined vetoed time ¢y, from the [BDlcoincidence
and inside a sphere of radius Ry, from the event point, they are rejected, and the
probability P, to veto such a delayed decay is given through

Pt = (1 — exp (—tv>> X Pg,,. 9.1)
T

Here, Pp, is the probability that the decay will happen inside the defined veto
sphere with radius Ry . The displacement of the third signal arising from a decay
of the residual nucleus from the prompt and delayed signal, that determines the
probability to be within the vetoed sphere will be discussed in the next section. As
large veto volume, as well as long veto times, are accompanied by higher signal
losses, this aspect is the topic of section
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Figure 9.3: After each[[BD-candidate, consisting of a prompt (p) and delayed (d) event, a
volume is vetoed with radius Ry, around the event point. Here the position of the prompt
event is chosen as the midpoint. The decay of the residual nucleus does not have to take
place at the prompt signal position. Therefore, the chosen vetoed volume has to be large
enough to ensure that the third signal of the triple coincidence will be within the volume.

/o
. e \ (p )
\ ®

‘ Residual Nucleus

Figure 9.4: Sketch of an atmosphericNClevent. The neutrino hits a °C nucleus and is scat-
tered, while neutrons, protons, etc. can be created. The residual nucleus could also drift
from the point of reaction if it gets some kinetic energy. The prompt event results from
scattering reactions of the neutrons and protons, and the delayed neutron capture happens
where the neutron is thermalized. Hence, there is less information about the position of the
residual nucleus obtained from observation of the prompt and delayed event.
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9.1 Size of the Vetoed Volume

If the residual nuclei have less momentum energy, compared to the knocked out
nucleons, they will rest close to the point of creation. Hence, the chosen veto
volume should consider, besides the detector vertex resolution effect, also the
length that the resulting decay products (electrons, positrons, 7’s) need to deposit
their energy. Moreover, it is often possible to localize, at least crudely, the point
where the positron annihilates and where the neutron is captured. Even though
the neutron is captured only after many elastic scatterings until it reaches thermal
energy, its final position maintains some memory of its initial direction. In the
following, the displacement between the prompt and the delayed neutron signal
from the event vertex will be studied in order to choose an appropriate vetoed
volume.

The true event vertex is obtained from JUNO’s Offline Simulation Framework and
the Monte-Carlo (MC) truth information. Therefore, the energy deposition of a
Geant4 particle track is divided into steps, that contain delta-information of the
track, like the energy loss per step. The reconstructed event position 7 can be ap-
proximated through:

— 1 —
r= E Z Estep T steps 9.2)

{prompt: 0 <lstep < 2ps
steps

delayed: 2 pus <{gep < 1ms,

with F as total deposited energy E = 3 | Fy.p,. Note that the following discussion is
based on the MC truth data without any reconstruction or vertex resolution effect.
Within the simulation of the signal events (cf.sectiond) and the atmo-
spheric NC] events (cf. section[6), the event positions of the prompt and delayed
signals were obtained using Eq. (9.2). The distribution of distances for simulated
and atmospheric events is shown in the left and right plot of Fig.9.5,
respectively. The plot shows the difference in positions between the prompt signal
(red) and delayed signal (green) to the point where the particles were created in
the simulation. The black line represents the distribution of the difference between
prompt and delayed signals.
First, for both event classes, the prompt signal (red) is closer to the point of particle
creation than the delayed signal (green). Furthermore, the prompt signal is
closer to the point of creation compared to the prompt signals of the atmospheric
events. In first order, this is because, the positron from the signal an-
nihilates immediately, while the prompt signal of atmospheric [NC| events is a
combination of the longer-lasting thermalization processes of the resulting parti-
cles.
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Figure 9.5: Distribution of position displacement for[DSNB (left plot) and simulated atmo-
sphericINC events (right plot). The difference between the prompt signal position and the
point of particle creation (red) is compared to the difference of the delayed signal position
to the point of initial event vertex (green). The black line represents the distribution of the
difference between prompt and delayed signals.

Moreover, the delayed signal is further away from the point of creation for atmo-
spheric than for events. This is because the energy transfer to the neutron is
negligible for the relatively "low energy" [DSNBneutrinos, compared to the energy
transferred to the positron. Contrary to atmospheric neutrinos, which can have sev-
eral GeV energy, and the energy transfer to the neutron cannot be neglected any-
more.” As the kinetic energy of the resulting neutron is much smaller than the ki-
netic energy of the released positron in a[DSNBJreaction, the position of the prompt
signal is mainly determined by the kinetic energy deposition of the positron. The
two 511 keV gammas from positron annihilation are sent in the opposite direction
so that there is in first-order no effect on position due to the annihilation gammas.
Contrary, the prompt signal of the atmospheric neutrino events is mainly caused
by the same particle, neutron, as the delayed signal. This gives a directional cor-
relation between prompt and delayed signals and manifests in the fact that the
prompt-delayed distance (black) is smaller than the distance of the delayed signal
to the point of creation (green), which can be seen in the right plot of Fig.[9.5

That is the difference in comparison to events, where the prompt-delayed
distance is slightly larger than the delayed-creation distance. To explain this be-

havior, the angle
0 = arccos <_,pep_n,> , (9.3)
[Del + [Pl

between the direction of positrons and neutrons from events, with infor-

°  The kinetic energy distribution of neutrons from [DSNBland atmospheric events is given in
the appendix in Fig.[A.5]
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Figure 9.6: The angular directional distribution between positron and neutron of [DSNB
events, obtained using Eq. (9.3) with momentum information from [M{ simulation. Ap-
proximately 95% of the values are between 90° and 180°, which means the majority of
resulting particles are sent in the nearly opposite direction.

mation from [MC truth on the initial momenta p, and p,,, was determined. The
¢-distribution is plotted in Fig.[9.6 and shows that ~ 95% of the particles are sent in
the nearly opposite direction. Hence, the prompt-delayed separation is enhanced
for events through this effect. The discussion is summarized in Fig.9.7,
where the yellow boxes represent the reconstructed prompt and delayed vertices
of an exemplary (left) and atmospheric[NC|background event (right).
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Figure 9.7: Sketch of an exemplary DSNB and atmospheric NC event. The prompt (P) and
delayed (D) vertex position are closer to the reaction vertex for|DSNB events than for at-
mospheric|NC events. Since the prompt and delayed events of atmosphericINC events are
caused by mainly the same neutron particle, the distance between prompt and delayed sig-
nal vertices is reduced. As the neutron and positron from the|DSNB event, are in first-order
emitted in opposite directions, the prompt-delayed distance is enhanced.
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Figure 9.8: Displacement between the ''C decay vertex and the event position of the de-
posited positron energy.

Finally, one has to consider the displacement between the point of creation and the
energy deposition of the decaying unstable isotope. This was studied exemplary
by simulating positrons from the decay of e Fig.shows that the displacement
between the production point of the positron from the ''C decay and the energy
deposition place is less than 0.5m and negligible in comparison to the displace-
ment of the prompt and delayed signal described above.

The discussion is concluded as follows. First, it is assumed that the residual nucleus
is getting a small amount of energy so that the decay will happen approximately at
the reaction vertex. For that, the convective motion of the liquid scintillator has to
be sufficiently slow [317].° Therefore, the assumption that the "C nuclides displace-
ment over their ~ 30 min lifetime can be kept small in comparison to the neutrons
range seems entirely justified.

Secondly, it is proposed to veto a volume around the reconstructed prompt event
position, which is closer to the event vertex, where the resulting nuclei are ex-
pected to decay. The efficiency factor Pgy, introduced in Eq. (9.1), accounts for the
probability that the radioactive decay will be within the vetoed sphere, and is ap-
proximated as follows. Pgy is estimated as the amount of atmospheric[NClevents
with the prompt-creation distance shorter than radius Ry (compare red distribu-
tion in Fig.[9.5). The efficiency depends on the chosen value of Ry and can be seen
in Fig.9.9] For a sphere with R, =0.5m the probability is estimated to be ~79%

data showed that the measured average displacement of the diffusive ’Rn over its
5.5 days mean life is less than 1 m [318].
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Figure 9.9: The estimated probability Pgy for a delayed decay of an atmosphericINClevent
to be within a sphere with radius Ry,. Approximately 79% or 92% will be within the sphere
for Ry, =0.5m and Ry, =1m, respectively, considering no effect of vertex resolution due
to detector effects as well as no convection.

and increases for even larger radii to ~92% for Ry, =1 m.” A larger veto volume
will lead to an increased signal loss due to larger dead times and will be discussed
in the next section.

Please note, that no detector effect on the spatial resolution is considered here, which would
minor decrease the efficiency as well.
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Chapter 9 Delayed Decay Triple Coincidence

9.2 Signal Efficiency

The usage of the proposed triple coincidence cut enables the possibility that[DSNB|
signal events are accidentally vetoed. This could happen if signal events fall into
the vetoed volume during the vetoed time, called dead time. Moreover, there is the
possibility of accidentally arising third delayed signals after a DSNB signal, which
would lead to a veto, which is not wanted. Hence, the reduction of the DSNB signal
due to the proposed veto strategy is the topic of the following discussion.

The cumulative dead time Ty.,q corresponding to the triple coincidence cut can
be approximated through the amount of nuclei, resulting from atmospheric [NC|
reactions multiplied with the corresponding veto time ¢y

i Ry \* i
Tawa = Y. Tioa = (105 ) % Rve x B, x 1. ©0:4)

with the branching ratio BR; of the corresponding reaction from Tab.[6.2] and
the atmospheric [NC| background rate of Ry =7.8/(ktyr). The dead time Tiead
corresponding to isotope i is plotted in Fig.9.10 in dependency of veto time. For
simplicity, the dead time is overestimated due to ¢, = ¢y and Ry, =2m. As can be
seen in Fig.[0.10, the signal loss due to atmospheric events is not considered in the
following, as it is well below 0.01%.

Tdead [%]
3

104 F 7

107°

Figure 9.10: Dead time for Ry, =2m.
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9.2 Signal Efficiency

Even though the delayed decay search offers a great opportunity to veto atmo-
sphericNCreactions, there is the possibility of vetoing signal events in the detector,
followed by an accidental third signal. These could arise from natural radioactivity
or decays of cosmogenic produced isotopes and will be considered in the following.

Muons traveling through the scintillator will also produce cosmogenic isotopes,
like ''C. As the expected muon rate in the central detector is quite high (~ 3.5 Hz),
the majority of, e.g., "C in the liquid scintillator (LS) will be produced through
muons instead of atmospheric neutrino reactions [192]. To estimate the influence of
the cosmogenic isotope production on the proposed strategy, the possibility to veto
a signal with a random coincidence of a cosmogenic signal is calculated.
The cosmogenic isotope production yields Y of ¢, 19C, and ®Li are scaled from
measurements and summarized in Tab.0.1] [301]. As the production
yields depend on the experimental location due to the different muon rates and
average muon energies, they were scaled to fit for J[UNO] AtJUNOs site, the mean
muon energy is smaller than for (compare Tab. in chapter , the
spallation production is therefore about 0.8 times lower for expecting a
cosmogenic production rate Ry, which can be taken from Tab.[9.1]

Besides cosmogenic radioisotope production, there is the possibility of having an
accidental event from radioactive decays, following an signal event. Based on
the radioactivity level assumptions given in [4], an overview of the different spectra
of decays in the[LS due to radioactivity is given in Fig.[9.11. Tab.[0.1]lists the amount
of radioactive signals, expected in the proposed vetoed energy windows.

Cosmogenic Isotopes Radioactivity
YKamLAND Reosm vetoed Riadio
10"t gt em?] [/(kth)] | energy window [/(kth)]
e 866 = 153 935+16.5 | (0.9 - 16.4) MeV 0.96
10¢c 16.5+1.9 1.8+02 | (0.9-3.8)MeV 0.94
8Li 122426 13403 | (0.9-2.1)MeV 0.90

Table 9.1: The table summarizes the cosmogenic production yields from|KamLAND mea-
surements and the expected cosmogenic production rates for [UNO for "'C, °C, and
5Li [301]. The right part gives the expected rate of events arising from radioactivity within
the different energy regions.
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Figure 9.11: Radioactivity spectra from different radioactive isotopes marked with different
colors. Figure from [319] with the radiopurity levels assumed in [4].

The Poisson possibility for zero accidental events, arising from cosmogenic isotope
production or radioactivity, appearing during the vetoed time window ¢y, is given
through

P = €xp [_MV X (Rcosm + Rradios) X tV] ) (95)

for a vetoed detector mass M, . As this represents the possibility for an event to be
not vetoed through accidental events, it is assumed as the signal efficiency. Within
the next section, the veto strategy is optimized in order to suppress the background
by limiting the signal loss.
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9.3 Atmospheric Background Reduction

9.3 Atmospheric Background Reduction

To determine appropriate parameters for the triple coincidence cut, the gained
knowledge from previous sections[9.1and [9.2 will be merged within this section.
The signal efﬁciency follows Eq. (9.5), while the background rejection is calculated
using Eq. @

The left panel of Fig.0.12 shows the background reduction factor dependent on
the veto time #j, for Ry, =1m. The solid lines correspond to the three end states
of atmospheric [NC reactions with 8Li (green), 10C (blue), and ''C (grey). Due to
the relatively short lifetime of SLi compared to the other two isotopes, it is possi-
ble to veto nearly all of the reactions with 5Li, choosing t, in the order of several
seconds. The black dashed line corresponds to the right y-axis and represents the
signal efficiency If the vetoed time is short enough, the signal efficiency is nearly
one. Therefore, ¢, =85 is Chosen which is visualized through the vertical grey line
in Fig. @ After fixing ty;, the background rejection is shown dependent on the
length of the second time 1nterva1 ty in the right panel of Fig./9.12. It can be seen
that it is necessary to set i, to a few minutes, to reduce mainly the atmospheric
[NCbackground with 10C. However, this veto time is not long enough to reduce the
"C reactions noticeably. Again, the right y-axis shows the signal efficiency corre-
s?ondlng to the black dashed line. Therefore, the length of the second time interval
ty =3min is chosen, which is accompanied by a signal loss of ~ 2%.

Signal Efficiency Signal Efficiency
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s | e I
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Figure 9.12: The background rejection factor is shown dependent on the length of the ve-
toed time intervals t‘l/ (left panel) and t%, (right panel). The solid lines represent the back-
ground rejection of atmospheric|NC events with 8L (green), ¢ (blue), and e (grey) in
the end state. The signal efficiency is given as the dashed black line, corresponding to the
right y-axis. For both plots, a vetoed volume with Ry, = 1m is assumed. The length of the
time intervals ti, and t}, are chosen to be 8s and 3 min, respectively, which is visualized
through the vertical grey line.
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Lastly, t%/ has to be determined to reduce the reactions with 11C, as this corresponds
to the reaction with the highest branching ratio (~33%). The e background re-
duction related to ¢} is given in Fig.[9.13, The background rejections (solid lines)
are given for two vetoed volumes with Ry, =0.5m (red) and Ry, =1.0m (grey).
A larger vetoed volume enhances the background rejection. The signal efficien-
cies (dashed lines) are shown for comparison related to the right y-axis. Hence, a
larger veto volume drastically reduces the signal efficiency.

