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Abstract

Future neutrino experiments will open up exciting possibilities to use neu-
trinos as messengers from diverse sources. A special focus of this thesis is
put on neutrinos from the Earth’s interior, the core of reactors and from the
diffuse supernova neutrino background.

As a first main point, neutrinos originating from the decay of radioactive
nuclei in the Earth, so called geoneutrinos, shall be discussed. These decays
release a large amount of thermal energy. As the heat budget of the Earth
and thus the mechanisms that e.g. power the Earth’s magnetic field pose so
far unresolved questions, a precision measurement of geoneutrinos that are
directly linked to the heat production can deliver new information. Moreover,
questions about the composition of the Earth can be answered, as presently
information is only obtainable in an indirect way, i.e. via model dependent
conclusions based on crustal and meteoritic samples.

We introduce a method to detect the direction of anti-neutrinos and an-
alyze if it can be used to obtain angle dependent information on the Earth’s
structure. To that end we use information about the original neutrino direc-
tion that is encoded in the anti-neutrino detection reaction.

We also transfer the method of neutrino direction measurement to reac-
tor neutrino experiments with two nuclear reactors as neutrino sources. We
investigate how to monitor the individual power output of each reactor and
the possibilities of locating strong neutrino sources. We also discuss, if a sep-
aration of two reactors is possible by watching the cores in “neutrino light”.
This proof of principle analysis could open up new ways of power reactor
monitoring.

As a third main point we turn to another so far undetected source of
neutrinos, namely the diffuse supernova neutrino background. These neu-
trinos originate from all supernovae that have occurred so far and form an
overall cosmic background. We conduct a forecast of what can be learned
about the supernova and star formation parameters from a measurement of
both neutrinos and anti-neutrinos in future liquid scintillator detectors. The
parameter space that determines the diffuse neutrino flux is large and inde-
pendent measurements of the parameters do mostly not exist or are model
dependent. Therefore, we conduct an analysis that considers this lack of in-
formation and gives realistic perspectives. Moreover, we show the results of
an analytic fit to the diffuse neutrino spectrum, which reduces the parameter
space considerably and illustrates the interdependence of the parameters. We
again conduct an error forecast and relate our results to the full analysis.
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Preface

Wie alles sich zum Ganzen webt, eins in dem andern wirkt und lebt!
Johann Wolfgang von Goethe, Faust, der Tragodie erster Teil

As Faust in Goethe’s masterpiece, we strive to understand nature and the
fundamental connections underlying everything we experience. Astroparticle
and neutrino physics in particular are connecting different areas of physics
and astrophysics. The neutrino, insignificant as it may seem, has had a great
impact on particle physics in the last years and will continue to have this
impact in years to come, with prospects that investigating the properties of
the neutrinos can even shed light on fundamental questions in early universe
cosmology.

This thesis is also a joint venture of different topics connecting theories
concerning neutrinos from Earth and stars with large volume liquid scintil-
lator detectors. These detector types, which presently exist in smaller ver-
sions are likely the future of neutrino experiments. In chapter 1 we give a
brief introduction to the topics of this thesis concerning geoneutrinos, reac-
tor neutrinos and diffuse supernova neutrinos. We concentrate in particular
on liquid scintillator experiments, with which we intend a detection of the
neutrino sources discussed here. A special focus is thereby on the proposed
LENA detector, where a summary paper about the physics goals is published
as

[I] T. Marrodan Undagoitia, F. von Feilitzsch, M. Goger-Neff,
K. A. Hochmuth, L. Oberauer, W. Potzel and M. Wurm, “Low energy
neutrino astronomy with the large liquid scintillation detector LENA.”
Prog. Part. Nucl. Phys. 57, 283 (2006) [J. Phys. Conf. Ser. 39, 278
(2006)] [arXiv:hep-ph/0605229].

The LENA detector concept is part of the LAGUNA initiative that explores
the possibilities of future large volume detectors. We will discuss the detector
types encompassed by the LAGUNA project in chapter 1. I am also a member
of the LAGUNA project. A summary paper of detector concepts and the
physics opportunities is published as

[II] D. Autiero et al., “Large underground, liquid based detectors for astro-
particle physics in Europe: scientific case and prospects,” JCAP 0711,
011 (2007) [arXiv:0705.0116 [hep-ph]].
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In chapter 2 we discuss the properties of geoneutrinos, which are neu-
trinos produced inside the Earth by decays of natural radioactive elements.
These neutrinos can act as a probe for the unknown structure of the Earth’s
interior. The LENA experiment will be able to detect a large number of these
neutrinos. Moreover, we also investigate, whether a direction sensitive mea-
surement of geoneutrinos is possible that can help to improve our knowledge
further. These issues are treated in

[III] K. A. Hochmuth, F. von Feilitzsch, B. D. Fields, T. Mar-
rodan Undagoitia, L. Oberauer, G. G. Raffelt, W. Potzel, M. Wurm,

“Probing the Earth’s interior with a large-volume liquid scintillator
detector,” Astropart. Phys. 27, 21 (2007) [arXiv:hep-ph/0509136].

The directional spectroscopy with geoneutrinos was first discussed in

[IV] B. D. Fields and K. A. Hochmuth, “Imaging the Earth’s interior: The
angular distribution of terrestrial neutrinos,” Earth Moon Planets 99,
155 (2006) [arXiv:hep-ph/0406001].

Based on the techniques developed for directional measurements in chap-
ter 2, we discuss the perspectives for the reactor neutrino experiment Double
Chooz to separate its two reactors just by detecting the neutrinos in chap-
ter 3. Thus one is able to monitor the individual power output of each reactor.
Double Chooz will be the first reactor neutrino experiment of this type and
thus can provide an important proof of principle for further reactor experi-
ments. The results of this work are published as

[V] K. A. Hochmuth, M. Lindner and G. G. Raffelt, “Exploiting the di-
rectional sensitivity of the Double Chooz near detector,” Phys. Rev. D
76, 073001 (2007) [arXiv:0704.3000 [hep-ph]].

Chapter 4 is dedicated to neutrinos from supernova explosions, or more
precisely to the diffuse supernova neutrino background, which is built up from
all neutrinos that were released in the core collapse of supernova explosions
during the history of our universe. These diffuse neutrinos might well be the
next supernova neutrinos to be detected on Earth after SN 1987A. First, gen-
eral properties of supernova neutrinos and the cosmic star formation history
will be discussed before we will turn to the main part, an error forecast for a
possible future measurement. In particular, we discuss what information can
be obtained on the parameters of star formation and supernovae. This chap-
ter also includes an extensive discussion of backgrounds expected in a liquid
scintillator detector in the energy region relevant for the diffuse supernova
neutrino detection. The discussion is based on



[VI] M. Wurm, F. von Feilitzsch, M. Goger-Neff, K. A. Hochmuth, T. Mar-
rodan Undagoitia, L. Oberauer and W. Potzel, “Detection poten-
tial for the diffuse supernova neutrino background in the large
liquid-scintillator detector LENA,” Phys. Rev. D 75, 023007 (2007)
[arXiv:astro-ph/0701305].

The thesis concludes with a summary in chapter 5. In an appendix a
short overview over the statistical methods relevant for this thesis shall be
given. Moreover, we present some equations important to calculate neutrino
oscillation effects.

During the time I spent as a Ph.D. student at the Max-Planck-
Institut I have also worked in other areas of astroparticle phenomenology,
which are not covered in this dissertation, but shall be mentioned here briefly.

Neutrino Mixing Matrices

In the field of neutrino theory and mixing we have worked on the phenomenol-
ogy of Quark-Lepton Complementarity scenarios. Quark-Lepton Comple-
mentarity is the empirical relation that the sum of the solar neutrino mixing
angle 015 and of the Cabbibo angle, the mixing angle in the light quark sec-
tor, is equal to 7/2. We have investigated two models that incorporate this
relation in a natural way. In this respect, we have discussed the magnitude of
branching ratios in lepton flavor violating processes and of the neutrino mix-
ing angle 0,3, the prospects for neutrinoless double 3-decay and leptogenesis.
Especially, we have put emphasis on the discussion of possible signatures at
future detectors to rule out or confirm these scenarios. The results can be
found in

[VIT] K. A. Hochmuth and W. Rodejohann, “Low and high energy phe-
nomenology of Quark-Lepton Complementarity scenarios,” Phys. Rev.
D 75, 073001 (2007) [arXiv:hep-ph/0607103].