To find a reasonable compromise, the signal and background rates are compared
in Fig.@. The atmospheric [NC] event rate is given for different values of ¢}, for
the two proposed vetoed volumes with Ry, =0.5m (red) and Ry, =1.0m (grey). A
signal rate of 37.7 /(100 kt yr) (cf. Tab.[#.T]in chapter ), and an atmospheric
background rate of 780 /(100 kt yr) (cf. Tab. in chapter @ was used. Within
the first hour, the background rate decreases fast, while the slope mitigates after
~2h. Now, the right y-axis is related to the signal to background ratio S/v/'S + B,
with the amount of signal events S and remaining background events B. The
significance-like value is used to optimize the length of the veto time window
t;, (dashed lines). As the larger veto volume would drastically decrease the signal
efficiency (Fig.[9.13), this strongly affects the signal-to-background ratio. Therefore,
the smaller veto volume with R, =0.5m and the length of the third veto time
t%/ =1.5h is chosen.

The signal efficiency, corresponding to the probability of zero cosmogenic
and radioactive events during the vetoed time, is ~94%. As the possibility to get
a random event after an event candidate, is not depending on the type of back-
ground, we assume that all the other background rates are reduced as well by 6%
by applying this proposed veto. The total amount of atmospheric[NCJreactions can
be reduced by ~35%. The effect on the different reaction channels can be taken
from Tab.[9.2
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Figure 9.13: The ' C background rejection (solid lines) is given for two vetoed volumes with
Ry =0.5m (red) and Ry, =1.0m (grey). The signal efficiencies (dashed lines) are shown
for comparison related to the right y-axis.
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Figure 9.14: The remaining atmospheric INC event rate in relation to the length of the
third veto time t;, for the two proposed vetoed volumes with Ry, =0.5m (red) and
Ry =1.0m (grey). The signal-to-background ratio S/+/(S + B) is given with the dashed
line and corresponds to the right y-axis. The length of the third veto time t}, =1.5h is
chosen.
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Atmospheric interactions [/ (ktyr)]

vy + Lc — Uy + .. Triple Coincidence Veto
n+'C 2.6 0.6
n+p+ B 1.8 1.7
n+2p+ '"Be 0.7 0.7
n+p+°H+ "Be 0.6 0.5
n+p + “He + °Li 0.5 0.5
2n+1°C 0.4 0.08
2n+2p+ ®Be 0.2 0.2
2n+p+°B 0.2 0.2
n+3p+°Li 0.2 0.03
other channels 0.7 0.6
sum 7.8 5.1

Table 9.2: Reaction channels of atmospheric[QE[NCreactions on '>C, sorted by their preva-
lence. The left column lists theNC interactions after the event selection described in sec-
tion|4.4, The right column shows the reduction after applying the triple coincidence veto
with a vetoed volume of Ry, = 0.5m. The reaction channels that are can be reduced through
a tag of the third delayed decay signal are highlighted in grey.
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Chapter 10
DSNB Detection Potential in JUNO

Besides the aimed-for diffuse supernova neutrino background signal,
several background sources are present. The signal estimation for the Jiangmen
Underground Neutrino Observatory detector is discussed in section ml
The background arising from atmospheric neutrino interactions: the charged cur-
rent reactions of atmospheric electron antineutrinos on 1H, and the quasielastic
neutral current (NC) reactions of atmospheric events on 12C are the topic of chap-
ter[pl The reactor neutrino background (cf.chapter[5), as well as muon-induced
backgrounds from the decay of cosmogenic produced ’Li (cf. section and from
fast neutrons (cf. section , also contribute.

Apart from the background arising from fast neutron interactions, the signal and
background sources were simulated within the JUNO's Offline Simulation Frame-
work (JOSF), which is introduced in section[3.3} After the event simulation, the
inverse (-decay (IBD) event selection was performed, which is described in sec-
tion The obtained simulated event spectrum, including the signal and different
background sources, is shown in Fig.[10.1. As the background events surpass the
signal by orders of magnitude, there is a need for potent background iden-
tification methods, which are the topic of chapter

First, the so-called muon veto cut (cf. section [7.1), allows reducing the cosmogenic
°Li background events by ~ 98% by vetoing a cylinder around reconstructed muon
tracks. However, this cut introduces dead-time and reduces signal efficiency by
16%. The simulated event spectra after applying the muon veto cut are shown in
the left plot of Fig.[T0.2. Furthermore, the powerful tool of pulse shape discrimina-
tion (described in chapter [8) allows for noticeably background reduction of
fast neutron and atmospheric[NClbackground, which can be seen in the right plot
of Fig.[10.2, Moreover, the possibility to reduce the atmospheric background
with the so-called triple coincidence cut is studied in chapter[9l The option to
identify atmospheric events through the delayed decay of produced unstable

! In the present chapter, the[DSNB|signal is referred to as the fiducial flux model unless otherwise

stated.
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Visible Scintillation Energy (MeV)
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Figure 10.1: Prompt energy spectrum obtained from event simulation using[JOSHand after
[IBD event selection. The visible energy deposition of the prompt event corresponding to
the number of scintillation photoelectrons is given on the upper x-axis. The background
events surpass the|DSNB|signal (dark blue) by orders of magnitude. Note that reactor neu-
trinos (orange) are simulated with a lower energy threshold of ~ 9 MeV. The fast neutron
rate corresponds to an inner detector volume with R < 16 m.

isotopes introduces an additional dead-time of ~ 7%, but could reduce the atmo-
spheric background further by ~40%. Therefore, evaluation, if this cut will
even improve the signal—to-backfground ratio, is necessary. A summary of the event

rates can be taken from Tab.[10.1.2

Within the present chapter, the detection potential of the [DSNB| in J[UNO| will be
estimated and discussed. First, a proposal for the data processing procedure, called
the detection strategy, is given in section [10.1, which is necessary to extract the sig-
nal from the overwhelming background. Assuming the feasibility of the described
strategy, the sensitivity of successful detection is estimated in section[10.2. Finally,
the possibility to extract information about astrophysical parameters out of the
hopefully successful DSNB| detection in the future is discussed in section [10.3.

> The table containing the corresponding cut efficiencies can be found in the appendix in Tab.
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Figure 10.2: Prompt energy spectrum obtained from event simulation using[JOSHand after
event selection. The muon veto cut was applied for the left plot, which drastically
reduces the background events from the decay of cosmogenic produced °Li but introduces
~ 16% dead time. Additionally, was used to distinguish a- and j-like events, visible
in the right plot. The tool strongly reduces the background from atmospheric NC
events (red) and fast neutrons (pink). The signal efficiency is reduced by ~ 3%.

Remaining Event Rate [/147 kt yr]

Cut DSNB AtmNC AtmCC FastN Li9 Reactor
IBD 53.6 1136 13.7 171 19x10° 53.7
Muon Veto 45.0 954 115 14.4 3750 45.2
[PSDI 49.7 225 12.7 072 1.7 x10° 49.8
Triple Coincidence  50.3 696 12.9 16.0 1.8x10° 50.4

Table 10.1: The event rates for an exposure of 147kt yr, corresponding to a 10-year mea-
surement and the inner detector volume with R < 16 m. Different selection techniques are
applied. The[IBD selection criteria are described in section The muon veto cut reduces
mainly the cosmogenic °Li background. The background rejection through mainly
affects the atmosphericINC and the fast neutron rate. Lastly, the effect of the triple coinci-
dence cut is shown. Note that the background suppression methods are applied separately
after the[IBD cut and that the number of reactor neutrinos corresponds to a lower energy
threshold of 9 MeV. The maximum prompt energy deposition is ~ 68 MeV.
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10.1 Proposal for Detection Strategy

In the present section, a proposal for a detection strategy is given, assuming that
the backgrounds behave within their ranges of uncertainties, as described in the
previous chapters. As the flux was not measured until now, minor addi-
tional background sources may occur, that are not considered at the moment. Fur-
thermore, the fiducial flux model is assumed. The suggested steps of data
analysis after 10-year data-taking in are enumerated and explained in the
following in order to generate a positive signal to background ratio.”

1. Event candidates that fulfill the selection criteria defined for events, de-
scribed in section 4.4 are selected. Furthermore, it is necessary to veto a cylin-
drical volume around the reconstructed muon tracks, which is described in
section[7.1] The resulting event spectrum is visible in Fig.[[0.3. The lower
energy threshold is set to 9MeV, to avoid the enormous amount of reactor
neutrino events, that will be present in the lower energetic part of the spec-
trum. The spectrum decreases steep, and the slope becomes weaker above
~12MeV of energy deposition.

Visible Scintillation Energy (MeV)
10 20 30 40 50 60

Events /(100 kt yr x 2000 p.e.)

1 ..‘:..‘.x‘..‘|..‘.x.‘..x‘..‘:..‘.x”..m.u><103
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Prompt Scintillation p.e.

Figure 10.3: Prompt event spectrum of[[BD-like events in[JUNO after applying the muon
veto cut.

As the determination of the fast neutron rate and the atmospheric[NC rate is quite complicated,
the[DSNB|detection window should be blinded during the first years of data taking. During this
time, the analysis procedure should be fixed by looking at the events that are outside the energy
window of interest. After the detection window has been unblinded, the analysis procedures
should be applied without any changes to avoid experimental bias. See, e.g. [320].
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10.1 Proposal for Detection Strategy

2. Consistent with section the background arising from fast neutrons is the
only background component that shows a radial dependency of events in the
detector volume. As the fast neutrons enter the detector volume from outside,
the rate decreases with the radius of the fiducial volume. Therefore, it is as-
sumed that the number of fast neutron events can be determined by analyzing
the dependence of the event rate on the radius of the reconstructed position.
Hence, through a radial dependent study of events, knowledge about the
rate and shape of the fast neutron background should be gained. The results
should be corroborated with Monte-Carlo (MC) simulations that allow under-
standing of this background component. Furthermore, one can look for
like events, that were detected in coincidence with a muon which crosses the
muon veto. The top tracker placed above the central detector and outer water
Cherenkov detector (WCD), covers 60% of the water pool top area [196]. Al-
though the fast neutron rate cannot be calculated directly from these events,
they can still be used to validate the MC simulation if the top tracker detects
some muons that neither cross the central detector nor the (WCD, but pro-
duce fast neutrons in the surrounding rock. Subsequently, the expected fast
neutron rate can be calculated by using the validated MC simulation. It is as-
sumed that the determination of this background component is feasible with
an uncertainty of 20%. The data spectrum with the fast neutron component
and the assumed uncertainty is visible in Fig.[10.4a

3. Subsequently, the method of should be applied. Here, the discrimina-
tion strategy with the best significance obtained in section[8.2)is used, with
a corresponding signal efficiency of 93%. Using the background could
be reduced significantly, which is visible in Fig.[10.4b. Due to the uncertainty
of [PSD] efficiency, the uncertainty of the fast neutron background increases.
How the uncertainty of efficiency influences the detection potential is
discussed in the following section [10.2.

4. Through the previous background evaluations, it is known that the atmo-
spheric charged current (CC) interactions are the dominant background re-
actions above ~ 35MeV, as the fast neutron background is considerably sup-
pressed through[PSDl Hence, it is possible to study the atmospheric[CClback-
ground in the higher energy region and transfer the knowledge into the low
energy region. Therefore, above ~35MeV, the number of atmospheric [CC|
events is the difference of the event spectrum and the tiny amount of fast
neutron background events. It is assumed that the spectrum can be obtained
with a 10% uncertainty above 40 MeV, resulting in an increased error-band
of atmospheric [CC] events due to the error of the fast neutron rate. Below
40MeV, the atmospheric spectrum is extrapolated into the lower ener-
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162

getic regime. The extrapolation is assumed to insert an additional uncertainty
of 10%, visible in Fig.[10.4d The 40 MeV-threshold, above which the[CClback-
ground is studied, depends on the actual flux model, and the corre-
sponding spectral plots are given in the appendix in Fig.[A.6] For lower[DSNB]
fluxes, the atmospheric flux will surpass the signal at even lower energies.
Therefore the suggested threshold can be kept as a conservative choice. For
even higher fluxes, the atmospheric flux overpass the signal at
even higher energies (cf. Fig. in section . As there are significant uncer-
tainties on the atmospheric flux predictions at low energies (<100 MeV), the
actual threshold is hard to predict. However, after[PSD) the fast neutron back-
ground is entirely below atmospheric [CC reactions. Hence, the knowledge
that the signal is decreasing in energy while atmospheric neutrino flux
is increasing, can be used to determine the point in the spectrum where the
slope of the histogram will change the sign. This would be a quick cross-check
to validate the energy threshold.

The strongly exponentially decreasing energy spectrum below ~12MeV is
due to the decay of cosmogenic produced %Li (cf. section and reactor neu-
trino interactions (cf. chapter 5). Through analysis of the spectral shape, it is
possible to define the lower energy threshold at the point where the exponen-
tial decrease mitigates, which is visible in Fig.[10.4d|at ~ 12MeV. By combin-
ing knowledge about “Li background and the reactor neutrino background,
the number of events expected to reach into this window can be determined
from measurements below 10 MeV.

Lastly, the amount of atmospheric [NCl reactions has to be determined. Con-
trary to the atmospheric reactions, the direct measurement of the atmo-
spheric NC| background is quite challenging. It is assumed that the atmo-
spheric neutrino flux is known with 10% uncertainty. Hence, with the known
efficiency of the applied [PSDimethod, one can determine the remaining num-
ber of atmospheric[NClevents in the data set, shown in Fig.[10.4e. It is evident
that the prediction of atmospheric [NC| background events strongly depends
on the uncertainty of the PSD efficiency, which is discussed within the next
section.

To further reduce background, there is the possibility for the triple coinci-
dence veto, which is described in chapter [9] It could reduce the atmospheric
[N background by additional ~ 40%. However, the uncertainty on the triple
coincidence cut efficiency further enhances the error, visible in Fig.[10.4f]
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(c) Atmospheric |CC interactions are
measured above ~ 40 MeV, while below

the background estimation is extrapo-
lated.

Visible Scintillation Energy (MeV)
40 50 60

10 20
= e A S B
Sqee — AtmCC
S Li9
« — Reactor-v's
x 10 Fast Neutrons
>
x
o
o
2]
1
[
>
iT]
1
103 I L L L L 10°

20 30 40 50 60 70 80 90 100
Prompt Scintillation p.e.

(e) Estimation of remaining atmo-
spheric background events with
knowledge of efficiency and
atmospheric|N(interactions.

Figure 10.4: lllustration of the proposed steps of data handling.
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(b) allows to reduce the back-
ground. The uncertainty on the fast neu-
ron rate increases, due to the uncer-
tainty on the|PSDl efficiency.
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(d) The reactor neutrino background
and background events arising from
the decay of cosmogenic produced °Li
defining the lower energy threshold on
the detection window.
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Figure 10.5: Prompt event spectrum of [[BD-like events in[JUNO performing the described
steps of data analysis. A positive number of[DSNB signal events can be extracted between
12MeV and 35MeV.

Finally, present [DSNB| events can be extracted by subtracting the number of ex-
pected background events from the data, visible in Fig.[10.5. Here, above 12MeV
and below 35MeV, a definite amount[DSNBIsignal can be extracted.

The assumptions of this section are transferred into the next one, where the sensi-
tivity of a successful [DSNB|detection is calculated. Furthermore, the dependence of
the sensitivity on the flux model, the cut strategy, and uncertainties will be
discussed.
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10.2 Detection Significance

From the expected number of detected signal and background events, the confi-
dence interval can be calculated by using the Feldman-Cousins method [321]. By
increasing the size of the confidence interval such that the lower limit is almost
zero, the significance of the detection of the can be calculated. Within this
section, an extension of the Feldman-Cousins method, which allows to include
uncertainty on the expected amount of background events, is used to calculate the
detection significance [322].