Furthermore we have discussed the possibilities for a symmetric neutrino
mixing matrix. This scenario is still within experimental bounds, but we
expect it to be dismissed with the next generation of #,3-experiments. The
complete treatment can be found in

[VII]] K. A. Hochmuth and W. Rodejohann, “On symmetric lepton mixing
matrices,” Phys. Lett. B 644, 147 (2007) [arXiv:hep-ph/0611030].

Finally we have discussed CP violating effects originating from bimaximal
and tri-bimaximal mixing matrices in the charged lepton or neutrino sector.



These CP violating effects are connected to the magnitude of either the
solar mixing angle 0,5 or the atmospheric mixing angle 653. The results are
published in

[IX] K. A. Hochmuth, S. T. Petcov and W. Rodejohann, “Upyns = UJU,,,”
Phys. Lett. B 654, 177 (2007) [arXiv:0706.2975 [hep-ph]].

Axion-Photon Mixing

The nature of the dark matter in the universe is still an unresolved prob-
lem. A possible candidate for dark matter could be the axion. The original
axions are the Nambu-Goldstone bosons of the broken Peccei-Quinn sym-
metry explaining the non-observation of CP violation in strong interactions.
Meanwhile, there are a number of axion-like particles under discussion that
originate, for example, in some string theories. Axions and photons oscillate
into each other in the presence of an external magnetic field. There are sev-
eral known astrophysical sources that both emit ultra-high energy ~-rays and
have strong magnetic fields. These sources are active galactic nuclei, which
are ultra heavy black holes in the center of galaxies, the quiet galactic center
of our Milky Way and similar galaxies or jets emitted from active galactic
nuclei. These sources show characteristic spectra according to a power-law.
We have investigated the effects axion-photon mixing can have on the spectra
of these sources. We find that sizable gaps can occur in the spectrum, which
can be detected with X- and ~-ray telescopes such as GLAST. Our complete
analysis can be found in

[X] K. A. Hochmuth and G. Sigl, “Effects of axion-photon mixing on
gamma-ray spectra from magnetized astrophysical sources,” Phys. Rev.
D 76, 123011 (2007) [arXiv:0708.1144 [astro-ph]].



Chapter 1

Introduction

1.1 Neutrinos as messenger particles

With the beginning of the 21st century a golden era of neutrino physics
has started. Finally, the solution to the long-standing questions regarding
neutrino oscillations has been found. This success has initiated great activity
in the field. There are numerous neutrino detectors presently running and
planned for the next decades that open up exciting possibilities to detect the
neutrino’s intrinsic properties as well as to explore neutrino sources.

This duality in neutrino physics—the investigation of the neutrino’s prop-
erties vs. the exploration of sources—has a long standing tradition. The Home-
stake experiment [1] was originally designed to detect solar neutrinos in or-
der to explore the nuclear fusion cycles inside the sun. However, the unex-
pected small solar neutrino flux could not be explained with solar models [2].
Thus neutrino physics entered a period, where neutrino oscillations and the
intrinsic properties of neutrinos became the dominant questions. Neutrino
oscillations have been explored with numerous experiments such as Super-
Kamiokande using atmospheric neutrinos [3], SNO using solar neutrinos [4]
or KamLAND detecting reactor neutrinos [5]. Thus the magnitudes of solar
and atmospheric neutrino mixing angles are well determined and there are
now plans to investigate the third mixing angle, where only upper limits ex-
ist. This can be done with reactor experiments such as Double Chooz [6].
Possible CP violation in neutrino oscillations can be investigated with future
long-baseline experiments, where high energy neutrinos are sent through the
Earth [7, §].

In order to oscillate neutrinos are required to be massive. This fact trig-
gered theories exploring extensions of the standard model of particle physics
explaining the neutrino mass. The question of the magnitude of the absolute
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neutrino mass has been investigated by several experiments measuring the
endpoint energy of the electron spectrum in beta-decays. The latest experi-
ment, KATRIN, is supposed to measure the absolute mass with a sensitivity
of 0.2 eV [9].

The introduction of neutrino masses raises more questions. When neu-
trinos are massless, anti-neutrino and neutrino are the same particle, apart
from the helicity. The question, whether massive neutrinos are Majorana-like
(neutrino and anti-neutrino are the same) or Dirac-like (neutrino and anti-
neutrino are different particles) is investigated with neutrinoless double-beta
decay experiments. There are numerous experiments planned to investigate
the claim of the detected Majorana nature of the neutrino by the Heidelberg
Moscow-collaboration [10]. The most advanced experiment with germanium
crystals is GERDA, which is expected to start data taking in the beginning of
2009 [11], but also complementary studies with other isotopes are advancing
quickly [12].

The neutrino has also impact on early universe cosmology, as the explana-
tion of the smallness of the neutrino mass requires the introduction of heavy
Majorana neutrinos, which in turn can help to explain the baryon asymmetry
with their decays in the early universe [13]. Though, most of these theories
can not be directly proven with experiments, there is great activity in this
field that may ultimately lead to a theory consistent with all observations.

In recent years, however, the role of neutrinos as messenger particles to in-
vestigate diverse sources is rediscovered. This development encourages several
plans to build large volume detectors that are able to obtain high statistics.
Neutrinos can bring tidings in a wide energy range from the highest cosmic
ray energies down to the sub-MeV scale. The highest energy ranges can be
explored with neutrino telescopes such as IceCube [14], which is presently
under construction at the south pole. With these neutrinos distant sources,
such as quasars, and their distribution in the sky can be detected and ques-
tions about the emitters of high energy cosmic rays can be answered. On
the low energy side of the spectrum, solar “Be neutrinos with an energy of
862 keV have been detected for the first time with Borexino, confirming the
solar model with neutrino oscillations [15].

In this thesis we discuss anti-neutrinos in the low energy region from 1.8
to several 10 MeV that can be detected in liquid scintillator detectors via the
inverse beta-decay reaction

UVe+p—n+et. (1.1)

This reaction has an energy threshold of 1.8 MeV, but has the advantage
of delivering a clear coincidence signal with a prompt positron annihilation
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Figure 1.1: Energy spectrum of geoneutrinos. The vertical dotted line indi-
cates the detection threshold at 1.8 MeV. Picture from [17].

event and delayed neutron capture. After scattering and thermalization the
neutron released in reaction (1.1) is captured by a proton. Moreover, in this
reaction the neutron is scattered in the forward direction with respect to the
incoming neutrino, which allows one to obtain angle-dependent information
on the position of the neutrino source. In this thesis we use neutrinos as
messengers to obtain information about three neutrino sources: the Earth’s
interior, the core of nuclear power plants and the diffuse supernova neutrino
background.

Geoneutrinos originate from the decays of natural radioactive isotopes
inside the Earth. On first thought it may seem surprising that only little is
known about the Earth’s interior. However, information can only reach us
in indirect ways, i.e. via extrapolation of isotope measurements in terrestrial
surface samples and model dependent conclusions. The Earth’s heat budget,
the distribution and abundance of radioactive isotopes or the mechanisms
governing the Earth’s magnetic field are largely a mystery. Therefore, a mea-
surement of the geoneutrino flux that is directly linked to the heat production
inside the Earth would help to resolve open questions. Especially an angle
dependent measurement of the geoneutrino flux could help to locate areas
with a high radioisotope content. In the inverse beta-decay reaction, the main
anti-neutrino detection reaction, information about the neutrino’s initial di-
rection is encoded, which we will explore in detail for the first time in the
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context of geoneutrino detection!. In Fig. 1.1 we show the energy spectrum
of geoneutrinos. The highest neutrino energies extend to 3.4 MeV and we
have to consider a lower detection threshold of 1.8 MeV.