The optimal energy window of detection can be obtained as described in previous
section. The energy where the steep exponential decreasing spectrum is decreasing
in slope determines the lower energy threshold, and the upper limit is where the
slope starts to rise again. For the fiducial flux model, the energy window
is chosen to be (1.8—5.0)x10* prompt photoelectrons, corresponding to a visible
energy deposition between ~ 12 MeV and ~ 34 MeV. Tab.[10.2 provides a summary
of the expected signal and background rates. Besides, the signal rates for the two
extreme [DSNB|flux models are given, while the high[DSNB]flux model is limited to
the actual Super-Kamiokande limit [3]. If the triple coincidence cut (cf. chapter@)
is applied, the background rate is further reduced, as the signal efficiency.

The significance of detection is calculated for the three different cut strategies
and results are plotted in the upper panel of Fig.[10.6, where darker colors refer to
higher signal efficiencies. The detection significance by using the triple coincidence
cut is plotted besides with dashed lines. From the upper panel of Fig.[10.6, one
can conclude that the cut strategy, corresponding to a signal efficiency of
~71% (light grey), shows the highest significance. This choice for the cut modus
is independent of the decision for or against the triple coincidence cut. Therefore,
this cut strategy is favored in the following. Moreover, as there is less difference in
significance for triple coincidence cut, we will disfavor the option in the following.

The influence of uncertainty of the [PSD] efficiency on the significance will be dis-
cussed in the following. The favored cut strategy reduces the atmospheric
[NCbackground to ~ 1.8% in the considered energy window. A less unknown [PSD|
efficiency epgp =1.8% +dpgp, increases the total uncertainty of the background
events. The relative uncertainty is varied by up to 50%, and the effect on
the signal significance can be taken from lower panel of Fig.[10.6, An unprecise
knowledge on the efficiency heavily reduces the detection sensitivity. If dpgp
is larger than ~30% even after ten years of data taking, a 30 detection becomes
nearly impossible assuming the fiducial flux model. There is the chance
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that the actual flux will be higher than the predicted fiducial one, which would
enhance significance. Nevertheless, with the same argument, the flux can be even
lower, making precise knowledge of [PSD efficiency even more important. There-
fore, it is stated that dpgp should be below 10%, which represents an ambitious
goal and opens the question of how precise knowledge of [PSD] efficiency could
be gained. For the detection of signals, the has to be robust in the
energy range above an energy deposition of ~10MeV. Due to quenching effects,
it is not easily possible to calibrate the scintillator using neutron- or a-sources
at such high energies. Neutron beams would allow for higher particle energies,
but due to the self-shielding, it is not possible to reach the inner detector volume
from outside (cf. section[7.2). A possible approach would be to study background
events from atmospheric interactions, above the DSNB signal energy. The results
should be compared with [MC simulations, and through [MC tuning, there is hope
that the can be studied at higher energies. Nevertheless, the knowledge and
the prognosis of the [MC simulation have to be transferred to the DSNB signal
energy region, and one has to rely on the [MC simulations. Requiring a relative
uncertainty of 10%, DSNB detection significance manifests at ~ 4o for ten years of
measurement.

Finally, the exposure is fixed to 147 kt yr, corresponding to ten years of [UNO|data,
and the detection significance is plotted in dependence of the two-dimensional
astrophysical parameter space. Therefore, the amount of failed supernovae (SNe)
is set to the fiducial value of 27.3%, while the rate and the minimal black hole
mass are varied, visible in the upper panel of Fig.[10.7. As the actual values of the
astrophysical parameters firmly influence the signal strength (cf. chapter[d), the
significance also strongly depends on the parameter constellation. Hence, it is even
possible to reach 5o after ten years with a parameter constellation that differs from
the assumed fiducial one. Moreover, it is assumed that the mass threshold above a
neutron star turns into a black hole will be determined more precisely within the
next years (cf.section . Therefore, the mass threshold is fixed to its reference
value of 2.7M,, and the amount of failed SNe and the core-collapse supernova
rate are varied in the lower panel of Fig.[10.7.

To summarize, a detection within JUNOQ| seems feasible, provided that the
method of [PSD|will be in reality as powerful as predictions from simulations. A 3¢
signal could be feasible after only five years if the fiducial flux predictions corre-
sponds to reality. In the unfortunate case of lower fluxes, even longer measuring
times are needed. Besides a successful detection, the following section will discuss
the possibility of constraining the astrophysical parameter space through a
measurement.
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Pulse Shape Discrimination

signal efficiency 71% 76% 78%
DSNB flux model Signal Rate [/ (147 ktyr)]

low 9.0 9.7 9.9
fiducial 21.1 224 23.1
high (SK-limit) 46.3 49.2 50.6

Background Rate [/ (147 kt yr)]

atmospheric NC 9610 123+12 149+£15

atmospheric CC 1.3+0.3 14403 1.5+0.3
cosmogenic “Li 094009  1.04+01  1.0+0.1
fast neutrons 0.14+£0.03 0.20+ 0.04 0.23£0.05
sum 119+13 149+17 17.7+19

Pulse Shape Discrimination and Triple Coincidence Cut

signal efficiency 67% 71% 73%
DSNB flux model Signal Rate [/ (147 ktyr)]

low 8.5 9.1 9.3
fiducial 19.8 21.0 21.7
high (SK-limit) 43.5 46.1 47 .4

Background Rate [/ (147 ktyr)]

atmospheric NC 59+1.2 76+15 92+1.8

atmospheric CC 1.24+0.2 1.3+0.3 14+03
cosmogenic “Li 08+£0.08 09401  1.040.1
fast neutrons 0.13+0.03 0.19£0.04 0.22£0.04
sum 81+15 100+19 11.7+23

Table 10.2: Expected signal and background event rates per 147kt yr, corresponding to a
10-year measurement and the inner detector volume with R < 16m. The tool of |[PSD) is
applied, and the triple coincidence cut is additionally applied in the lower table. The rates
correspond to the energy window of (1.8—5.0)x 10* prompt photoelectrons. Three different
[PSD cut strategies, favored in section|8.2} are compared varying in signal and discrimina-
tion efficiency. The total signal efficiency includes the IBD-,|PSD} and triple coincidence cut
efficiencies, as well as the dead time due to the muon veto cut. The background compo-
nents with their assumed uncertainties are also listed. Note that no uncertainty of the[PSDI
efficiency is considered and the uncertainty on the triple coincidence cut is assumed to be
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Figure 10.6: detection significance in dependence of exposure calculated according
to [322]. The upper x-axis corresponds to the lifetime of[[UNO, assuming a fiducial detector
mass of 14.7kt, corresponding to the inner detector volume with R < 16 m. The red lines
correspond to the allowed range due to the uncertainty of the|[DSNB|flux.

Upper panel: The three different|PSD cut strategies were compared, where darker colors
refer to higher signal efficiencies (compare Tab.|10.2). The|PSDI method was used to reduce
the background (solid lines) with the triple coincidence cut (TC) as an additional option
(dashed lines). No uncertainty of the|PSD efficiency is considered.

Lower panel: the uncertainty of the|PSD efficiency was varied by up to 50%. An unprecise
knowledge of the efficiency strongly reduces the detection sensitivity. The cut
strategy is fixed and corresponds to ~ 71% signal efficiency, and no triple coincidence cut
was applied.
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Figure 10.7: detection significance for exposure of 147 kt yr, corresponding to a 10-
year measurement and the inner detector volume with R < 16 m. The grey star corresponds
to the fiducial flux model. The|PSD cut strategy is fixed and corresponds to ~ 71% signal
efficiency with 10% uncertainty, and no triple coincidence cut was applied. The orange and
yellow line correspond to 30 and 50, respectively.

Upper plot: the amount of failed SNe is set to 27.3%, while the supernova rate and the
minimal black hole mass are varied.

Lower plot: The minimum mass of the black hole is set to 2.7 M, while the amount of
failed supernovae and|CCSN|rate are varied.
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10.3 Constraining the Astrophysical Parameter Space

Besides a first-time detection of the signal, the possibility to constrain astro-
physical parameter(s) through a measurement is shortly discussed within
this section. The three main parameters with the most substantial impact on the
strength and shape of the flux were worked out in chapter

First, the spectral shape is studied and visualized in Fig.[10.8. The
spectra differ in the position of the maximum, and the exponential slope E;, which
is defined as

dN. E
4 =Y. 10.1
dEV‘XeXp< Eo> 10.1)

The exponential fit of the spectrum is performed between 15MeV and 30 MeV. The
impact of the astrophysical parameters on the position of the maximum and the
slope was studied to resolve the impact of the individual parameters on the at-
tributes separately. Therefore, each astrophysical parameter was varied within the
uncertainty range (cf. section [4.3), while the other two parameters are fixed at the
reference values. The impact on the spectral shape parameters can be taken from
Tab.[10.3. The value ¢ is defined as the difference between the values of the high
and low model, normalized to the fiducial value. The parameter of the black hole

DSNB v, Spectra

-
o
TTT

............. ---high
. E~11.4  ---fiducial
--- low

.
.
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.

dN/dE [MeV™/(100 kt x yr)]
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0o 5 10 15 20 25 30 35 40
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Figure 10.8: Differential[7_ |DSNB spectra arriving at Earth with neutrino energy E, for the
fiducial model, laying between the low and high flux model for 100kt yr exposure. For
the flux models, see section|4.3, The neutrino energy at the maximum and the exponential
slope differ for the three flux models.
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Position of Maximum [MeV] Slope E, [MeV]

low fiducial high 6[%] low fiducial high 0§ [%]
Rgn(z) 105 10.4 10.5 06 83 8.2 8.4 1.3
Mgy 10.0 10.4 112 116 74 8.2 10.3 349
fsn 10.1 10.4 10.7 6.1 76 8.2 88 149

Table 10.3: The table gives the neutrino energy of the spectral maximum and the slope,
compare Eq. (10.1), of the exponential decreasing [DSNB spectrum. The astrophysical pa-
rameters are varied separately while the others are kept constant at their reference values.
Here, ¢ is defined as § = (high-low)/fiducial. The amount of failed SNe fqy shows the
second-highest impact on both parameters and is highlighted in grey.

mass threshold Mpy shows the highest impact on the position of the maximum
and the slope. As even with the large neutrino detector successful
detection requires several years of data taking, it is assumed that the parameter of
the neutron star mass threshold will be determined with sufficient accuracy within
the next years. Hence, it is fixed in the following analysis to its reference value
Mgy =2.7Mg. The amount of failed SNe shows the second-highest impact on
both parameters and is, therefore, highlighted in grey in Tab.[10.3. Hence, it should
be principally possible to gain knowledge on this parameter through a spectral
[DSNB|analysis.

The sensitivity on the parameters is evaluated in the following though a x-analysis,
performed between 13.0MeV and 34.6 MeV. The fiducial flux is assumed
as the true one, and the detector signal efficiency was set to 75%. The number of
expected events is sampled from the Poisson distributed number of expected sig-
nal events. The spectrum hypothesis depends on astrophysical parameters,
which are collectively denoted by ©.

The value of that describes the deviation from the expected values of the out-
come of a series of n independent measurements A; of the normal distributions

A M —
Xowt = D _ <’U. a > . (10.2)

=1
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In order to determine the x” for a given experimental event spectrum, the sum is
calculated over n bins (instead of n measurements), to compare the theoretically
expected entry 7; in each bin with the experimental measured data M;:

o« (M- T,(9))?
Xstt(©) = D (10.3)

bin i !

The further the observations are away from the expected values, i.e., the more ex-
treme the outcome, the larger is the x’-value. If the mean values y; depend on a
set of parameters © whose values have to be estimated from the data, one usually

considers the minimum y* with respect to the parameters

x*(6) = minx*(0), (10.4)

with © the set of parameters at the minimum y*. The minimization is done with
respect to the astrophysical parameters Rgy and the amount of failed SNe fqy.
As the supernova rate Rgy has less effect on the spectral shape, it is defined as a
scaling factor, and 7} is transferred to

T, = Rgn X ®(E,, My, fsn)- (10.5)

To allow for continuous variation of fgy, the spectra were linearly approx-
imated between the given spectra. Moreover, the parameters in the fit are not al-
lowed to be completely free, because they are known to a particular precision,
which has to be considered in the minimization process. Therefore, for each mini-
mized parameter, a pull term is added to the static that value,

2 o O — 60\
X=Xt Y, (o) (10.6)

parameters g (6)

where 6y, is the minimized fit parameter, and ¢, the global best fit value. The cor-
responding uncertainty in the knowledge of the parameter is given by o(¢). The
parameters of the pull-terms can be taken from Tab.[I0.4. The number of pull pa-
rameters minimizes the degrees of freedom to n — 2. Finally, for a given assumed
exposure, Ax? is determined

Ax® =x*(0) - x*(©), (10.7)

as the difference between the X2 value and the value for the parameter set O that
minimizes the x°. The Ax” shapes are close to parabolic4, indicating that the x°

*  Compare Fig.in the appendix.
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fit parameter o o

Rgy [107*/(Mpc®yr)] 1.04 035,46 it < 0
0.96, 07, > 6

fsn [%] 27.3 10

Table 10.4: The parameters for the pull-terms of the x*-function for the fit parameters of
[CCSN rate Rgy and the amount of failed SNe fqy [122,|125]. It is assumed that the mass
threshold Mgy will be determined in the future, and therefore, this parameter is not mini-
mized.

approximation for the distribution should hold to good accuracy. Therefore, Ay
values given below can be converted into an approximate number of standard de-
viations by

o=/ Ay, (10.8)

with the significance averaged over the amount of MC histograms.

The exclusion plots can be seen in Fig.[10.9, assuming the fiducial [DSNBIflux as the
true one, represented by the grey star. The color code gives the needed detector
exposure to be able to exclude a point in the two-dimensional parameter space
with 30. The exposure was maximized to 1000 kt yr. As can be taken from the plot,
it is not possible to gain knowledge on the amount of failed SNe under the presence
of large uncertainties on the CCSNe. Hence, it is only possible to exclude some
areas in the two-dimensional parameter space, but also, therefore, high exposures
are needed. However, the exclusion plot for a higher black hole mass threshold
Mpp =3.5M can be found in the lower panel of Fig.[10.9, and allowing for a
larger exclusion area. Note that the y* analysis is not including background nor
background uncertainties, which represents a very conservative approach. Never-
theless, it is capable of showing tendencies in the analysis.

In the future analysis a complex multivariate data analysis is recommendable,
which includes all background sources within their allowed ranges of uncertain-
ties, as well as the signal spectra with the at this time accessible 1<r10w1edge.5 Stand-
alone experiments will not have enough statistics to allow for spectral analysis. An
overview of recent and future large neutrino detector projects, which have a sub-
stantial chance to observe the successfully, can be found in chapter

> See e.g., [64].
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Figure 10.9: Exclusion plot from x* analysis assuming the fiducial[DSNB flux model as the
true one, represented by the grey star. The color code gives the detector needed exposure to
exclude a point in the two-dimensional parameter space with 30. The yellow areas imply
that more than 1000kt yr of exposure are needed. The black hole mass threshold is set to
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Mpy =2.7Mg and Mgy =3.5M,, in the upper and lower plot, respectively.
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Chapter 11

DSNB Detection in the Proposed
Water-Based Liquid Scintillator Detector
Thela

The future of neutrino detection technology lies in large-mass, high-precision,
cost-effective, and multichannel detectors [324]. Currently, the choice of target
material constraints experiment. The two main approaches of neutrino detection:
water Cherenkov detectors (WCDs) and liquid scintillator (LS) detectors were
introduced in section2.1] and section 2.2} respectively. As in [WCDs, the charged
particle must overcome the Cherenkov threshold to be detected, these detectors
are limited in the energy threshold. Moreover, due to lower light yield (LY), the
technology is limited in energy resolution. Contrary, detectors have a much
lower detection threshold but are limited in size by optical attenuation in the target
itself. Furthermore, they are limited in directional event reconstruction due to the
isotropic nature of scintillation light.