20 -

10

i

-z |

Figure 1.2: Artist conception of two reactor cores seen in neutrino light. The
reactors are separated by an angle of about 90°.

We have extended the principles of angle dependent measurements to
locate the cores of nuclear power plants just by looking at their neutrinos.
For the first time, we investigate in detail the imaging power for the Double
Chooz near detector with two reactor cores. The CHOOZ experiment has first
measured this effect with a single reactor source and only 2,500 events [18].
In future reactor experiments, event rates of more than 10° can be expected
per year. However, though the imaging of a single source is straightforward,
the resolution of multiple source is a highly non-trivial exercise. We show an
artist conception of two reactor cores as seen in “neutrino light” in Fig. 1.2.

With the diffuse supernova neutrino background (DSNB) we present a so
far undetected source of neutrinos. These neutrinos have accumulated since
the first supernova explosions and are detectable in an energy window be-
tween about 10-26 MeV in a liquid scintillator detector. Below 10 MeV we
have the influence of reactor neutrinos and above about 26 MeV one is dom-
inated by atmospheric neutrinos. In Fig. 1.3 we show the expected fluxes
for different DSNB spectra resulting from numerical supernova simulations
[19, 20, 21] and the expected backgrounds. Moreover, we show the upper limit
on the flux above 19.3 MeV obtained by Super-Kamiokande [22]. A measure-
ment of the diffuse neutrinos would be an exciting step towards confirming
our beliefs about star formation and supernovae. We will investigate the in-
formation content on mean supernova neutrino energy, binding energy and

'Measuring the angle dependent fluxes of geoneutrinos has first been proposed by Fields
and Hochmuth [16].
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star formation parameters that is encoded in the DSNB. For the first time in
this sector of neutrino physics, we apply a method that has previously been
used in forecasting the performance of neutrino oscillation experiments.

10" —— . . .
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Figure 1.3: Comparison between the event rates of reactor, atmospheric and
diffuse neutrinos for different supernova simulations as expected for LENA
in Pyhéasalmi. The shaded region represents the uncertainties of the DSNB
rates due to the star formation parameters. The Super-Kamiokande limit is
indicated as green dotted [22]. A larger DSNB flux, e.g. close to the Super-
Kamiokande bound, would considerably widen the energy window [23].

1.2 Low energy neutrino experiments

1.2.1 Liquid scintillator detectors

Numerous experiments have already explored the possibility to use scintil-
lation light emitted after particle interactions in diverse materials. Excited
molecules of scintillating materials emit photons that are subsequently de-
tected with photomultipliers. Particularly well-suited materials for neutrino
detection are liquid mineral oils that can reach a high radio-purity, are opera-
tional at room temperature and are available in large quantities. Experiments
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like Borexino or KamLAND that are currently under operation and future
experiments such as Double Chooz, SNO+ or LENA are developing and using
these techniques successfully. We will only briefly introduce some principles
of liquid scintillator technologies as we will return to this discussion in the
subsequent chapters.

inher detector
\ ~50,000m’
muon veto

\
3ﬂmu~

Figure 1.4: Schematic view of the LENA detector. With a length of ~ 100 m
and a diameter of ~ 30 m the LENA detector is supposed to hold roughly
50 kton of liquid scintillator monitored by 13,000 photomultiplier tubes.

One option for the proposed LENA detector (Low Energy Neutrino As-
tronomy) [24] is to use a scintillator based on PXE (phenyl-o-xylylethane,
Ci6Hig). PXE has a high light yield, is non hazardous, has a relatively high
flashpoint of 145°C, and a density of 0.985 g/cm? [25]. A possible admixture
of dodecane (CyoHgg) increases the number of free protons and improves the
optical properties. A blend of 20% PXE and 80% dodecane shows a decrease
in light yield of about 20% relative to pure PXE, an attenuation length of
about 11 m and an increase in the number of free protons by 25% [26].
In PXE-based scintillators the neutron is captured by a proton with nearly
100% efficiency within an average time interval of about 180 us, subsequently
emitting a 2.2 MeV gamma (25, 27]. However, one can also put an additive
into the scintillator to enhance the detectable energy of the delayed-neutron
signal. Both lithium [28] and gadolinium [18] loaded scintillators have been
used in this way for neutrino experiments or are planned in the future [29].
With a concentration of about 0.1% by mass, Gd captures neutrons with
90% efficiency and isotropically emits a total energy of about 8 MeV in a
gamma cascade with an average number of 3 photons. Note however, that in
a Gd-loaded PXE/dodecane scintillator the light yield is reduced by typically
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10-20% compared to an unloaded scintillator [27].

The LENA detector is supposed to hold approximately 50 kton of liquid
scintillator that are monitored with roughly 13,000 photomultiplier tubes.
A schematic view of the LENA detector can be seen in Fig. 1.4. A possible
location for this experiment is the Pyhéasalmi mine in Finland. The physics
goals of LENA encompass, for example, solar neutrino spectroscopy, the de-
tection of proton decay [30], the observation of the first galactic supernova in
“neutrino light” and the detection of geoneutrinos and diffuse supernova neu-
trinos [23]. It has also been under discussion to use the LENA detector for
long-baseline neutrino oscillation experiments, where high-energy neutrino
beams from accelerators are sent through the earth over distances of several
hundred to thousands of kilometers [31]. With long-baseline experiments one
could measure for example CP violation in v oscillations. The LENA project
is also part of the LAGUNA initiative, which will be discussed in Sec. 1.2.2.

Far Detector
~1.05k

Figure 1.5: Double Chooz site in France with near and far detector locations.

Double Chooz

The reactor neutrino experiment Double Chooz is designed to measure the
last missing neutrino mixing angle sin? 2605 to a sensitivity below 0.03 in
three years of run time [6]. The concept foresees two identical detectors, a
near detector at a distance of ~ 280 m and a far detector at a baseline of
~ 1,050 m to the reactor cores in order to reduce systematic errors. The near
detector monitors the neutrino flux and the spectral shape without oscilla-
tions, whereas the far detector can access the spectrum after oscillations. The
far detector will be operational in 2009, three years before the near detector
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will start data taking. Both Double Chooz detectors will consist of about
10 tons of Gadolinium-loaded scintillator, with a Gd concentration of 0.1%.
The detector site in France, close to the Belgian border, already hosted the
preceding experiment CHOOZ, which had only one (far) detector. Figure 1.5
shows the detector site of Double Chooz and the locations of the near and
far detectors.

Borexino

The solar neutrino experiment Borexino has started to take data at the Gran
Sasso underground lab in spring 2007. Borexino uses 300 t of pseudocumene
as a scintillating material with 1.5 g/l PPO as a wavelength shifter. As its
first results Borexino presented the first real-time measurement of solar “Be
neutrinos. This is the first spectral measurement in the sub-MeV region and
confirms with 474 7, £ 12 counts/(day - 100 ton) the standard solar model
with v oscillations [15]. As more than 99% of the solar neutrino flux is at
energies below 2 MeV, this measurement is a first step towards precision
monitoring and tests of the solar model. The lower limit for detection is
200 keV, as below this limit decays of *C intrinsic to the scintillator start
to become important. Further physics goals of Borexino encompass the de-
tection of neutrinos from the solar CNO cycle or geoneutrinos.

MiniBooNe

The MiniBooNe detector at the Fermi National Accelerator Laboratory con-
sists of 800 tons of liquid scintillator [32]. MiniBooNe was designed to test
the claim of the LSND experiment of a 4th (sterile) neutrino family that
mixes with the three known families [33] and searches for v, appearance in
an v,-beam. MiniBooNe could not confirm the original claim of LSND of
two neutrino appearance-only oscillations but still sees a so far unexplained
excess of electron neutrinos at low energies [32].