A technique that could combine the different features of WCDs and [LSis highly
desired, and a field of recent developments opens up the possibility for a new
kind of large-scale detectors - the so-called water-based liquid scintillator (WbLS)
detectors [325]. An overview of the (dis-)advantages of the different neutrino de-
tector technologies can be found in Tab.[11.1 and will be shortly discussed in the
following.

By introducing a small amount (typically 1%—10%) of [LS into water, the [LY] can
be adjusted to allow the detection of particles below the Cherenkov threshold,
lowering the detector energy threshold. At the same time, through the detection of
Cherenkov light, the directional capability is not sacrificed. The material cocktail
offers a unique combination of different features by combining high [LY| and with
long attenuation length. However, the purification of water is not possible to the
same extent as it is feasible for liquid scintillators, and [WCDs would reach higher
internal radioactivity levels.
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WCD detector [WbLS detector

energy threshold X v v
light yield, energy resolution X v v
size, attenuation length v X v
directional resolution v X v
radiopurity X v X

Table 11.1: (Dis-)advantages of the different detector technologies of water Cherenkov de-
tectors, liquid scintillator detectors, and water-based liquid scintillator detectors.

If the excitation and de-excitation responsible for scintillation emission are slower
than the Cherenkov light emission, it will be possible to measure these two types
of lights separately. Types of material featuring a scintillation light emis-
sion time significantly longer than the Cherenkov light emission, so-called slow
[LSs, may thus help identify different particles and can be either water-like or
oil-like [325-329]. New developments in [LSs, highly-efficient fast photon detec-
tors, and chromatic photon sorting have opened up the possibility for building
a large-scale detector that can discriminate between Cherenkov and scintillation
signals [329]. As the characteristic angular dependence of Cherenkov emission will
cause a ring-shaped local enhancement in the detected light intensity on top of the
isotropic scintillation signal, this additionally, characterizes the separation [330].
A wavelength-sensitive photosensor could be used to distinguish near-UV scintil-
lation light from the blue-green lower end of the Cherenkov spectrum. Its far-UV
component will have been absorbed and isotropically re-emitted by the organic
compounds in the There is an additional possibility to probe the particle
type twice when particles with the same kinetic energy have different amounts of
Cherenkov-light emission [327]. This feature is studied in section

All in all, this separation provides many key benefits, including the potential
to perform ring-imaging as in a pure [WCD, direction reconstruction using the
prompt Cherenkov photons, and the detection of sub-Cherenkov threshold scin-
tillation light. Such a low-threshold, directional neutrino detector could achieve
outstanding background rejection.

The present chapter will estimate the possibility to observe the diffuse supernova
neutrino background flux with the new proposed neutrino detector tech-
nology, exemplary for the proposed detector Theia, which is introduced in sec-
tion[I1.T. The estimation of the signal and background levels is the topic of sec-
tion E Different methods to identify background are presented in section[I1.3.
Finally, the expected detection sensitivity is given in section [11.4.
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11.1 Detector Concept

One realization of a future advanced large-volume [WbLS detector concept is the
proposed Theia detector, called after the Titaness of light, with the aim for neutrino
and astrophysics measurements [327]. The proposed detector combines the use of
a 25—100kt [WbLS target, high-efficiency ultra-fast timing photosensors located in
a deep underground location [324,327]. A potential site is at the SURF (Sanford
Underground Research Facility) in South Dakota. Theia is planned to operate in an
on-axis neutrino beam and and has been proposed to be deployed in one of the four
detector caverns that are currently prepared for the Deep Underground Neutrino
Experiment project. Such a cavern can house a WbLS detector of 30kt
mass, of which maybe 20kt can be used for low-energy antineutrino detection. In
the following, two scenarios of the Theia detector are considered and visualized in
Fig.[11.1. In the first option, Theia25, Theia would be placed in a cavern intended to
be excavated for and the lying cuboid contains ~ 25kt of detector material.
In the second and larger option, Theial00, Theia would provide ~ 100kt of target
material in a vertical cylinder.

The organic fraction foreseen for the scintillator is to be 1-10%, resulting in a rela-
tively low scintillation signal comparable to the Cherenkov light emission. The [LY]
of the resulting[WbLSlis roughly proportional to its organic fraction. For the studies
presented here, the following reasonable assumptions for WbLS performance are
made. First, the absorption and scattering are weighted averages of pure water and
[LABHbased Secondly, 10% of [LS[LY] can be achieved with satisfying stability
and at reasonable costs. Therefore, the chosen detector configuration corresponds
to a[WbLS of 10% organic fraction and 70% photo-coverage, resulting in a photo-

Theia25 Theia100

h=b=19m h=¢=50m
| =70m

Figure 11.1: The full realization of Theia is a 100 kt right cylindrical volume (Theial00). A
smaller 25 kt realization (Theia25) in one of the four[LBNH caverns.
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electron yield of 130 (80) for the scintillation (Cherenkov) component, where the[LY]
for the Theia simulation is adjusted from the [LYlin the JUNO's Offline Simulation
Framework. The simulation is performed with a coverage of 70%, while the smaller
Theia25 detector configuration is assumed to have a photo-coverage of 25%. The
effect of less coverage on the background rejection techniques will be discussed
within the relevant sections.

To obtain a sufficiently detailed signal for a resolved detection of scintillation and
Cherenkov light, the detector is to be instrumented with high quantum-efficiency
photomultiplier tubes (PMT5), interspaced with Large Area Picosecond Photo-
Detectors that provide ultra-fast timing allowing for Cherenkov /scintillation light
separation.

Theia can achieve a broad range of physics and can be realized in phases to ex-
pand the physics program further. In an initial phase consisting of lightly-doped
scintillator and very fast photosensors, Theia will have good sensitivity as a long-
baseline neutrino beam to neutrino oscillation parameters [331]. Theia will also con-
tribute to atmospheric neutrino measurements and searches for nucleon decay. A
second phase with enhanced photon detection to enable a very low energy solar
neutrino program could follow. Theia will also make a definitive measurement of
the solar CNO neutrinos, and a high-statistics, low-threshold measurement of the
shape of the ®B neutrinos. Geoneutrinos produced in the Earth’s crust and mantle
will be measured precisely with statistical uncertainty far exceeding all detectors
to date [331]. Should a nearby supernova occur, a high-statistics and simultaneous
detection of the electron antineutrino component, complementary to the detection
of the electron neutrino flux in the[DUNE|liquid argon detectors, allows rich super-
nova astrophysics. The most ambitious goal, which would likely come in a future
third phase, is a search for neutrinoless double 3-decay, with a total isotopic mass
of 10t, and with decay lifetime sensitivity above 10% years [331]. More details on
the physics program can be found in [331]. The ability to measure the will
be discussed within the next sections.
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11.2 Signal and Background Estimation

The expected number of events in Theia is calculated as described in sec-
tion using Eq. . With the number of protons, N, =6.73 x 10°t / kt, corre-
sponding to the number of hydrogen atoms per kiloton detector material, a signal
rate of

Rpsng = 35.4/(100kt yr) (11.1)

for neutrino energies below 40 MeV and assuming the fiducial flux model
is expected. For the low and high flux model, the rates are 17.2/(100 kt yr)
and 125.3/(100ktyr), respectively. As the high flux model already over-
comes the current limit set by Super-Kamiokande, the flux is limited to
70.8/(100 kt yr) [3].

With a small expected signal rate of ~0.3 per year per kiloton of detector mate-
rial, overwhelming backgrounds have to be faced. A variety of backgrounds besets
the signal, which can be divided into three categories: Indistinguishable
backgrounds from other electron antineutrino sources, muon-induced back-
grounds, and the neutral current (NC) reactions of atmospheric neutrinos. The ob-
servation window is reduced by two irreducible [ backgrounds that induce in-
verse (-decays, that are explained in section [I1.2.1. Within this window, several
further backgrounds of cosmogenic origin contribute and have to be considered.
These are radionuclides, like the Sn-emitter 9Li, which are created by muon spalla-
tion on the oxygen (and carbon) nuclei of the target and fast neutrons, induced by
muons passing the surrounding rock. Muon-induced backgrounds are the topic of
section [11.2.2. Lastly, NC| reactions provide the most dangerous background for a
potential DSNB| detection and are discussed in section[11.2.3.

11.2.1 Charged Current Background

Reactor neutrinos constitute an overwhelming background for terrestrial detectors
and limit the detection in the energy range below ~10MeV. At higher energies,
charged current (CC) interactions of atmospheric neutrinos start to dominate the
[DSNBJrate from ~ 35 MeV. These are intrinsically indistinguishable from DSNB[7,"s|
and, therefore, independent of the type of detector used and defining the observa-
tion window. In the following, the rates of these two backgrounds are estimated for
the Theia detector.
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Reactor v,

For energies below ~ 10MeV, the human-made background due to nuclear reac-
tors defining a lower threshold for[DSNB|detection. The 3~ -decays of neutron-rich
fission products of 235U, 23’8U, 239Pu, and **'Pu generate [ ] (cf. chapter . The total
rate of reactor neutrinos for the proposed Theia location is given in [332], resulting
in an estimated background rate of

RReactor = (2240 + 112) /(100 kt yr), (11.2)

for £, <10MeV. The uncertainty is approximated with 5% [332]. As the reactor
neutrino background overwhelms the expected signal rate, this background de-
fines the energy threshold of the detection window.

Atmospheric v,

The flux of atmospheric [] is increasing with their energy and starts to surpass
the signal at energies around 30 MeV (cf. section [6.2). The total flux of atmo-
spheric [] is dependent on the geographic (geomagnetic) latitude and will, there-
fore, depend on the detector site [287]. The atmospheric neutrino fluxes for Theia
are obtained similarly to the description of obtaining atmospheric neutrino fluxes
for given in section[6.1] For energies above 100 MeV, HKKM atmospheric
neutrino fluxes are given for a latitude of 44.4° up to an energy of 10* GeV [92]. For
energies below 100 MeV, FLUKA fluxes calculated for Gran Sasso location (42.5°)
are used [285]. The FLUKA fluxes are scaled in the same way as described in sec-
tion to be equal with HKKM flux between 100 MeV and 200 MeV, with an aver-
age scaling factor of ~ 1.5. Summarizing, the atmospheric neutrino flux for Theia is

1.5 X PGran sasso(ELUKA) B, < 100 MeV

(11.3)
(I)SURF(HKKM) EV 2 100 MeV.

Prpeia(Ey) = {
The resulting low energy atmospheric neutrino flux is shown in Fig.[I1.2. The rea-
son for the significant difference between the two flux predictions is due to the steep
dependence of the scaling factor on the latitude. Similar to section 35% flux
uncertainty in the lower energy region (< 100 MeV) is assumed. Beside "H, there is
also the possibility for a[CClreaction on 2C or '°0, and Tab. @extends the Tab.
in sectionby the reactions on '°O. The necessary condition of neutron capture
and the assumption that accompanying muons will be visible in the detector, only
the[7reactions on protons are considered as dangerous[CClbackground. Following
Eq. (6.2), the atmospheric[CC/background rate for £, <100MeV is calculated to
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Figure 11.2: Atmospheric neutrino flux (sum of all flavors) for Theia location derived from
Fluka (solid) and HKKM (dashed) flux predictions [92,|285]. The approximated flux for
Theia is given as the blue line. A flux uncertainty of 35% is assumed and highlighted as the

grey shaded area.

CC Reaction Veto Strategy
Ve + 160 1°F 1+ e~ no neutron
Jo+°0— N + e* no neutron

1 1 -
v, + %0 — 1°F + 4 noneutron & muon veto

1 1
vyt %0 — °N + 4" no neutron & muon veto

Table 11.2: The atmospheric charged current reactions on '°O with the veto strategy for each
reaction. Besides the irreducible[IBD reaction of [, on "H, one could veto the background
through the missing delayed neutron signal or the assumption that the resulting muon will

be detected.
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11.2.2 Muon-Induced Background

The location preferred for Theia provides a depth of 4.3km.w.e with a cor-
responding muon flux of 4.2 x 10”em™@s™ and a mean muon energy of
<Eu> =293 GeV [333]. The muon-induced backgrounds for Theia are discussed

in the following.

Cosmogenic %Li In-situ production.

Cosmogenic fn-emitters are created by muon spallation on the oxygen (and car-
bon) nuclei of the target. The only isotope produced at a relevant cross-section and
providing a 3-signal of sufficiently high energy to reach into the observation
window is “Li, which can decay into excited states of “Be, leading to the emission
of a neutron (cf. section . The -endpoint of 9Li is at 13.6 MeV and, therefore,
will affect the detection only in the lower energy region of the observa-
tional window. Depending on the depth of the detector, this background can be
efficiently suppressed by forming a time-coincidence veto with the parent muon.
For a rough estimate of the expected event rate, the 9Li-yield in water, which is
approximately a sixth of the yield in the scintillator, is adopted and summarized
in Tab.[I1.3. The production cross-section of cosmogenic isotopes scales with the
muon energy o E2'75 [301,303]. Therefore, the above-given yields are enhanced
by 6% and 3% respectively for water (SuperK) and scintillator (Borexino), resulting
ina’Li production rate of

R ~ 7.2/ (kt yr)

(11.5)
RP%® ~ 39.4/(kt yr).

For a 10% scintillator composition, the total oLi background rate is calculated to
10.4/(kt yr). As the branching ratio of *Li into an excited state is 50.8%, it is assumed
that half of the produced °Li will have a neutron in the end state, reducing the

Borexino Super-Kamiokande

(E,)[GeV] 283 270
Yo [1077 (ug/em®) ™ 2.9+03 0.51+0.16

Table 11.3: The cosmogenic production yield of °Li from measurements of Borexino and
Super-Kamiokande [300,334,335].
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background rate due to cosmogenic °Li to
Ry = (529 £106)/(100 kt yr). (11.6)

In line with measurements, an uncertainty of 20% is assumed [300,334]. As already
discussed in section [7.T} it is possible to veto such events if the cylinder vetoed
around muon track is large and the veto time long enough. A veto time of 2s is
chosen and a cylinder radius of 5m. With the typical muon track length of 50 m
and 19m, respectively, for the two geometries, the total dead time is below 1%.
Therefore, such a conservative cut can reduce the background from °Li decay to a
negligible rate without a noticeable loss in exposure, and °Li is not considered in
the following.

Fast Neutrons

Whereas muon tracks in the inner detector can be identified, neutrons that are
induced by muons passing the rock surrounding the detector can, in principle,
enter the detector unnoticed. The combination of a prompt signal created by elastic
scattering (ES) off protons and the subsequent neutron capture can mimic the
event signature. Since these events enter the detector from outside, they can be
effectively addressed by a fiducial volume cut.