1.2.2 LAGUNA initiative

The future of neutrino detection will be in the development of large volume
detectors to increase event rates and statistics. These detectors, of course,
are not built for a single measurement, but are supposed to be as versatile as
possible to obtain new information on neutrinos and on other open questions,
such as proton decay [30]. To explore, what type of detector has the greatest
feasibility and to share R&D resources the LAGUNA (Large Apparatus for
Grand Unification and Neutrino Astronomy) initiative has been started [34].
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Figure 1.6: Schematic view of the proposed liquid argon experiment
GLACIER.

There are three concepts of large volume detectors that are presently under
discussion: A 50 kton liquid scintillator detector, a 100 kton liquid argon
detector and a 1 Mton water Cherenkov detector. The three detector types
shall be discussed briefly. The detection techniques of the 50 kton liquid
scintillator detector LENA have been discussed Sec. 1.2.1.

The liquid argon experiment GLACIER (Giant Liquid Argon Charge
Imaging Experiment) uses the time projection chamber technique with
100 kton of liquid argon at boiling point. A schematic view is shown in
Fig. 1.6. Events are reconstructed in three dimensions by using ionization
traces of particles (similar to a bubble chamber), scintillation and Cherenkov
light [34]. Neutrinos are detected via capture on argon (charged current in-
teraction) or elastic scattering on argon (neutral current interaction). The
two main detection channels for neutrinos and anti-neutrinos are

ve + PAr — OK* 4 e~
U, + PAr — 0CI* et (1.2)

Neutral current cross sections have approximately the same order of mag-
nitude for all flavors below energies of 10 MeV. For the energy range that
we consider in this thesis (20-40 MeV) they play a subdominant role, as
they are roughly three orders of magnitude weaker than the charged current
cross sections [35]. Figure 1.7, which is taken from Ref. [35] shows the cross
sections up to 100 MeV. The dominant cross section is the one for electron
neutrinos.
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Figure 1.7: Cross section for neutrino and anti-neutrino elastic scattering as
well as charged and neutral current interaction on argon. Shown is only the
lower energy range. Figure taken from [35].
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MEMPHYS

Figure 1.8: Schematic view of the megaton water Cherenkov project MEM-
PHYS.

The 1 Mton water Cherenkov project MEMPHYS (MEgaton Mass
PHYSics) is an enlarged version of the Super-Kamiokande detector, but be-
cause of its size probably with multiple water tanks (see Fig. 1.8). The dom-
inant anti-neutrino detection channels are again the inverse (3-decay process,
Eq. (1.1), and the capture on oxygen

v+ %0 - X +e. (1.3)

However, the detection threshold of water Cherenkov detectors lies above
~ 4 MeV, because of intrinsic radiation in the water. Hence, the neutron of
reaction (1.1) cannot be detected. It is under discussion to add gadolinium
trichloride to the water [37]. As discussed in Sec. 1.2.1, a neutron capture
on gadolinium releases ~ 8 MeV, which is above the 4 MeV threshold. The
summary paper Ref. [34] deals with these three detector types and carries
out a comparison.
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Chapter 2

Geoneutrinos in LENA

On first thought it may seem surprising that the Earth’s interior is still
not fully understood and that the processes and mechanisms governing the
Earth are still a mystery. Information from the Earth’s interior can only
reach us in an indirect way, e.g. via extrapolation of isotope measurements
in terrestrial surface samples. On the other hand, advancing technologies in
neutrino physics have opened up a new method to probe the interior of the
Earth. There are large numbers of neutrinos released by the decays of natural
radioactive elements throughout the Earth that can help to gain more infor-
mation on the heat budget and the radioactive isotope abundance. These
so called geoneutrinos can be detected in liquid scintillator detectors such
as LENA. At the moment, LENA has the greatest perspective to conduct a
precision measurement of geoneutrinos, as high event rates are expected be-
cause of the large target mass. Liquid Argon and water Cherenkov detectors
are not suitable for this task as geoneutrinos are below the energy threshold
of these experiments.

In this chapter the present knowledge of the Earth’s interior shall be dis-
cussed and models for the radioactivity content shall be introduced. We dis-
cuss the possibilities of an angle dependent measurement of the anti-neutrino
flux in liquid scintillator detectors and investigate to what extent a liquid
scintillator detector like LENA is sensitive to the angular dependence of the
geoneutrino flux!.

!This chapter is based on K. Hochmuth, F. v. Feilitzsch, B. Fields, T. Marrodn
Undagoitia, L. Oberauer, W. Potzel, G. Raffelt and M. Wurm, Astropart. Phys. 27, 21
(2007) and on B. Fields and K. Hochmuth, Earth Moon Planets 99, 155 (2006)
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2.1 The Earth’s interior

First, we discuss what is presently known about the Earth’s interior. The
Earth has a radius of about 6,371 km. 70% of its surface are covered by water.
The outermost layer of the Earth is the crust, which again can be divided into
three parts on the continents (upper, middle and lower continental crust).
Underneath the oceans lies the thin oceanic crust. The crust is covered by
sediments of various thickness ranging from a few meters to several kilometers
(see sediment map in [38]). Going deeper into the Earth one has the layers of
the upper and lower mantle followed by the liquid outer and the solid inner
iron core (see Fig. 2.1). The Earth has a total mass of 5.97 x 10** kg, where

Core
5200 km

© Inner
Core
Solid Fe

Liquid
Fe,S

Figure 2.1: Schematic view of the structure of the Earth, picture from [41]

the core accounts for about 32%, the lower mantle for almost 50% and the
upper mantle for 18%. The remainder (=~ 0.4%) belongs to the crust [39].

First let us consider the Earth’s iron core. It was noticed that acoustic
scherwaves (transversal waves) only go down to a depth of 2,900 km [40].
As transversal waves cannot propagate through liquids the existence of a
liquid zone (the outer core) was established. The solidity of the inner core
was ascertained in 1936, as it was noted that compression waves (longitudi-
nal waves) can propagate through the liquid outer core, but show a sudden
increase in velocity at around 5,200 km. This led to the conclusion that the
waves encounter a solid barrier, namely the inner core. The density of the
core was rather well measured by monitoring seismic activities.

Information about the lower mantle, which extends from a depth of almost
700 km to about 2,900 km, is again based on the behavior of seismic waves.
The upper mantle, which has a thickness of roughly 700 km, is the first layer
where one has direct samples and therefore can investigate its composition in
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greater detail. These samples mainly originate from volcanic regions. Apart
from an increase in density due to the increase of the gravitational force, one
expects the lower mantle to be similar to the upper mantle. The concentration
of iron oxides is supposed to rise the closer one gets to the core.

The crust is the outermost layer of the Earth. The continental crust with
a thickness of 40-70 km is again divided into three layers: upper, middle and
lower crust. The continental crust is rather inhomogeneous, due to different
phenomena like plate tectonics (subduction zones) or mountain regions. The
oceanic crust has a thickness of only 6-10 km. Clearly, information about the
continental crust is obtained easiest. But one has to note that the deepest
drill holes (e.g. in Windischeschenbach, Germany) are only about 10 km deep.
A schematic view of the Earth’s layers and the temperatures inside can be
seen in Fig. 2.1.

According to the model for the Earth’s creation, the clump of material
that formed the proto Earth was heated by radioactive decays and collisions
with smaller objects. At the high initial temperatures (= 2,000 °C), silicates
(silicon-oxygen compounds) and metals were molten. The molten elements
divided into a lithophile phase (elements that like to attach to silicates) and
a siderophile phase (elements that like to attach to iron). As the siderophile
phase is heavier it started to sink to the core [42]. This behavior explains the
layering of the Earth. A detailed density profile of the Earth, the Prelimi-
nary Reference Earth Model (PREM), was constructed by Dziewonski and
Anderson in 1981 by monitoring seismic activities [43].

The determination of the Earth’s composition is based on multiple geo-
logical considerations, only few of which shall be presented here in short. A
major aspect is to examine meteorites of various kinds. Especially carbona-
ceous chondrites? are used, which formed in the early days of the solar system
and therefore represent the chemistry of sun and solar system most closely.
They contain most of their elements in the form of silicates, which are the
main compounds found also in crust and mantle. Another important aspect
is of course to examine available terrestrial samples.

Based on this information and numerous crustal samples, geologists have
deduced a model for the distribution and concentration of elements in the
Earth called the Bulk Silicate Earth Model [45]. According to this model,
radioactive elements can only be found in crust and mantle. We will discuss
this model more deeply in the following.

2Carbonaceous chondrites are a primitive and mostly unaltered type of stony mete-
orites. They are probably the oldest objects in the solar system and are supposed to
consist of the same materials as the proto solar system. For a classification of meteorites
see [44].
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Table 2.1: Important v-emitting radioactive nuclides [46]. The branching ratio
is 100% unless otherwise specified.

isotope decay-chain decay energy [MeV] branching ratio

BITh U 0.273

Bipa U 2.271

2php U 1.024

24B4 U 3.272 99.98%
2pp U 0.064

2107 U 0.484 0.02%
210B;j U 1.163

28pg U 0.265 0.02%
28 AL U 2.883 0.1% x 0.02%
22Ra  Th 0.046

28Ac  Th 2.127

22pL Th 0.574

2124 Th 2.254 64.06%
208 Th 24 35.94%

2.1.1 Distribution of radionuclides in the Earth

Radioactive nuclides originating from supernova explosions have been incor-
porated in the Earth at its very beginning. The abundances of these nu-
clides have been established by mass spectroscopy of numerous probes. The
dominant radioactive isotopes are 28U, 232Th and “°K because of their high
abundance and their long life-times. Although neutrinos from *°K decays are
not suitable for the geoneutrino measurement, as their energy lies below the
threshold of the detection reaction Eq. (1.1), we include it for now in the
discussion of geoneutino sources.

In Tab. 2.1 we list the neutrinos® released in the #8U and 232Th decay
chains and the corresponding branching ratios. In total one has six neutrinos
from the uranium and 4 from the thorium chain. In Tab. 2.2 the life-times and
some important properties of these nuclides are displayed. Since the Earth’s
creation 4.5 Gyr ago these isotopes have decayed, thereby heating the Earth.
The present-day heat loss through the Earth’s surface is about 40 TW or 82
mW /m?. But also lower values of 31 TW are under discussion [47], as the heat
output under the oceans is not precisely known. To obtain these values for
the heat loss, samples of the surface temperature and elemental composition

3Though geoneutrinos are of course anti-neutrinos, we will call them just neutrinos
throughout this chapter.
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of multiple places around the world are taken, whereas information on the
bottom of the oceans is mostly extrapolated. The abundance ratios of the

Table 2.2: Properties of the main geoneutrino source nuclei [46].

isotope life time released 7, isotopic

species T [Gyr]  n; abundance
0K 1.84 1 0.0117%
LU 6.45 6 99.2745%
BITh  20.3 4 100%

radioactive elements in the Bulk Silicate Earth Model are Th/U ~ 4 and
K/U & 1.14 x 10*. According to the Bulk Silicate Earth Model there are only
radioactive isotopes in the crust and mantle, as they are lithophile [45]. The
core is not assumed to contain any significant amount of uranium, thorium
or potassium. However, only 20 TW of the total energy are attributed to be
produced by radioactive decays.

It is a matter of intense discussion, whether the heat generation is solely
due to the decay of radioactive elements or whether there is also a contri-
bution of primordial heat from the Earth’s early days. The ratio of the heat
production due to radioactivity to the total heat flow at the surface is known
as the Urey ratio. In the Bulk Silicate Earth Model the Urey ratio is assumed
to be 0.5, because according to this model only 20 TW of the Earth’s heat
is produced by radioactive decays. But other estimates take the Urey ratio
to be much closer to 1 (around 0.8) [48, 49]. As the flux of geoneutrinos is
directly linked to the number of radioactive decays and thus the generated
heat, it is of great interest to measure these geoneutrinos. Hence one might
be able to deduce the main contributor to the heat production.

Generally, one can obtain an approximate energy output per decay chain
when summing the individual decay energies (see e.g. [46]), which are domi-
nated by the a-decays as

E(U) = 51.1 MeV (2.1)
E(Th) = 42.7 MeV. (2.2)
In the case of potassium one has to take more care, as *°K has two decay

modes, one being electron capture to “°Ar, the other 3~ -decay to *°Ca. Tak-
ing the Fermi function for the (3-decay one obtains a mean neutrino energy
of 0.598 MeV [50] in 89% of all decays. The other 11% are delivered by elec-
tron capture with an energy of 1.505 MeV, thus giving a weighted average
energy of

E(K) = 0.69 MeV. (2.3)
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Taking these energy values and the life times of the longest lived elements
in the decay chain, which are ***U and ?3?Th (see Tab. 2.2) one obtains
an equation for the total heat production H in units of TW, where M (U),
M(Th), M(K) is the total mass in units of 10" kg of uranium, thorium and
potassium respectively

M(U) + 2.7M(Th) +34x 107" M(K)

H =~ |10 .
10'7kg 10'7kg 10'7kg

TW.  (24)

Based on the assumption of the Bulk Silicate Earth Model that 50% of the
heat production is due to radioactive decays the total amount of uranium,
thorium and potassium in crust and mantle is estimated to be: M (U) = 0.81x
107 kg, M(Th) = 3.16 x 1017 kg, M (K) = 0.49 x 10?! kg. As the composition
and abundances of the crust is believed to be understood rather well and as
mantle samples are rare, one deduces the abundances for the mantle with
mass estimates and elemental ratios that are believed to be constant [51] (and
references therein). The mantle thus turns out to be depleted in radioactive
isotopes.

There are various estimates for the abundances of uranium, thorium and
potassium in crust and mantle*, which differ by factors of 2-3. The maxi-
mum measured abundance values deliver a heat generation of approximately
40 TW originating from crust and mantle. We will return to this discussion

when we introduce the geophysical models that can be investigated with
LENA.

2.1.2 Radioactivity in the core

The core is believed to be responsible for the magnetic field of the Earth.
However, the sources of the magnetic field are not fully understood, and the
field seems to be generated in a complex interaction between core and mantle.
The core itself is too hot to sustain a permanent magnetic field. Therefore,
it is assumed that the magnetic field is powered by a geodynamo, where
in a simplified picture the magnetic field is generated by the moving liquid
outer core [52]. But there are several problems with this picture. One of them
is how the energy for the geodynamo is provided. Taking energy from the
inner core leads to a cooling and thus to a solidification of the core. But this
process is constrained by the present day size of the inner core, leading to the
conclusion that the core can be no older than 1.7 Gyr [52], which is obviously
much less than the real age of Earth and core of more than 4 Gyr. This leads

4One can get an excellent overview of these abundances and their spread in the GERM
Reservoir Data Base [51].
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several authors to the conclusion that there are radioactive elements in the
core providing heat and sustaining the geodynamo (see e.g. [52]).

There are further hints that radioactive isotopes might be hidden in the
core. In comparison to meteoritic samples the crust and mantle are fairly de-
pleted in potassium. Wasserburg et al. [53] found in 1964 that the potassium
to uranium ratio of crust and mantle is 8 times lower than in chondrites. At
first it was assumed that the volatile character of potassium led to a deple-
tion during the Earth’s formation [45]. This assumption was quickly ruled
out, as the abundance ratios of all potassium isotopes largely stay the same
in all samples, be it lunar, chondritic or terrestrial [54]. However, one would
expect a lighter isotope to evaporate more easily.

Another idea would be that under certain conditions potassium can be
incorporated in the core [55, 56]. Taking a potassium concentration as it
is found in chondrites one would expect the core to contain 1,200 ppm of
potassium [57]. According to Eq. (2.4) this would lead to a heat production
of 8 TW.

It is assumed that core formation took place under high pressure con-
ditions of 26-60 GPa and at temperatures between 2,100-3,900 °C [58]. In
1976, it has been proposed by Bukowinsky on a quantum-mechanical basis
that potassium is able to form alloys with iron under high pressures and
temperatures [59]. Under these conditions the valence electron of potassium
is somewhat pressed into the inner electron shells thus giving potassium a
more siderophile character. Although for a long time there had been no exper-
imental evidence that such a process is actually possible, it has been shown
recently under laboratory conditions that indeed potassium-iron alloys can
form in an environment that was present at the Earth’s creation. There are
two different experimental approaches, which have been used to investigate
this possibility.