For estimation of the fast neutron background rate, the simulation results, with
mean cosmic muon energy of (E,) =300GeV (at 4km.w.e) and a muon flux of

<I>{j =0.2 /m? /h, were adopted from a similar study for LENA [336]. The LENA

simulation was performed in limestone rock (CaCOs, p =2.74 g/cm’), resulting in
neutron yields of

Y, =5x10"*(ng/cm?) " and

4 9 1 (11.7)
Yo (E >10MeV) =28 x 107~ (ug/cm”) ™ .

It turned out that it is enough to simulate neutrons in a 4 m thick cylinder around
the detector/muon veto [336]. Neutrons that were produced farther away do not
need to be considered, as the mean free path length of these neutrons is below 1m,
and thus a vast majority of them will be absorbed in the rock [336,337]. Moreover,
it is assumed that all muon tracks are vertical. Due to the large and homogenous
overburden of the mine, this is a reasonable assumption.
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Fiducial Volume Fast Neutron Events [/ (100ktyr)]  exposure loss [%]

Radius Cut Theial00 Theia25 Theial00 Theia25
113.2 49.2 - -
-0.5m 41.9 18.2 4 7
-1.0m 16.6 7.2 8 13
-1.5m 7.6 3.3 12 19
-2.0m 3.5 1.5 15 26
-2.5m 1.7 0.7 19 32

Table 11.4: The fast neutron background rate for Theia, approximated from the LENA re-
sults [336]]. The given rates correspond to an upper energy deposition of 40 MeV and for
the two discussed geometries of Theial00 and Theia25. A fiducial volume cut will reduce
this radial dependent background, but is accompanied by an exposure loss.

Assuming the detector geometry of Theial00, it is approximated that,
9 x 10° muons traverse per year through the 4m thick outer detector volume."
As the neutron production rate scales with the mean muon energy, one crossing
muon produces on average

293 GeV ) %7
Y (E>10M —_— = 3. ) 11.
'rL( > 0 eV) X PCaCO3 X H0m X (300 GeV) 3 8H/,U ( 8)

Hence, approximately four neutrons above 10MeV are produced in this volume
along the traversing 50 m. In total, about 3.4 x 10°n /yr are produced in the sur-
rounding volume. This neutron production rate is only ~50% of the LENA one,
due to the lower muon flux and smaller detector size [336]. Therefore the LENA
results were scaled by this factor, resulting in radius-dependent fast neutron back-
ground rates below 40 MeV given in Tab.[11.4.

For the second proposed geometry of Theia25, there are 15% more muons that tra-
verse per year the 4 m thick space around the detector, but the path where neutrons
can be produced is shorter. Therefore only, ~ 1.4 neutrons are produced per muon,
resulting in a total in neutron production of 1.5 x 10°n / y, which is less than ob-
tained for Theial0O0 geometry. It is assumed that a fiducial volume is reduced by
the outer 2.5m and 1.5m, for the geometry of Theial00 and Theia25, respectively.
Fig.[11.3 visualizes the fast neutron background rates compared to the[DSNBlsignal
rate.

! Please note that no buffer medium between fiducial volume and rock is assumed.
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Figure 11.3: The fast neutron background rates (pink) are given for the two proposed
geometries of Theial00 (dashed) and Theia25 (dotted). The event rates are given for differ-
ent fiducial volume cuts and are compared to the|DSNB signal rate (blue). For both geome-
tries, reduction of the fiducial detector volume by ~ 0.7 m, allows for signal-to-background-
ratios larger one.

11.2.3 Neutral Current Atmospheric Background

Neutral current (NC) reactions of atmospheric neutrinos can resemble the[IBDlcoin-
cidence. A prompt signal is generated due to the recoils and possible de-excitation
of the fragments of the target nucleus and a delayed signal in case a neutron is re-
leased from the nuclear break-up. First recognized by the experiment,
it dominates the signal by more than one order of magnitude in organic[LS
detectors [290]. The quasielastic [NCl interactions of atmospheric neutrinos
on oxygen form, as well, one of the main backgrounds in the search for
neutrinos with water-based Cherenkov detectors. The interaction processes can be
written as

v, + %0 — v, + PO+ n+7, (11.9)

in which neutrinos knock out nucleons from oxygen. The total calculated rate of
QEL] atmospheric reactions dependent on target are listed in Tab.[I1.5. The
atmospheric neutrino interactions in the water-based scintillator were simulated
with GENIE (Version 2.12.4) [70,[295] with an upper neutrino energy threshold of
10GeV and the cross-sections (gxspl-FNALsmall.xml) based on [338-340]. The [NC|

reactions on '°0 with their branching ratios are listed in Tab.11.6.
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Atoms [/kt] Rate [/(ktyr)]

'H 673 x10% 12.4
2c 441 x 10% 5.6
%0 3.01 x 10*! 69.0

Table 11.5: (linteractions of atmospheric neutrinos on hydrogen, carbon, and oxygen
per kiloton of target nuclei and year.

The visible signals of atmospheric [NC reactions on oxygen were simulated
within JUNO's Offline Simulation Framework, where the light yield was adjusted
to reflect[WbLS properties. Reactions on hydrogen and '>C were not simulated, as
reactions on hydrogen, will not release a neutron at all, and the [NCl reactions
on C contribute only ~ 8% to the total number of interactions due to the mass
fraction. Moreover, only reactions with a maximum of one neutron in the final state
were simulated to fulfill the [BDIcoincidence condition, which was valid for ~79%
of the reactions. Instead, the atmospheric background rate was enhanced by
10% to account for the missing carbon in simulation, assuming that the spectral
shape for the [NClbackground on carbon does not differ from the one on oxygen.

As discussed in section when a neutron disappears from the nucleus, the
residual nucleus can be left in an excited state. In the 'O nucleus, two neutrons oc-
cupy the lowest S ; level, four neutrons fill the next Py, shell, and the remaining
two neutrons populate the highest P, /5 state [291]. If a nucleon is knocked out, the
interacting nucleus is left with a hole in the P, /5, P55, or Sy /5 state in the simple
shell model. The de-excitation gamma energy (and corresponding branching ratio)
for a knockout from the P;, state is 6.32MeV (86.9%) or 9.93 MeV (4.9%) in the case
of a proton knockout, and 6.18 MeV (86.9%) in the case of a neutron knockout [341].
A nucleon hole in the S/, shell, allows for further nucleon emission, as the ex-
citation energy exceeds the separation energy for protons and neutrons in 0.
In this case, de-excitation proceeds mainly by the emission of a proton, neutron,
a-particle, and, to a smaller extent, by the emission of 7’s [291]. The probability for
a nucleon knockout from the S /, shell in the simple shell model is 2/8=0.25 [342].

In the following, the simulated backgrounds events are subjected to the
analysis cuts commonly used to identify candidates. In [BD5, the number of
neutrons has to be precisely one, which is valid for only ~ 27% of the atmospheric
background reactions. To get rid of the highly energetic reactions, the
prompt number of photoelectrons is limited to 10*, which corresponds to ~ 80 MeV.
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Uy + %0 —s Uy + [%] vy + %0 — vy + [%]
p+ PN 28.1 n+ "0 45.9
n+ 0 24.1 n+p+ "N 19.7
n+p+ "N 18.8 n+2p+ °C 14.7
2p + *C 45 n+p+d+*C 9.1
2n+ 10 43 n+p+d+a+Be 2.0
n+2p+ °C 1.0 n+3p+ °B 1.8
2n+p+ °N 0.9 n+a + “He + "Be 1.6
2n+2p+ %C 0.9 n+p+a+ B 14
2n+3p+ B 0.7 n+2p+a+ Be 12
other reaction channels 16.6 other reaction channels 2.6
Rye ~75/(ktyr) Rye ~15/(ktyr)
Table 11.6: Reaction channels of atmo- Table 11.7: Atmospheric|NC reactions af-
spheric[QENC reactions on '°O, sorted ter the neutron counting, including the
by their prevalence. The left column lists de-excitation channels.
the [N interactions obtained from the
GENIE simulation.

The final number of events mimicking reactions can be taken from
Tab.[11.7. The atmospheric[NClbackground overwhelms the[DSNBJsignal by at least
one order of magnitude within the detection window. Therefore, background iden-
tification methods are needed to reduce the background.
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11.3 Background Identification

The left plot of Fig.[11.4 shows the expected signal and background spectra of
like events in Theia. Nearly all background sources surpass the signal. The
proposed cylindrical veto cut around muon tracks and a radial fiducial volume
cut, allow the reduction of the cosmogenic oLi background and the fast neutron
background, respectively. This is visualized in the right panel of Fig.[I1.4, and the
signal and background rates can be taken from Tab.[I1.8.

The irreducible [ ] background produced in reactors or the atmosphere define the
lower and upper edges of the detection window, respectively. However, the
atmospheric NC|background overwhelms the[DSNB]signal by at least one order of
magnitude within the detection window.” Therefore, powerful background identi-
fication methods are needed to reduce the atmospheric NC|background to a level
making a measurement possible, and are presented within this section.

visible scintillation energy (MeV) visible scintillation energy (MeV)
25 30 35 40 45 25 30 35 40 45

0 5 10 15 0 5 10 15 20
A R s A AAAMA M S S naal E Fr T T T T T
—i!eagtgrBB(EG é’HO3 B — Reactor BG
— Atm £ —
— AmNG BG e i o
Li9 BG £ — Am
FastN BG f FastN BG
“““““““““““ x10° I s . ‘ . 10°
3 4 5 6 0 1 2 3 4 5 6
scintillation p.e. scintillation p.e.

Figure 11.4: The visible scintillation energy spectrum expected for the| DSNB signal (blue)
and its ample backgrounds. The presented spectra include reactor neutrinos (orange),
cosmogenic—gLi (turquoise), fast neutrons (pink) as well as atmospheric neutrino|lCC (green)
and|Nd (red) interaction rates. The left plot corresponds to the spectra after proven of the
event selection. The right plot is after the application of discrimination techniques:
it assumes a 2.5m fiducial volume cut or presence of corresponding active shielding sur-
rounding the target volume. The °Li background is reduced to the muon veto, and the fast
neutron background is strongly reduced due to the fiducial volume cut.

> The peak in the atmospheric NC s;l)ectrum around 6 MeV is due to 7’s resulting from the

atmospheric neutrino interactions: 60(1’1,11)160* (6.13MeV), 16O(n,2r1)150* (6.18MeV), and
0 (n,np) "N (6.32 MeV) [341].
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100 kt-year exposure

Spectral contribution Before Cuts Muon Veto Fiducial Volume Cut
DSNB signal 35.4 35.0 35.0

Reactor neutrinos 2240 2218 2218
Atmospheric CC 9.0 8.9 8.9
Atmospheric NC 1270 1253 1253
Bn-emitters (°Li) 529 - -

fast neutrons 131 (57) 130 (56) 2 (4)

Table 11.8: Rates of|DSNB signal and backgrounds within the energy observation window
(0—6000) p.e., corresponding to an upper energy limit of ~ 46 MeV for a live exposure of
100kt yr. The cited fast neutron rate in the second column assumes a 2.5m (1.5m) fidu-
cial volume cut of Theial00 (Theia25) or the presence of corresponding active shielding
surrounding the target volume.

11.3.1 Cherenkov Ring Counting

The reconstruction of Cherenkov rings from final-state particles provides a further
handle to discriminate background events. [DSNB| positron events provide exactly
one Cherenkov ring. Contrariwise, atmospheric[NClreactions may result in several
particles, offering the possibility for several Cherenkov rings. Fig.[11.5 shows the
number of Cherenkov rings in atmospheric [NCl events as a function of the visi-
ble scintillation energy. It is assumed that Cherenkov rings must contain at least
300 photoelectrons to be discernible. By limiting the signal acceptance to one-ring
events, about half of the background events can be rejected without any relevant
signal loss. It should be noted that these values set a lower limit for the discrimi-
nation power, as no detailed ring reconstruction is performed. The algorithm only
counts if a produced initial particle creates Cherenkov light with at least 300 p.e.
Some particles, especially high energy gammas, can create several secondary elec-
trons, that would, therefore, make several Cherenkov rings. Moreover, the assump-
tion of 300 p.e. threshold for ring reconstruction is very conservative, so that in
reality, the ring counting process would be even better. So overall, in the signal
energy range, the atmospheric amount can be reduced by 57%.
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Figure 11.5: Number of Cherenkov rings for atmosphericINC background events as a func-
tion of the promptly visible scintillation energy. The frequent occurrence of two or more
rings allows for efficient discrimination against the single-ring| DSNB| positron events. The
grey box represents the inaccessible low energy window.

11.3.2 Cherenkov-to-Scintillation Ratio

A WDLS detector will be able to detect both, the Cherenkov and the scintilla-
tion light. This feature can be used to identify different particle types by their
Cherenkov light emission (or its absence). Background discrimination can be
achieved by the application of a cut on the Cherenkov-to-scintillation (C/S) ratio
of the photon signal. The [C/S parameter is defined as the ratio of photoelectrons
arising from Cherenkov light to the scintillation light. In the present case, positron-
like can be separated from the mixed and largely hadronic prompt events
in both atmospheric NCl and fast neutron interactions. Fig.[11.6 demonstrates the
discrimination power by plotting the [C/S ratio of signal and atmospheric
background as a function of the visible scintillation energy. For visible ener-
gies greater than ~8MeV (10° p-e.), the distributions of both species are sharply
separated. The residual background contamination arises from reactions in
which gamma-rays are produced as a side-product. They may either originate
from nuclear excitations directly induced by the reaction (£, <20MeV) or are
often released in secondary neutron interactions with 160, featuring typical energy
of ~6MeV. The latter creates an easy-to-spot curved band in the distribution of
atmospheric [NC| events in Fig.[11.6. Due to these events, the discrimination is not
perfect but provides a potent tool to reduce the atmospheric[NCIneutrinos.
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Figure 11.6: The[C/S ratio offers a powerful tool to discriminate prompt positrons of DSNB
events (blue) and hadronic prompt events of atmospheric [NC reactions (black). Atmo-
sphericINCevents lead to a significantly reduced emission of Cherenkov photons. The right
plot presents a zoom-in for|C/S values greater than 0.5. The gray shaded area corresponds
to the| DSNB energy window.

An energy-dependent cut on the |[C/S ratio is performed, and eight different cut
strategies with varying amounts of surviving events ranging from 40% to
95% were developed. For instance, [NC|backgrounds can be reduced by 96.5% while
maintaining a[DSNBJsignal acceptance of 82%. The potential of a|C/S cut is shown
in Fig.[11.7, for Theial00 with a photo-coverage of 70%. The effect on the [C/S cut
efficiency with less coverage of 25% was also studied. With less coverage, every
photoelectron has a minor chance (~ 36%) to be detected by a light sensor. There-
fore, the detection probability for every photoelectron was randomly evaluated.
Based on the smaller amount of Cherenkov and scintillation photoelectrons, the
IC/S cut efficiency was determined in addition. The background rejection worsens
slightly to 96.3%, corresponding to lower signal acceptance of 78%.

Moreover, to estimate the cut efficiency on the fast neutron background, 2 x 10°
neutrons with energies of between 100 MeV and 110 MeV, corresponding to the
mean energy of produced neutrons in the rock (102 MeV), were simulated [83]. It
turned out that only ~ 1% of fast neutron background events are surviving the|C/S
cut. Therefore, it is concluded that the background can be reduced to a minor level
and is not considered in the following.

> The corresponding plot of cut efficiencies can be found in the appendix in Fig.
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Figure 11.7: The potential of a cut is shown. The residual amount of atmospheric|NC
events is shown to the amount of surviving[DSNB signal events with a solid line. Besides,
the significance S/+/S + B is plotted as the dashed line corresponding to the right y-axis.
To maximize the signal-to-background ratio, we chose the cut strategy with 82% signal
efficiency, where the atmospheric|NC background is reduced by nearly 97%.
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11.3.3 Delayed Decay Triple Coincidence

A further means of background discrimination is provided by the fact that some of
the nuclei in the final states of atmospheric reactions are radioactive. Their de-
layed decay provides the possibility to tag a triple coincidence signal from prompt
signal, delayed neutron capture, plus the delayed decay of the isotope created.
The dominant[NCJreaction partner of atmospheric neutrinos in[WbLS is the oxygen
nucleus, which turns out to be an advantage over organic[LS] where interactions on
carbon predominantly create the long-lived isotope "C. Contrariwise, the amplest
isotope created in [WbLS|is >0, which is produced with a branching ratio of about
46% (cf. Tab.@). The subsequent 6+-decay with an endpoint of 2.8 MeV and a
lifetime of 2.9 min will be well visible in a [WbLS| detector and allows to remove
about half of the NCbackground events by searching for a three-fold coincidence
of prompt, delayed and a late o) decay event [343]. While a similar argument can
be made for the low-yield 12g (Q =134MeV 7/, =20.2ms), all other isotopes are
either stable (14N,13C,12C,10B,9Be) or decaying too fast for a delayed tag (SBe) [344].
For 7 ~3min, and a veto time six times the lifetime of 150, 99.75% of the reactions
can be vetoed. Moreover, the dead time of this cut is well below 0.1%.* Hence, it
is assumed that the atmospheric [NC background can be reduced by about 48% by
looking for the coincident decay of a radioactive isotope.5

This depends (cf. section |9._2) on the achieved radioactive background level in the water, which
might result in accidental coincidences with real [[BDb, reducing the signal efficiency.
Compared to the muon rate of Theia is to low, to obtain significant contribution from
cosmogenic O or '’B production.
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11.4 Detection Significance

Based on[WbLS)| Theia offers excellent background discrimination capabilities com-
plementary to those of pure[WCDs or organic [LS|detectors. Tab.[I1.9 illustrates the
impact of a sequence of event selection cuts that greatly reduce all backgrounds,
including the most important one, i.e., atmospheric neutrino interactions, as
described in section[11.2.2]and section[I1.2.3. At the same time, the signal
acceptance is hardly affected. The spectrum of signal and background events after
applying the described cuts is shown in Fig.[I1.8. Overall, circa nine background
events per 100ktyr are expected inside the detection window, while the
predicts a rate of 21.1 events per 100 kt yr.

In order to assess the expected significance for positive detection of the it
was assumed that the number of detected events equals the sum of the expected
signal and background rate. Within a realistic scenario is that the expected back-
ground rate is only known with a certain precision. In this case, the detection
significance can be calculated according to [322]. By increasing the size of the
confidence interval such that the lower limit is almost zero, the significance of the
detection is calculated.

A prerequisite for positive detection of the is that the expected background
rate is determined with high precision. The reactor and atmospheric [ ] rate can
be extrapolated from the measured rate outside the detection window. As the fast
neutron rate decreases with the radius of the fiducial volume, it can be determined
by analyzing the dependence of the event rate on the radius of the reconstructed

100 kt yr exposure
Spectral contribution  before cuts single-ring C/Scut  delayed decays
DSNB signal 25.7 25.7 21.1(20.7) 21.1(20.7)
Atmospheric CC 2.0 2.0 1.7 (1.6) 1.7 (1.6)
Atmospheric NC 682 394 13.6 (14.6) 7.1(7.6)
fast neutrons 0.8 0.8 - —
Signal-to-background 0.04 0.07 1.4 (1.3) 2.4(2.3)

Table 11.9: Rates of[DSNB signal and backgrounds within the energy observation window
(0—-3600) p.e., corresponding to (~ 8—30) MeV for a live exposure of 100 kt yr. While the first
column represents the rates before cuts, the following columns apply a multi-ring event cut,
|[C/S ratio cut, and delayed decay triple-coincidence cut. Background arising from reactor
neutrinos is not present in the energy window, and fn-emitters are negligible due to the
described muon veto. Values in brackets correspond to a smaller photo-coverage of 25%,
assumed for Theia25.
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Figure 11.8: The visible scintillation energy spectrum expected for the |DSNB| signal and
its ample backgrounds. The presented spectra include reactor neutrinos, atmospheric neu-
trino|CC and NC interaction rates. The plot corresponds to the spectra the[[BD event se-
lection and after applying multi-ring event cut, [C/S ratio cut, and delayed decay triple-
coincidence cut.

position. The atmospheric [CC| background rate can likely be extrapolated from
measurement outside the detection window with an uncertainty of 20%. Most
critical is the atmospheric background. The different cut strategies reduce
the background rate to ~ 1% (cf. Tab.[I1.9) in the considered energy window. In
order to evaluate the number of remaining background events in the detection
window, knowledge on the NClinteraction rate and the cut efficiency is needed. A
less unknown cut efficiency €., =1% % .., increases the total uncertainty of the
background events. Therefore, the effect on the detection sensitivity is studied. The
relative uncertainty is varied by up to 20%, and the effect on the signal significance
can be taken from the left panel of Fig.[11.9.

With a target mass several times the size of Super-Kamiokande (SuperK) or JUNO,
Theial00 can obtain a 50 discovery of the in less than two years of data
taking. Even the smaller Theia25 will profit considerably from the dual detection
of Cherenkov and scintillation signals that offer a background discrimination capa-
bility unparalleled by Gd-doped water or pure organic scintillator. Thus, Theia25
will require about seven years of data taking to achieve a 50 discovery of the
signal (assuming standard predictions for flux and spectral energy).

Moreover, the impact on the flux model is presented in the right panel of
Fig.[11.9. Besides the detector performance, the sensitivity strongly depends on the
signal rate, which is mainly determined by the actual flux and the detector
size.
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Figure 11.9: The significance ofDSNB detection is given dependent on exposure. The upper
black (blue) x-axis corresponds to the lifetime of Theia25 (Theial00). The uncertainty on
the cut efficiency is varied up to 20%. A higher unknown uncertainty strongly reduces the
detection sensitivity. The right panel corresponds to a variation of the|DSNB flux model.
The fiducial flux is shown in black, while the low and high flux models are given in gray.
Note that the highest flux model is limited to the current[SuperK limit.

All in all, it was shown that[WbLS detectors offer a new great technology for neu-
trino observations. Even for low event rates, they provide excellent background
suppression techniques to allow DSNB detection in the future. The perspective of
a measurement is put in relation to other large (future) neutrino detectors
within the next chapter.
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Chapter 12
Comparison of Detection Techniques

The expected diffuse supernova neutrino background rate of approxi-
mately four events per year in the large volume scintillator experiment is
too low to allow for spectral signal analysis within the next decade. Fortunately,
several future large volume neutrino detectors are planned to be built and offer the
possibility to merge data.

In the present chapter, three different future experiments are introduced and com-
pared in the manner of detection. Therefore, the Gd-loaded water Cherenkov
detector Super-Kamiokande and the proposed Hyper-Kamiokande detector are
discussed in section [I2.T and section [I2.2, respectively. Furthermore, the[DSNB|de-
tection ability of the liquid argon detector DUNE|will be presented in section [12.3.
The results of the liquid scintillator experiment and the proposed water-
based liquid scintillator detector Theia from chapter[I0] and chapter[11} respec-
tively, are adopted and merged in section[I2.4. There, finally, the power of a com-
bination of these four different detector technology experiments is shown. In the
present chapter, the fiducial flux model (cf. section [4.3) is assumed, unless
otherwise stated, to make signal expectations comparable.
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12.1 Gd-loaded Super-Kamiokande

The Super-Kamiokande (SuperK) design (cf. section 2.1.T) is focussed on the mea-
surements of proton decay, and atmospheric, accelerator, solar, and galactic super-
nova neutrinos. So while is with ~ 50 kt large enough to have a few
interactions per year, the detector design is not optimal for a measurement.
Within[SuperK, the observation of DSNB|neutrinos by the inverse 3-decay (IBD) is
possible, but as the neutron capture signal is below the detection threshold, coin-
cidence detection is difficult. Up to now, [SuperK is mainly detecting electron an-
tineutrinos from single positron events coming from for which there are
enormous background rates present [116]. Although for a 2.2 MeV v-ray detection
efficiency of 20%, the background is much higher than the signal, positive detection
is not possible [116,345].

For [SuperK| the energy window for observation is between 19 MeV to 35MeV.
Below 10 MeV, reactor neutrinos completely overwhelm the neutrino sig-
nal [346]. Above 10MeV and below the observable energy window, the primary
source of background is due to the solar neutrinos, radiation from outside the fidu-
cial volume, and spallation-produced events due to the cosmic-ray muons in the
detector [347]. Above 19MeV, the background is primarily due to atmospheric
muon (anti-)neutrinos, that produce invisible muons in the detector by interac-
tion with the nucleons [287]. If these muons are produced with energies below
the Cherenkov radiation threshold (~53MeV), they cannot be detected. Subse-
quently, they produce decay electrons, with a maximum energy of 53 MeV. At ener-
gies higher than ~ 35MeV, the rapidly (exponentially) falling flux becomes
smaller than the atmospheric 7] flux.

In order to reduce the above-described backgrounds, the SuperK-Gd project was
approved. By dissolving 0.2% gadolinium sulfate into [SuperK]s water, the detec-
tion efficiency of neutrons from neutrino interactions can be enhanced [117]. The
proposed upgrade could reduce the invisible muon background substantially (by a
factor five), and justifies the ongoing research and development effort [113,159].
Furthermore, the spallation backgrounds can be removed between 10MeV and
18 MeV, opening up the energy window for searches, but below 10MeV,
reactor [7,]would still overwhelm the signal [117]. The enrichment of [SuperK|
with gadolinium is going to enhance the signal-over-background ratio drastically.
The expected signal rate between 10.8 MeV and 30.8 MeV of neutrino energy is
~16.3 /(100 kt yr), assuming a signal efficiency of 70% [345]. The background rate
within this energy window is ~ 14 /(100 kt yr) and below the signal rate [326]. With
a fiducial mass of 22.5kt and expected start of data taking 2021, the sen-
sitivity of SuperK+Gd is comparable with [117]. An even larger proposed
project is the[HyperK detector, which is the topic of the following section.
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12.2 Hyper-Kamiokande

The Hyper-Kamiokande (HyperK) detector is proposed as a next-generation
general-purpose neutrino detection experiment [113]. It will serve as a far detec-
tor of the long-baseline (~ 295 km) neutrino oscillation experiment T2HK for the
J-PARC neutrino beam. Besides the beam neutrinos, the detector will be capable
of observing proton decays, atmospheric and solar neutrinos as well as neutrinos
from other astrophysical origins. [HyperK comprises a cylindrical' (60 m high and
74 m in diameter) underground water Cherenkov detector containing a fiducial (to-
tal) mass of 187 kt (260 kt), making it more than 8 (5) times as large as the
detector. The proposed location for[HyperK is in the Tochibora mine, ~ 8 km south-
ern of with an overburden corresponding to 1.75 km.w.e [348]. [HyperK
will benefit from ~ 40,000 newly designed high-efficiency PMTs, thus reaching the
same photo coverage (~40%) as [348]. Together with attenuation lengths as
high as ~100m (at 400 nm wavelength), which may be achievable through purifi-
cation processes, an excellent detection efficiency can be guaranteed [113]. The en-
richment of the nominal detector configuration with gadolinium sulfate is currently
under discussion, according to the outcome of the[SuperK|gadolinium project [349].
With gadolinium added to water, greatly reduces backgrounds and opens up the
[DSNB|energy window. The observable energy window of [DSNBJevents in[HyperK
is comparable with the [SuperK experiment, which is bounded by cosmic-ray in-
duced spallation backgrounds at lower energies and invisible muon background
from atmospheric neutrinos at higher energies.

It is assumed that [HyperK will start data taking 2027 with 187kt fiducial mass,
while six years later, a second tank of the same size with gadolinium is as-
sumed [350]. The expected signal rate between 10.8 MeV and 30.8 MeV of neutrino
energy is 15.6 /(100 ktyr) with gadolinium and a signal efficiency of 67% [351].
The background rate is assumed to be equal with the one estimated for
Gd (cf. section [12.T) with 14 /(100 kt yr) [326].

Without gadolinium, the signal window is reduced to (20—30) MeV of energy depo-
sition, corresponding to a a signal rate of 4.7 /(100 kt yr) without neutron tagging
and signal selection efficiency of 90% [351]. Without gadolinium the amount of
background events overwhelms with 39.3 /(100 kt yr) the signal events by a factor
of eight [113].

Nevertheless, due to the enormous target mass, high rates are expected, resulting
in significantly higher statistics. However, the background rates have to become
under control. Therefore, [HyperK would clearly benefit from the Gd enrichment
with a great chance to study the spectrum in detail.

! There are several options, also the possibility of two cylindrical tanks, each of them with 187 kt

fiducial volume, under discussion.
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12.3 Deep Underground Neutrino Experiment

In addition to liquid scintillator (LS) and water Cherenkov detectors (WCDs)
(cf. chapter [2), the detectability of the DSNB using liquid argon (LAx) detectors will
be shortly discussed. Although the detection of low energy neutrinos is challeng-
ing, the potential advantage of these detectors is that they are mainly sensitive to

electron neutrinos via charged current absorption of [, on OAr:
ve + P0Ar — o7 + 1K*. (12.1)

The observables of this reaction are the electron and the de-excitation products from
the excited K™ final state [352]. While[LSland [WCDs will be mainly sensitive to an-
tineutrinos, the upcoming [LArl Deep Underground Neutrino Experiment
may detect the signal in the neutrino channel, providing complementary
information [353].

is an upcoming long-baseline neutrino oscillation experiment aiming to
determine the unknown oscillation parameters and explore new physics [352,354].
The 1300 km baseline, stretching from the Long-Baseline Neutrino Facility
facility at Fermilab to the Sanford Underground Research Facility in South Dakota,
will result in high sensitivity for CP-violating phase, and neutrino mass order-
ing [354]. The design power of the beam is 1.2 MW and will comprise the
world’s highest-intensity neutrino beam [354]. The far detector will be a
large modular [LAr/time projection chamber of 40 kt detector material located deep
underground, which will provide comprehensive event statistics.

Background is also a severe issue for detection in The irreducible
solar neutrino background of hep and ®B neutrinos (cf. section cannot be
eliminated or tagged. Since the end tail of the hep neutrino flux is at 18.8 MeV, this
will determine the lower bound of the search window. The upper bound is
determined by the atmospheric |y flux and is around 35MeV. The main challenge
for detection in a[LAr/time projection chamber is understanding how much
of the spallation background from cosmic-ray interactions with the argon nucleus
leaks into the search window. Some studies have been done, but more work is
needed [355].

The expected number that could be observed in the detector is
~11.4 /(100ktyr) between 16 MeV and 40MeV of electron energy [356].> The
estimated background rate is ~6 /(100ktyr), including background from solar
and atmospheric neutrinos [356]. It is estimated that data taking will start 2026
with two caverns, while one (three) year(s) later, the third (fourth) chamber will be
ready for detection [354].