Gessmann and Wood [57], as well as Rama Murthy, van Westrenen and
Fei [58] have shown that in the presence of iron-sulfur alloys under a high
pressure (=~ 2 GPa) and temperature environment (=~ 1,600 °C) potassium
can be dissolved in iron melts. It seems to be the case that a potassium-sulfur
molecule is built, which then again has a siderophile character. The authors
of [58] find values of 60-130 ppm potassium in the melt. With a core mass
of about 2 x 10** kg this concentration would cause a heat production of
0.6-0.8 TW according to Eq. (2.4).

A slightly different approach has been chosen by Lee and Jeanloz [60].
They created pressures up to 26 GPa and heated pure potassium and iron
to temperatures greater than 2,200 °C. A maximum value of 7,000 ppm
potassium in the core is found to be possible. This seems to confirm the
theoretical prediction of [59] rather well. Furthermore, there is no need for
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the presence of sulfur. However, a concentration of 7,000 ppm potassium
would, of course, exceed the 40 TW constraint of heat production, but it
shows that the uptake of potassium in the core is highly possible. One also
has to remark that the value of 7,000 ppm has to be taken as an upper limit
as one can not assume to encounter such pure iron and potassium at the time
of core formation.

The possibility of uranium being part of the core is taken up in the hy-
pothesis of the existence of a georeactor in the Earth’s center as proposed by
Herndon in 1993 [61]. The assumption is that a “drop” of uranium sinks to
the core taking up a sphere of 5 km radius with a temperature of 7,000 °C.
As the concentration of 2*°U was higher 4.5 Gyr ago, initial criticality was
reached. More 2*°U was provided by the fast breeder reaction of neutron
capture on 2*¥U, and the subsequent decay of ?Pu to 23°U. This georeactor
would be responsible for a heat production of 3-10 TW, corresponding to
a neutrino flux of 0.1-0.3 x 10° cm™2sec™! on the surface. An experimental
hint for the existence of such a reactor might be provided by the *He/*He
ratio, which is significantly increased in basaltic materials compared to the
atmosphere. As “He is on Earth dominantly produced in the a-decay chains
of uranium and *He originates from the *H-decay (produced in ternary fis-
sion) the conclusion was reached that the basaltic material has undergone an
enrichment due to the georeactor (see discussion in [62] based on [63, 64]).

In any case, the neutrino flux of a core reactor would be measurable via
its characteristic reactor spectrum. However, even if the reactor had never
reached criticality, the uranium would still add to the heat production of the
Earth. Additionally, it shall be emphasized with the hypothesis of the core
reactor that there are models, which introduce uranium and maybe even tho-
rium to the core, meaning that uranium and/or thorium show a siderophile

behavior at high temperatures and pressures similar to potassium?.

2.2 Feasibility studies for LENA

As we have seen in Sec. 2.1, information on the Earth’s interior and its heat
budget is mainly obtained via surface measurements and model dependent
conclusions. Therefore a measurement of geoneutrinos that are linked directly
to the abundances of radioactive elements would provide a novel way of ob-
taining information. We introduce in the following the geophysical models
we use and discuss the consequences and detection prospects of a georeac-
tor. We investigate the possibility of an angle dependent measurement of the

5A recent experimental analysis seems to disagree with this hypothesis in case of ura-
nium [65].
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neutrino flux and if this can be used to also obtain a directional dependent
measurement of geoneutrinos, which would allow a tomography of the Earth.
We present an analytical treatment of the angle dependent geoneutrino mea-
surement in a scintillator detector before we discuss the results of a Monte
Carlo study for the LENA detector.

2.2.1 Directional information from neutron displace-
ment

In a scintillator detector, geoneutrinos are measured by the inverse beta-
decay reaction, Eq. (1.1), with an energy threshold of 1.8 MeV. The total
cross section is [66]

EL py

=9.52 x 107* cm?
’ . M MeV MeV

(2.5)

where E is the total energy of the positron and p, its momentum. The
visible energy FE.i; = E; + m. always exceeds 1 MeV because the positron
annihilates with an electron of the target. By measuring the visible energy
one can determine the neutrino energy as E, ~ F + 0.8 MeV because the
kinetic energy of the neutron is typically around 10 keV for small neutrino
energies of order MeV and thus negligible. After thermalization the neutron
is captured by a nucleus, thus tagging the inverse beta decay reaction.

Kinematics implies that the neutron is emitted roughly in the forward
direction with respect to the incoming neutrino [67], this being the key ingre-
dient for obtaining directional information. The maximum scattering angle
can be easily derived as

V2E,A — (A2 —m2)

COS Omax = z ;
14

(2.6)

where A = m,, —m,, and m,,, m, and m, are the masses of the neutron, pro-
ton and positron, respectively. In this extreme case, the neutron and positron
momenta are perpendicular to each other. For the maximum relevant geoneu-
trino energy of 3.2 MeV one obtains cos 0.« = 0.79, which is equivalent to
Orax = 37.8°. However, most geoneutrinos have energies much nearer to the
detection threshold and the maximum angles are closer to the forward direc-
tion. The average displacement ¢ between the neutron and positron events is
then theoretically found to be about 1.7 cm [67].

The reactor experiment CHOOZ, using a Gd-loaded scintillator, has mea-
sured an average neutron displacement from the e’ event of / = 1.9 +
0.4 cm [18]. However, once the neutron has been thermalized by collisions
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with protons, it diffuses some distance before being captured so that the
actual displacement varies by a large amount for individual events. In a
PXE-based scintillator the average time interval between the neutrino reac-
tion and the neutron capture on a proton is 180 us, leading to an uncertainty
o of the displacement of about 4 cm for the x-, y- and z-direction [67]. With
Gd loading o is reduced to approximately 2.4 cm [67] because the neutron
diffusion time is much shorter, on average about 30 us [18].

2.2.2 PXE-based scintillator

One option for the proposed LENA detector is to use a scintillator based on
PXE (phenyl-o-xylylethane, C14H;g). As we have discussed in Sec. 1.2.1 PXE
has a high light yield, it is non hazardous, has a relatively high flashpoint of
145°C, and a density of 0.985 g/cm? [25].

In this chapter we consider a detector with a total volume of about
70 x 10® m3. This could be realized with a cylindrical detector of 100 m
length and 30 m diameter. An outer water Cherenkov detector with a width
of 2 m acts as a muon veto. In order to shield against external gamma and
neutron radiation a fiducial volume of about 42 x 103 m?® with a total number
of 2.5 x 103 free protons as target can be realized using a scintillator mixture
as mentioned above with 20% PXE and 80% dodecane. In Monte Carlo calcu-
lations the light yield of events in LENA has been determined [30]. For events
in the central detector region the yield N,e, measured in photo-electrons (pe)
per MeV energy deposition, can be expressed as Ny =~ 400 pe/MeV X c,
where c is the optical coverage, which depends on the number and aper-
ture of the photomultiplier tubes (PMTs). A maximal coverage ¢pax =~ 0.75
[27] cannot be exceeded so that we assume the maximal light yield to be
around 300 pe/MeV. For instance, the use of 12,000 PMTs with a diameter
in aperture of 50 cm would result in an optical coverage of about 30% and
a light yield of Npe =~ 120 pe/MeV. This yield can be obtained either by
using PMTs like in the Super-Kamiokande experiment or by smaller PMTs
equipped with light concentrators as they were developed for the Counting
Test Facility (CTF) at the Gran Sasso underground laboratory [68] and are
now used in the Borexino experiment [15]. For events off the axis of the cylin-
drical LENA detector the light yield would be enhanced. Hence, low-energy
spectroscopy even in the sub-MeV region should be possible in LENA.