> The event number is based on the assumptions made in [356], where the[DSNB|flux differs from

the fiducial flux model of this thesis.
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12.4 Comparison

In the previous sections, the [WCDs [SuperK] and [HyperK were presented in the
manner of future detection. In addition, the neutrino detection technique
using [LA1l was introduced on the example of the project. Now, the results
for the[LS|detector and the proposed [WbLS|detector Theia from chapters
and [11] respectively, are transferred into this section. A summary of the individual
experiments with their assumptions for signal and background rates are given in
Tab.[12.1. Please note that[DSNB|signal assumptions were equal for all experiments,
except for DUNE| where the signal expectation corresponds to a slightly weaker
flux estimation. Nevertheless, the present comparison aims to show trends
instead of making absolute statements.

Technology Experiment M Start Energy-Window Signal BG
[kt] [MeV] [/(100ktyr)]

LS JUNO 147 2021 1234 144 81
SuperK + Gd 225 2021 10-30 16.0 14.0

WCD HyperK 187 2027 20-30 4.7 39.3
HyperK + Gd 187 2033 10-30 15.6 14.0

WhLS Theia25 20 2030 8—30 207 93
Theial00 80 211 88

LAr DUNE 20 (+20) 2026 16—40 114 6.0

Table 12.1: Overview of different future neutrino detectors that are probably able to detect
the IDSNB signal. The assumptions for fiducial mass (FM), start of data taking, and cor-
responding observation energy window are given. The expected signal and background
rates are given for the experiment [JUNO and the two proposed realizations of the
experiment Theia. The two proposed options for Theia are given additionally. The
WCDs: [SuperK+Gd, [HyperK| and [HyperKk+Gd, and the [LAd project| DUNE were also re-
lated [350/351/)357].IDUNE is estimated to start data taking 2026 with two caverns (~ 20kt),
while the third and fourth chamber will be ready one and three year(s) later, respec-
tively [354].
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The lifetime evolution of expected events for each experiment is shown in
the upper panel of Fig.[12.1. The curves of and Gd-loaded [SuperK are quite
similar due to the equal start of data taking in 2021. The apparent advantage for
is mainly due to the larger fiducial volume, but the estimated background
rates for are much higher. Therefore, it is concluded that the given values
not entirely optimized for detection. The proposed detector [HyperK will
overcome the amount of detected events at the beginning of 2030. If there
will be a second tank present with Gd-loaded water, the event expectations rice
noticeably. The smaller Theia realization (Theia25) will not be competitive in terms
of rates. However, without Gd-loading in [HyperK, the more massive proposed
realization of Theia (Theial00) will take the leading position around 2035. The
[LAxl experiment will not be a strong competitor in terms of signal rates,
but with the third and fourth cavern, it will overcome the experiment only
by exposure around 2033. However, as has some incomplete background
knowledge, more studies are needed to give reliable statements about sensitivity.
Moreover, it is of great interest, as it is the only experiment sensitive to the comple-
mentary neutrino channel.

The significance-like expression S/+/.S + B is plotted for the different experiments
in the lower panel of Fig.[12.1. The relation between[JUNO] [SuperKkGd and
is almost the same as it is present for the rate comparison. Contrary to
[HyperK and Theia: [HyperK without Gd is almost not sensitive to[DSNBIneutrinos,
due to the overwhelming backgrounds. Therefore, Gd-loading is urgently needed
to get access to this astrophysical neutrino source. The smaller Theia configura-
tion has quite the same fiducial volume as [UNO| and [SuperK, but through the
combination of both detection techniques, background suppression is more potent,
resulting in a steeper sensitivity curve. The more extensive Theial00 configuration
would dominate all other experiments in terms of sensitivity soon after its start.

All in all, there are luckily several neutrino experiments ready to start within the
next years to search for the signal. A successful first detection could be per-
formed in the future by the Gd-loaded SuperK detector or by the [LS] experiment
depending on detector performance and efficient background identification.
Please note that all the previous comparisons were made with the fiducial
flux model (cf. chapter [4) and that the timescale of detection beside detector
performances also strongly depends on the actual signal strength. Nevertheless,
the complementary detector techniques in combination with complementary neu-
trino channels offer great potential for joint analysis of DSNB|measurements in the
future.
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Figure 12.1: Upper panel: Lifetime evolution of [DSNB events for different experiments.
The curves of [[UNO and [SuperK+Gd are quite similar due to the same start in 2021, but
with larger fiducial volume for[SuperK. The proposed detector[HyperK|will overcome both
experiments right after it has been started. With a second Gd-loaded water tank, the event
expectations rice noticeably. The smaller Theia detector will not be competitive in terms of
rates. However, without Gd-loaded HyperK, the larger Theial(00 will take the lead position
around 2035. The[LAd experiment| DUNE will not be a strong competitor, but with the third
and fourth cavern, it will overcome the [[UNO experiment only by volume. The shown
sum corresponds to the most optimistic case with Gd-loaded|[HyperK| and Theial00. Lower
panel: Comparison of significance. If no Gd-loading will be present for[HyperK)| it is almost
not sensitive to|DSNB neutrinos. Through the combination of both detection techniques in
Theia, background suppression is more powerful, resulting in steeper sensitivity curves.
Nevertheless, the larger Theia configuration would dominate all other experiments soon
after its start, expected to be in the first quarter of 2030.
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Conclusions

Since the first neutrino detection in 1956, many experiments have been built to
examine the particle properties. Besides, these particles carry information about
the environment in which they are created. Primarily through neutrino signals
from supernova (SN) explosions, information about the explosion mechanism can
be gained. A still unmeasured neutrino flux from stars is the so-called diffuse
supernova neutrino background (DSNB), which is the average cumulate neutrino
flux of all past core-collapse supernovae (CCSNe) in the visible universe. Contrary
to observations of a single [SN] a measurement would provide information
on the average explosion of stars.

Within this work, the detection potential for the flux was studied for the
Chinese multipurpose neutrino experiment named Jiangmen Underground Neu-
trino Observatory (JUNO). The detector is a 20kt liquid scintillator (LS)
detector currently under construction in southern China. Due to its large target
mass and unprecedented energy resolution of 3% (at 1MeV), a measurement of
electron antineutrinos via the inverse 3-decay (IBD) can be performed. The coin-
cidence event signature of this reaction channel provides high-grade background
suppression. With the two reactor complexes in 53km distance to the detector,
the neutrino mass ordering can be determined within the next years through a
precision measurement of the energy-dependent survival probability of reactor
neutrinos. Beyond, could be one of the first experiments to measure the
successfully, as currently, only upper limits exist [3]. The flux predic-
tions were refined from spherically symmetric SNe simulations performed over a
wide range of progenitors [125]. The flux predictions were translated to observable
neutrino signal spectra expected for forecasting between 2.7 and 19.6 events
per year in a fiducial volume of 14.7 kt. However, the highest flux model already
exceeds the current flux limit by a factor of two. The spectrum depends
on fundamental astrophysical source properties: the fraction of failed explosions,
the mass threshold of black hole formation, and the CCSNe rate. A strong
dependence of the spectrum at high neutrino energies on the maximum neutron
star mass and fraction is present, with a spread of almost an order of magni-
tude. The fiducial flux model predicts 5.5 events per year ranging from 1.8 MeV
to 40 MeV, assuming an amount of 17.3% of failed SNe, a (baryonic) mass
threshold of 2.7 M, and the fiducial CCSNe rate following [122].
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Further, a variety of backgrounds are present for this measurement. The near
distance to the nuclear power plants provides an enormous amount of reactor
neutrinos, surpassing the signal by orders of magnitude. As the irreducible
reactor neutrino background spectrum decreases exponentially, it defines the low
energy threshold for detection. The reactor neutrino spectrum drops below
the spectrum at ~ 10 MeV.

Although the detector will be located underground with 650 m of rock overburden,
around 3.5 muons per second still reach the central detector volume. The muons
itself in the inner detector can be identified by a large amount of scintillation and
Cherenkov light. However, cosmogenic muons can produce relatively long-lived
radioactive isotopes, providing a background source. The 3-decay of °Li provides
a Q-value large enough to reach in the signal noticeably. The production
yield, measured by Borexino, was scaled to evaluate the expected background
level arising from °Li decays, resulting in ~ (1310 +130)/(ktyr) events. As there
are spatial and temporal correlations between the spallation events and the parent
muons, it is possible to veto the main of this background by vetoing a cylindri-
cal volume around each reconstructed muon track. Assuming a muon detection
efficiency of 99.8%, and a vetoed volume with » =3 m, which is vetoed for 1.2s
after each muon track, the background rate is reduced to (26.2 £2.6)/(ktyr). This
cut reduces the signal efficiency by 16%. The background rate still overwhelms the
estimated signal below ~12MeV, setting an additional low energy threshold for
detection.

Contrary to muons that traverse the inner detector, muons can pass the water
Cherenkov veto volume or the surrounding rock. As muons in the outer detector
can be vetoed, muons traversing the rock material can produce high energetic
particles, like neutrons. Some of these, so-called, fast neutrons, can enter the inner
detector volume without being tagged. The background rate was estimated to be
~(2.4£0.5)/(ktyr) in the total inner detector volume below 40 MeV. Because of
the finite mean free path of neutrons, most of the events concentrate on the verge
of the scintillator volume. Therefore, this background can be reduced significantly
through a reduction of the fiducial detector volume. Reducing the fiducial radius
by 1 m allows pushing the background already below the signal. Moreover, during
experimental data taking, a radial dependent study of this background, matched
with simulations, will help to understand the neutron background and allows for
statistical subtraction.

The last group of background arises from atmospheric neutrinos. The atmospheric
neutrino flux for the location of was approximated using two different
simulations [5,6]. The charged current reactions of atmospheric electron antineu-
trinos on protons represent an indistinguishable background source. However,
the atmospheric neutrino flux is increasing in energy, and defines, therefore, the
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upper energy threshold on the detection window around 35 MeV. The atmospheric
charged current rate was calculated to ~ (0.2 £0.07)/ (kt yr) for £, <100 MeV.
Also, neutral current (NC) reactions of atmospheric neutrinos and antineutrinos of
all flavors pose a possible background for[DSNB| detection. In the reaction with the
largest branching ratio, (anti-)neutrinos knock out a neutron of the >C nucleus.
The remaining nuclei are often left in an excited state, giving additional particles
from the de-excitation. After thermalization, the neutron gets captured, providing
the delayed signal for coincidence reaction. The total event rate of atmospheric[NC|
interactions was calculated to ~ (30.8 £0.31)/ (ktyr) for 100MeV < E, <10GeV.

Signal and background events were simulated with JUNO’s Offline Simulation
Framework (Version J18v1rl) based on Geant4 (Version 9.4.p4) [202-205].
The interactions of atmospheric neutrinos with the [LS/target were simulated with
GENIE (Version 2.12.4) and inserted in [70,1295]. The nuclear reaction pro-
gram TALYS (Version 1.4) provides the particles emerging from excited nuclei that
were additionally read into [296,297]. After the simulation, event selection
was performed to prove the coincidence event signature. The background, mainly
the atmospheric [NCl background, overwhelms the signal in the interesting
energy window by a factor of ~ 16.

Hence, techniques to identify background represents a decisive issue for a
measurement, in order to possibly observe the tiny signal. Within this work, the
powerful tool of pulse shape discrimination (PSD) was of particular interest. As
just positrons create the prompt pulses, the atmospheric [NC| events arise
mainly from much heavier protons and neutrons. Hence their light emission time
profiles (pulse shapes) differ, allowing for disentanglement of background and
signal events. The timing information of photons on the photocathodes was pro-
vided by and was modified to consider the photomultiplier tube and event
reconstruction effects. Based on that, the timing profile of the light emission was
reconstructed. Afterward, the simple tail-to-total ratio method was used to identify
pulses, where information of the integral ratio of light emission times below 120 ns
were compared. It was shown that the ratio is position-dependent, arising mainly
from the enhanced probability for photon scattering in the inner detector volume.
Furthermore, photons produced at the outer detector part show an increased
probability for total reflection at the edge of the scintillator volume, resulting in
a pulse form variation. In order to avoid the correction of these effects, events
were simulated in the inner 16 m detector volume, where a minor chance of total
reflection is present. To account for the scattering effects, the cut values are chosen
position-dependent. The atmospheric [NClbackground can be reduced to (0.5-3)%,
with corresponding signal efficiencies ranging between 47% and 99%, relying on
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the chosen cut strategy. The favored cut strategy is found through maximization of
the significance like expression S/v/S + B, providing 86.4% signal efficiency and
background rejection of 98.4%. It is crucial to mention that the results strongly de-
pend on the fluorescence timing parameters that determine the fractions of singlet
and triplet states, determining the light emission time profiles. The results of the
present work are based on Monte-Carlo tuning of Daya Bay data. It is inevitable to
determine the fluorescence timing parameters for the scintillator separately
and precisely in the future. Moreover, there is less knowledge on pulse shapes
above ~10MeV of energy deposition, where the signal gets prominent,
as scintillating time profiles were mostly measured with neutrons or a-particles
with lower energies. However, within the Borexino experiment, it was possible to
identify atmospheric[NClevents through the application of [PSD|even in the higher
energy region [308].

Additionally, a second background identification method to further suppress the
atmospheric background events was discussed. The so-called triple coinci-
dence veto based on the fact that some of the resulting nuclei are radioactive. Such
a decay provides a third signal after the coincidence and offers an additional
veto strategy. The promising nuclei candidates are "¢, °C, and ®Li, as all other
produced isotopes are either stable or decay almost instantly. Once the position
of the event is known, one needs to apply a cut in space and time around
each candidate and veto events with corresponding energy deposition. It was
proposed to divide the triple coincidence veto into three veto sections to account
for the different Q-values and decay times of ¢, 1°C, and ®Li. It was proposed
to veto (0.9—-16.4) MeV of energy deposition for the first 8s, which is followed
by vetoing (0.9-3.8) MeV for 3min, and lastly, vetoing the even smaller energy
window (0.9—-2.1) MeV for 1.5h. It was found that for a vetoed mass of ~0.5t, the
probability is ~80% for the subsequent decay to happen inside. In that context,
it was studied how big such a vetoed volume is allowed to be, to still guarantee
an adequate signal efficiency. The probability of accidental events following signal
events is estimated, concerning cosmogenic isotope production and signals aris-
ing from radioactivity. The overall signal efficiency is reduced by 6% due to the
proposed triple coincidence cut but allows for an atmospheric [NC| background
reduction by additional 30%.

Finally, based on the signal and background expectations, and considering the
background suppression techniques of [PSD| and triple coincidence, the
detection potential for the detector was estimated. Therefore, a detec-
tion strategy was proposed, explaining steps of data processing that have to be
performed in order to obtain the signal out of the overwhelming background.
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Supplementary, the detection significance was calculated based on an extension of
the Feldman-Cousins method allowing to include uncertainty on the background
prediction [322]. The optimal energy window was found to manifest between
12MeV and 34 MeV, assuming the fiducial flux model and the background
assumptions, made within this thesis. There, ~21 events are expected after
ten years of data taking, summing up with 11.9 £ 1.3 estimated background events.
With these assumptions, 4.5¢0 of significance can be reachable.

The amount of predicted atmospheric events in the detection window relies
on the precise knowledge of [PSDI cut efficiency. If the efficiency is less known,
the uncertainty in the overall background rate increases, which strongly affects
the significance. A relative uncertainty of 30% would lower the significance to 3o.
Therefore it is stated that a relative uncertainty of 10% is required to allow for
detection within the next years, manifesting at 4o after ten years.
Furthermore, the effect of the proposed triple coincidence veto on the sensitivity
was studied. Assuming that this cut will introduce an additional relative uncer-
tainty of 10%, increasing the error on the known background, and resulting in no
positive effect on the detection significance.

Lastly, besides the detector performance, it was studied how the sensitivity de-
pends on the flux itself. Therefore the failed SNe rate was fixed to 27.3%,
and the CCSNe rate, as well as the forming mass threshold, were varied. It
was shown that the actual values of the astrophysical parameters firmly influence
the signal strength and, therefore, the significance. With it is even possible
to reach 50 after ten years with a parameter constellation that differs from the
assumed fiducial one.

Moreover, it was shown, that the forming mass threshold and the amount of
failed SNe, determine the decreasing slope of the spectrum. It is assumed
that with the help of ongoing gravitational-wave measurements, more knowledge
on the neutron star masses will be gained. This opens the possibility to determine
the failed SNe rate directly through a spectral analysis of the measurement.
Unfortunately, JUNQJis not able to observe the difference in slope due to statistical
limitations. However, there is hope for future extensive neutrino experiments and

their joint analysis of data.

Supplementary, a future technique of neutrino detection, utilizing water-based
liquid scintillators (WbLSs), is introduced on the example of the proposed Theia
detector. This detector technique is of particular interest, as it will combine the
two main approaches of neutrino detection: [LS with a water Cherenkov detec-
tor (WCD), by introducing a small amount of [LS]into water. The detection
significance was studied for the two proposed detector geometries, named Theia25
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and TheialO0, providing a fiducial volume of 20kt and 80kt, respectively. The
background level was estimated, and subsequently, background rejection methods
were studied. First, the possibility of Cherenkov ring counting reduces the atmo-
spheric[NClbackground by 57%. Furthermore, the Cherenkov-to-scintillation ratio
cut allows reducing the atmospheric [NC| background by 96.5% (96.3%), maintain-
ing a signal acceptance of 82% (78%) for Theial00 (Theia25). The triple coincidence
veto searches for the delayed decay of 0 and B after each event candidate,
reducing the atmospheric background by 48%. With a target mass several
times the size of Super-Kamiokande (SuperK) or [UNO] Theial00 can obtain a
50 discovery of the in less than two years of data taking. Even the smaller
Theia25 will profit considerably from the dual detection of Cherenkov and scin-
tillation signals that offer a background discrimination capability unparalleled
by Gd-doped water or pure organic scintillator. Thus, Theia25 will require about
seven years of data taking to achieve a 50 discovery of the signal (assuming
standard predictions for flux and spectral energy).

Finally, existing and future neutrino experiments with different detection tech-
niques were discussed and compared in the manner of detection. The
WCDs and the proposed Hyper-Kamiokande (HyperK), provide a fiducial
volume of 22.5kt and 187 kt, respectively. However, pure [NCDs are not optimal
for detection, as the delayed neutron capture signal is below the detec-
tion threshold, resulting in higher background rates. The possibility to dissolve
gadolinium sulfate into the water enhances the detection efficiency of neutrons and
reduces the invisible muon background by a factor of five. Furthermore, the Deep
Underground Neutrino Experiment experiment with a fiducial volume of
40kt allows for future measurement in a complementary neutrino channel
as it measures electron neutrinos through the absorption on liquid argon (LAx).
As there is more knowledge on the present background rates needed, predictions
on the signal-to-background ratio are less reliable. A summary of the individual
experiments with their assumptions for signal and background rates were given
and related to the results obtained for JUNOJand Theia to show trends. The experi-
ments[JUNOJand Gd-loaded [SuperK]are quite comparable due to the equal start of
data taking in 2021 with an advantage for[SuperK due to the larger fiducial volume.
As the background rates for are much higher, it was concluded that the
given values not entirely optimized for detection. The proposed detector
[HyperK will overcome the amount of detected events with 187kt at the
beginning of 2030. However, without Gd-loading, [HyperK is almost not sensitive
to[DSNB| neutrinos, due to the overwhelming backgrounds. Therefore, Gd-loading
is urgently needed in [WCDs to get access to this astrophysical neutrino source.
The smaller realization, Theia25, will not be competitive in terms of rates,
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Conclusions

but through the combination of both detection techniques, background suppres-
sion is more potent, resulting in a steeper sensitivity curve. Without Gd-loading
in [HyperK, the more massive proposed realization of Theia would dominate all
other experiments, in terms of sensitivity, soon after its start. The [LAr]experiment
will not be a strong competitor, but with the third and fourth cavern, it
will overcome the experiment only by exposure around 2033. However, as
has some incomplete background knowledge, more studies are needed to
give a reliable statement about sensitivity. Moreover, it is of great interest, as it is
the only experiment sensitive to the complementary neutrino channel.

All in all, there are luckily several neutrino experiments ready to start within the
next years to search for the signal. A successful first detection could be
performed in the future by the Gd-loaded SuperK detector or by the[LS experiment
depending on detector performance and efficient background identifica-
tion. Note that all previous comparisons were made with the fiducial flux
model and that the timescale of detection strongly depends on the actual
signal strength. Nevertheless, the complementary detector techniques, in combina-
tion with complementary neutrino channels, offer great potential for joint analysis
of [DSNB| measurements in the future. Prospective observations of the could
probably probe the entire population of stellar core collapse in its full diversity and
open the chance to constrain the cosmic core-collapse rate, as well as the fraction
of failed SNe.
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Appendix A
Additional Figures and Tables
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Figure A.1: The expected solar neutrino spectra in with radio-purity assumption
from Borexino phase I [222]. Figure from [4].
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Figure A.2: The distribution of photoelectrons obtained from simulating 10° 2.2 MeV-y
events in the[JUNO scintillator.
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Appendix A Additional Figures and Tables

events [/ (100 kty)]
threshold E, > 1.8MeV ~ 9MeV 10MeV 11 MeV

low 18.3 13.7 124 11.1
DSNB high 133.4 110.7 104.0 96.8
fiducial 37.7 29.0 26.6 24.1

reactor 7, 89 x10* 37.6+£19 2.0+0.1 0.04+0.002

Table A.1: Total expected event rates for exposure of 100kty of reactor neutrinos and
the three flux models. The reactor neutrino rate is obtained through integration of
Eq. using flux approximation of [282] up to neutrino energies E,, < 40MeV. The lower
neutrino energy threshold is varied. Note that no detector response function is considered,
and a 5% uncertainty in the high energy tail of the reactor spectrum is assumed [31].
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Figure A.3: Implemented decay scheme of the 3~ -decay of °Li to °Be [299,(358]. The blue
numbers correspond to the branching ratios of the ’Li-decay, and the energy levels are
given in MeV. The excited state of *Be can decay to °He and ®Be (orange), which decay al-
most instantly into o’s and neutrons (violet). Negative energy levels are given with respect
to the ground state of “Be.
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Pulse Shape Discrimination

Event Rate [ /100 kt yr]

DSNB AtmNC FastN DSNB AtmNC FastN

Signal Efficiency [%]
46.9 0.5 0.9
59.1 0.7 14
67.5 0.9 1.7
78.2 1.2 2.2
86.4 1.6 3.0
93.1 2.0 4.2
96.8 2.5 5.0
98.8 3.1 6.0

17.7 3.9 0.11
22.3 55 0.16
25.2 7.0 0.20
29.5 9.3 0.26
32.5 12.5 0.35
35.1 15.6 0.49
36.5 19.5 0.58
37.2 241 0.70

Table A.2: The PSD signal efficiencies and the event rates of thelDSNB|signal, atmospheric
INC and fast neutron background events, given for different cut strategies. The efficiencies
and rates are given for an energy deposition up to 10° prompt photoelectrons, correspond-

ing to ~ 68 MeV.
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Figure A 4: The decay schemes of "'C, '°C, and °Li are shown from left to right, respectively,
and sorted by their half-life times in decreasing order
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Atmospheric NC Unstable Isotopes

nuclei decay to energyemission life time 7

e B+ B 1.98MeV  29.4min
¢ s+ B 3.656MeV  27.8s
°B 20 'H 028MeV  O(as)
’B p  "Be 0.18MeV  O(as)
®Be o  “*He 0.09MeV  O(as)
8Li B—  ®Be 16.00 MeV 1.2s
‘Be B+ Li 0.86MeV  76d19h
"He n  °He 044MeV  O(zs)
*H n °H 090MeV  O(ys)
°He n  ‘He 0.89MeV  O(zs)

Table A.3: Decays of unstable isotopes resulting from atmosphericINC reactions. The high-
lighted nuclei are suitable for the in chapter|9 proposed triple coincidence veto, due to their
appropriate life times [299,358,(359].
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Figure A.5: Distribution of neutron’s kinetic energy. Neutrons released in[IBD reaction of
DSNB events (blue) are less energetic than neutrons from atmospheric[NC events (red).
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Cut Efficiencies

Cut DSNB AtmNC AtmCC FastN Li9 Reactor
IBD 0.97 0.25 0.96 - 097 097
MuonVeto 0.84 0.84 0.84 084 0.02 084
PSD 0.93 0.02 0.93 093 093 0.04
Triple Coincidence  0.94 0.61 0.94 094 094 094

Table A.4: The table summarizes the cut efficiencies corresponding to different selection
techniques for prompt energy deposition < 68 MeV. ThellBD selection criteria are described
in section The muon veto cut reduces mainly the cosmogenic °Li background. The back-
ground rejection through|PSD mainly affects the atmosphericINCland the fast neutron rate.
Lastly, the effect of the triple coincidence cut on the event rate is given. Note that the back-
ground suppression methods are applied separately after the[IBD cut and that the efficiency
of reactor neutrinos corresponds to a lower energy threshold of 9 MeV.
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Figure A.6: Knowledge of the atmospheric |CC interactions is gained from the analysis
above a certain energy threshold, while below the background is obtained through ex-
trapolation. The energy at which the atmospheric|CC interactions surpass the|DSNB signal
depends on actual [DSNB| flux. The lower and upper flux models, correspond to left and
right plot, respectively, and a higher|DSNB flux shifts the energy threshold to higher ener-
gies.
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Figure A.7: Function for Ax> (upper panels) and \/ Ax> (lower panels) in dependence of
the CCSNe rate Ry (left) and the amount of failed SNe fsy (right). The exposure was set
to 1000kt yr and the x*-values were determined by keeping other parameters constant at
their reference values.
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Figure A.8: Schematic diagram of| waveforms of Cherenkov and scintillation light as
shown in [329]. The emission time constant of the scintillation light in (dashed blue
line) of ~ 37ns is much longer than the Cherenkov emission time (S 1ns) and the PMT
response resolution (~ 2ns). The red line represents the sum of scintillation and Cherenkov
light. Figure from [326].
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Figure A.9: The potential of a cut is shown for detector coverage of 25%. The residual
amount of atmospheric[NC events is shown to the amount of surviving|DSNB signal events
with a solid line. Besides, the significance S//S + B is plotted as the dashed line corre-
sponding to the right y-axis. To maximize the signal-to-background ratio, the cut strategy
with 78% signal efficiency is chosen, where the atmospheric|NC background is reduced by
nearly 96.3%.

221






Appendix B

Atmospheric Charged Current
Background on '*C

Besides the known inverse 3-decay (IBD) reaction of 7, on free protons, there is also

the possibility for a charged current (CC) reaction on 12C, where (anti-) electron
. 12 12

neutrinos can produce “N and “B:

v+ 2C e + 12Ngs,
g 412 (B.1)
Ve+ "C— e’ + "By,
where gs denotes the ground state. The amount of reactions that produce ”N and
12B is estimated to 0.67 / (ktyr) and 0.28 /(ktyr), respectively, calculated with GE-
NIE cross-sections, which overestimates the result by 25% [338-340,1360]. The max-
imum kinetic energies of the 5-particles reach with 12.9 MeV and 16.8 MeV into the
detection window.
As there is no delayed neutron signal available, these reactions do not pass in prin-

ciple the coincidence condition. Hence, the subsequent 5-decay of N/B
UN = BC+e’ + v, (1) = 11.0ms, Q = 17.3 MeV)

12 12 - (B.2)
5B — 6C+e + 7 (112 =20.2ms,Q = 13.7MeV),

could provide the delayed signal, if the deposited energy match the delayed
2.2MeV ~-signal. The amount of particles that decay within the time window of

Imsis
1
N=1-exp|—-In2x - ms (B.3)
T1/2

and is 6% and 3% for >N and '*B, respectively. The delayed energy window is
defined in section 4.4, From the Fermi theory of 3-decay, the shape of the energy
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Figure B.1: Distribution of energy deposited by delayed S-decays of "B (blue) and
2N (red). The allowed energy range of the delayed 2.2 MeV event is shown as the shaded
area.

distribution is given approximately by the expression

N(T.) ~\/T? + 2T.m.c* x (T, + m.c*)

< (Q-T )\ (@Q-T.)" —mic* x F(Z,T,),

(B.4)

where F(Z',T,) is called the Fermi function, 7, here is the kinetic energy of the
electron, and m,, the neutrino mass [361]. Q) represents the energy yield of the tran-
sition and as such is the upper bound on the kinetic energy of the electron. The
energy distributions of the 3-decays of 2N and '?B are shown in Fig. The de-
layed energy cut reduce these background rates below 1% and 3%, respectively,
reducing both rates below 0.01 /(kt yr). Therefore the atmopsheric|CC|reactions on
"2C are not considered as a background for detection.
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List of Abbreviations

BH black hole

CC charged current

C.L. confidence level

CCSN core-collapse supernova

C/S Cherenkov-to-scintillation

DM dark matter

DSNB diffuse supernova neutrino background
DUNE Deep Underground Neutrino Experiment
v,  electron neutrino

U,  electron antineutrino

v, muon neutrino
U, muon antineutrino
1% tau neutrino

v,  tau antineutrino

ES elastic scattering

GUT Grand Unified Theory

HyperK Hyper-Kamiokande

IMF initial mass function

IO inverted ordering

IBD inverse 5-decay

JUNO Jiangmen Underground Neutrino Observatory
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JOSF JUNO's Offline Simulation Framework
LAB linear alkylbenzene

LAr liquid argon

LBNF Long-Baseline Neutrino Facility

LS  liquid scintillator

LET light-emission time

LY lightyield

MC Monte-Carlo

MSW Mikheyev-Smirnov-Wolfenstein
(km.w.e (kilo)meter water equivalent
KamLAND Kamioka Liquid-Scintillator Antineutrino Detector
NS neutron star

NC neutral current

NMO neutrino mass ordering

Ov33-decay neutrinoless double 3-decay
2vBB-decay two neutrino double 3-decay
NPP nuclear power plant

NO normal ordering

PMNS Pontecorvo-Maki-Nakagawa-Sakata
PNS proto-neutron star

PMT photomultiplier tube

Ps  positronium

p-Ps parapositronium

0-Ps orthopositronium

PSD pulse shape discrimination
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SFH star formation history

SuperK Super-Kamiokande

SM Standard Model

SN supernova

SSM Standard Solar Model

SNO Sudbury Neutrino Observatory
TAO Taishan Antineutrino Observatory
TOF time of flight

TTR tail-to-total ratio

TTS transit time spread

TT  transit time

QEL quasielastic

WDLS water-based liquid scintillator
WIMP weakly interacting massive particle

WCD water Cherenkov detector
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