For a detection of the positron-neutron displacement the ability of the de-
tector to locate the absorption position of both particles is crucial. The exper-
imental reconstruction of the location of both events is possible by analyzing
the arrival times and the number of photons in each individual PMT. The
position uncertainty depends on the total yield of registered photo-electrons.
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In the CTF, the measured position uncertainty was around 10 c¢m in each
direction for events with 300 photo-electrons and it was shown that the un-
certainty scales with the inverse square-root of that number [69]. Therefore,
we will use a Gaussian distribution for the uncertainty of the positron event
reconstruction with equal width in each direction of

(2.7)
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where N, is the light yield and FE,; the visible energy released by the
positron.
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Figure 2.2: Monte Carlo simulation of the radial distribution of a 2.2 MeV
~v-quantum in an unloaded PXE scintillator. The curves are for light yields
of Npe =50, 300 and 700 pe/MeV as indicated.

In PXE-based scintillators the neutron is captured by a proton, which
subsequently releases a 2.2 MeV gamma. This photon has a mean free path
of 22.4 cm before its first Compton scattering so that the event reconstruc-
tion is much more uncertain than for the positron event. We have simulated
this case by taking into account multiple Compton scatterings of the 2.2 MeV
gamma. The position of each gamma emission, representing the position of
the neutron capture, is reconstructed by composing the energy-weighted sum
of each Compton scattering event, taking into account the instrumental res-
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olution. The distribution of the reconstructed position in each direction fol-
lows roughly a Lorentzian form. In Fig. 2.2 we show the radial distribution
of the reconstructed positions of these events for light yields of N,. = 50,
300 and 700 pe/MeV. Increasing the light yield does not significantly narrow
the distribution because its width is dominated by the large Compton mean
free path of the 2.2 MeV photon. With reduced light yield the position of
the maximum as well as the mean value of the distribution shifts towards
larger values. This is caused by the increased uncertainty of the instrumental
resolution.

2.2.3 Gadolinium-loaded scintillator

In Sec. 1.2.1 we have discussed the properties of scintillators with the admix-
ture of gadolinium. The advantage of a Gd additive is that the neutron of
Eq. (1.1) is captured on a Gd nucleus with a total energy release of about
8 MeV, which are distributed on an average number of 3 photons.

For Gd-loaded scintillators we use the measurements performed in the
CHOOZ experiment and assume a Gd concentration of about 0.1% by mass.
The neutron response of the detector was measured with a 22Cf-source and
the position uncertainty of a neutron capture event was 19 cm at 1o in
each direction [70]. The distribution was Gaussian and the light yield was
measured to be N, = (125 +5) pe/MeV. The reconstruction was performed
using only the information about the amplitude distribution of the PMTs.
Based on these numbers, we assume the position resolution of the neutron
event for the LENA detector to be Gaussian-shaped with a width in each
direction of

= (2.8)

pe

1 M 1/2
o =19 m (M) '

In CHOOZ no information on the arrival time was used for the position re-
construction. However, the CTF measurements demonstrated that this yields
the most valuable information, provided the time response of the PMTs is
fast enough, i.e. a time jitter not much larger than 1 ns. Therefore, in a Gd-
loaded scintillator one probably could achieve a much better neutron-event
reconstruction so that our estimates are conservative.

2.2.4 Backgrounds

The KamLAND experiment has reported 152 events in the energy region
relevant for geoneutrinos within a measuring time of 749 days and 3.5 x 103!
target protons [17]. Of these events 127 £ 13 are due to background [17]. The
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most relevant background for the KamLAND site are reactor anti-neutrinos
(80.4 £ 7.2 events). For the LENA detector positioned in the underground
laboratory CUPP (Centre for Underground Physics in Pyhésalmi) in Finland
this background would be reduced by a factor ~ 12, as the site is far away
from reactors [26]. The Pyhésalmi mine (longitude: 26° 2.709’ E, latitude:
63° 39.579" N) has an overburden of 1,450 m of rock (4,060 m.w.e.). Hence
we expect for LENA at CUPP a reactor background rate of about 240 events
per year in the relevant energy window from 1.8 MeV to 3.2 MeV. This
background can be subtracted statistically using the information on the entire
reactor neutrino spectrum up to ~ 8 MeV.

Another important background for KamLAND is induced by radio im-
purities. A large concentration of the long-lived isotope 21°Pb is present in
the KamLAND scintillator. In the decay chain of 2'Pb the a-emitting iso-
tope 2'%Po is present. Thus the reaction *C(a,n)'®O can occur, mimicking
the signature of geoneutrinos due to neutron scattering on protons and the
subsequent neutron capture. The number of these background events in Kam-
LAND is estimated to be 42+11 [17]. However, with an enhanced radiopurity
of the scintillator, the background can be significantly reduced. Taking the
radiopurity levels of the CTF detector, where a 21°Po activity of 35+12/m3d
in PXE has been observed [25], this background would be reduced by a fac-
tor of about 150 compared to KamLAND and would amount to less than 10
events per year in the LENA detector.

An additional background that imitates the geoneutrino signal is due to
9Li, which is produced by cosmic muons in spallation reactions on 2C and
decays in a SB-neutron cascade. Only a small part of the ?Li decays falls into
the energy window, which is relevant for geoneutrinos. KamLAND estimates
this background to be 0.3040.05 [17]. At CUPP the muon reaction rate would
be reduced by a factor ~ 10 due to better shielding and this background rate
should be at the negligible level of ~ 1 event per year in LENA.

2.3 Models of the Earth

As we have already discussed in Sec. 2.1 there are several theories and models
about the structure of the Earth’s interior. For constructing our geophysical
models we use the Preliminary Reference Earth Model [43] and the Bulk
Silicate Earth Model [45] with the most dominant and abundant radioactive
isotopes 238U and #*?Th.

The flux of geoneutrinos is directly linked to the rate of radioactive decays
and to the generated heat. Therefore, it is of great interest to measure the
geoneutrino flux and thus deduce the main contributor to the heat produc-
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tion. The elemental abundance ratios in the Bulk Silicate Earth Model are
Th/U & 4 and K/U ~ 1.14 x 10* [45]. We emphasize again that, according
to this model, radioactive isotopes are only in the crust and mantle because
they are lithophile, whereas the core is void of any significant amount of
uranium, thorium or potassium. Different estimates for their abundances in
the crust and mantle differ by factors of 2-3 [51]. Based on these abundance
measurements, a group of physicists has, in cooperation with geologists, con-
structed a reference model for the abundance values of uranium, thorium
and potassium. They used the values referenced in the GERM reservoir data
base [51] and derived a mean value for each element [71]. We will implement
these abundances into our Reference Model of the geoneutrino angular distri-
bution®. Our Reference Model is in accordance with the Bulk Silicate Earth
constraint of a heat production of 20 TW due to radioactive decays in the
crust and mantle.

The geoneutrino flux depends sensitively on location. The oceanic crust
has a thickness of only 6-10 km and is found to be depleted in radioactive
elements, whereas the flux on the continents is dominated by the crust [45, 51,
71]. Thus an experiment situated in the Pacific Ocean, e.g. on Hawaii, would
have better access to the oceanic crust and the mantle. For an experiment
located on a continent we have assumed a thickness of 50 km for the crust,
implying a total neutrino flux in our Reference Model of 4.2 x 10 cm™2 sec™?
from uranium and 4.1 x 10° cm=2 sec™! from thorium decays. For an oceanic
site we have chosen the crust to be rather thick (50 km), but not included
any sediments, which would add additional radioactivity. Our assumption
of a uniform oceanic crust with a thickness of 50 km has been made for
computational reasons. Still, this model for the Hawaiian detector site is
valid as our event rate is slightly lower than the rate found in [71]. Moreover,
if one wanted to determine the mantle contribution to the 7,.-flux, the oceanic
crust would be a background to the measurement so that the assumption of
a thick oceanic crust is conservative. In addition, as will become obvious in
Sec. 2.5, changes in the crustal thickness of an oceanic site by even one order
of magnitude cannot be resolved by the detector. The neutrino fluxes in this
case are 1.25 x 10 cm~2 sec™! from uranium and 0.88 x 10% cm ~2 sec™! from
thorium decays.

Besides our reference model we consider three “exotic” cases A, B and C,
each of them either with a continental or an oceanic crust.

(A) Fully radiogenic model with additional uranium and thorium in the
core, accounting for 20 TW additional heat production. (Integrated

SFor a discussion of the angular spectra of this model and its uncertainties see Ref. [16].
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neutrino flux increase of about 32% relative to the reference model in
a continental location, and 116% in an oceanic location.)

(B) Same as A, but with 10 TW in the core. (Flux increase of 16% and
58%, respectively.)

(C) 20 TW in the Lower Mantle. (Flux increase of 41% and 148%, respec-
tively.)

The zenith-angle distributions of the neutrino fluxes from these models have
been determined along the lines of Ref. [16] and are shown in Fig. 2.3. We
can see from the figure that the core contributes below a zenith-angle of 30°.
The spike above 80° in the upper panel of Fig. 2.3 shows the dominant flux
from the continental crust, whereas in the lower panel the spike is absent
because of the low radioisotope content of the oceanic crust. Between 30°
and 60° one can recognize the influence of the lower mantle.

To obtain the event rate in a scintillator detector, neutrino flavor oscil-
lations have to be accounted for. Matter effects for oscillations are not im-
portant because of the small geoneutrino energies. Moreover, for geoneutrino
energies of 1.8-3.2 MeV and Am?, = 7.9 x 107° eV? the vacuum oscillation
length is 57-101 km. The inclusion of distance to the geoneutrino source and
of energy dependent survival probabilities would only contribute a negligi-
ble correction to a global reduction factor [72]. Therefore we include only a
global 7, survival-probability factor of 0.57 (see Eq. (B.7) of appendix B) ac-
cording to the KamLAND results [5]. Note that we have assumed 6,3 ~ 0, as
this contribution is negligible for oscillations on this length scale. The annual
event rates corresponding to our models, including the reduction factor, are
shown in Tab. 2.3 for a 50 kton detector with a fiducial volume corresponding
to 2.5 x 1033 protons. To calculate the rates we have used the cross section,
Eq. (2.5).

Up to now we have assumed in all our models that the exotic heat source in
the Earth’s core is caused by uranium and thorium decays, i.e. the neutrino

Table 2.3: Annual event rates for 2.5 x 1033 target protons. Flavor oscillations
have been included with a global reduction factor of 0.57.

Model Continental Crust Oceanic Crust
Reference Model 1.02 x 10° 0.29x10°
(A) 20 TW core 1.35x103 0.62x10%
(B) 10 TW core 1.19x103 0.45%x103

(C) 20 TW Lower Mantle 1.44x10? 0.71x103
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spectrum from this additional source was taken to be identical with the
geoneutrino spectrum from the crust and mantle. However, the possibility
of a natural reactor in the Earth’s core (“georeactor”) has been discussed
in the literature [61, 64]. In this case the neutrino flux could be similar to
that from an ordinary power reactor with energies reaching up to about
8 MeV. With this assumption the total 47-georeactor neutrino flux can be
estimated to be @, ~ 1.9 x 102 s~! for a thermal power of 1 TW. Taking into
account neutrino oscillations, the distance to the center of the Earth, and the
detection cross section we calculate an event rate of about 210 yr=' TW ™! in
LENA. At Pyhésalmi one would observe about 2,200 events per year due to
neutrinos from nuclear power plants. Assuming a systematic uncertainty for
the neutrino flux from the power plants of 6.5%, as suggested in [17, 5], we
conclude that LENA will be able to identify a georeactor of > 2 TW after one
year of measurement with a 3 o significance. The influence of the uncertainty
of the mixing angle 5 is negligible, because the flux of both the georeactor
and the power plants depends on 65 in the same way.

2.4 Analytic treatment

Before we come to a numerical analysis and the results of a Monte Carlo
simulation, we present some analytical estimates of the angular resolution
power, which is valid in the Gaussian limit.

The angular spectra are obtained with the formalism developed by Fields
and Hochmuth [16] and are shown in Fig. 2.3 for the reference model and
model A, B and C. Each model is characterized by the angle dependent
intensity I(n, ¢), where we have defined n to be the cosine of the zenith
angle in Fig. 2.3. Thus n = 0 corresponds to the horizontal direction. In the
axially symmetric case [ is independent of the azimuth angle ¢, which we
will assume in the following. We introduce the quantity I (n), which is the
angle dependent intensity normalized to 1. This quantity will be needed in
order to obtain the geoneutrino distribution function.

To conduct an analysis of the signatures of different geophysical models
in the detector we need to consider the distribution of the reconstructed neu-
tron displacement, expressed in the relative coordinates z, y and z, where
the z-axis is chosen as the vertical direction. As we assume that the r.-flux is
axially symmetric, we do not have to consider the details of the distribution
in the x- and y-direction, leading to an arbitrarily orientated neutron dis-
placement in the z-y-plane of ¢/\/1 — n?, where / is the neutron displacement
introduced in Sec. 2.2.1. The neutron displacement in the z-direction is /1.
We assume that the position resolution of both positron and neutron, o.+ and
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on, follows a Gaussian according to Egs. (2.7) and (2.8). The uncertainty oy
of the displacement ¢ due to neutron scattering and diffusion in a Gd-loaded
scintillator is ~ 2.4 cm for the x-, y- and z-direction [67]. This compares to
o¢ > 4 cm in an unloaded scintillator, as the neutron capture on protons is
slow compared to Gd. From these uncertainties we obtain a joint Gaussian

curve with variance
L? = /o} + 0% +02. (2.9)

Thus the distribution function in Cartesian coordinates is

() (VT — T — (2 — )
flz,y,2) = /0 d17(27d_/72)3/2 exp ( o3 )
(2.10)

As introduced above T (n) corresponds to the normalized angle dependent
intensity distribution characterizing a geophysical model. After a transfor-
mation to spherical coordinates Eq. (2.10) reads

2

f(p,cosf) = /Oldn lml(n)x (2.11)

exp (_p2 + A2 — 2Xpv/1 — 21 — cos? 0 — 2\ pn cos 9)]
2 )

where we have introduced the dimensionless quantities p = r/L and A = ¢/ L.
We have here ¢ ~ 1.9 cm and L > 15 cm, considering the light yields of less
than 300 pe/MeV. Thus we can assume A < 1 in the case considered here
and expand Eq. (2.11) for small A\. Moreover, to investigate the behavior of
Eq. (2.11) an expansion in Legendre Polynomials is useful. Because of the
smallness of A we find that only the dipole moment gives useful information.
The quadrupole moment is very small compared to its variance, which we
will also stress in the next section, where this will be again verified with a
Monte Carlo simulation. Therefore, we write the reconstructed zenith-angle
distribution in the form

AN /1 .
=N (= =N 2.12
oot (2 + p cos 9) g(cos ), (2.12)

where the event rate N and the slope p are the two numbers that characterize
a given configuration of geophysical model and type of detector. Thus with
the distribution function (2.11) the dipole moment in this normalization is

3 oo 27 1
== : 2.1
P 2/0 dp/o d(b/_ldcosﬁf(p,cosﬁ) cos 6 (2.13)
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For small A\, Eq. (2.13) can be expanded to

2
2/d77/ d/)/ d(b/ dcos@p Tr) cos f e~ 1/20?

X 1+p>\ (V1 =121 — COSQQ+77COS(9)} I(n) (2.14)
_\/;,\*,

where we have introduced the weighted mean

7= /01 dnl (n)n. (2.15)

The expansion of Eq. (2.13) introduces an error of at most 1% compared to
the full integration. In this limit the dipole moment is linearly dependent
on A and 7, meaning that one is only able to distinguish between models
yielding different values of 7. The values of 7 for different geophysical models
can be obtained with the formalism in [16]. In Tab. 2.4 the 7 values and
the corresponding mean zenith angles o = arccos? are displayed for the
Reference Model and the models with a core contribution of varying strength.
In order to obtain the precision with which 77 can be determined the mean
and variance of g(cos 0) of Eq. (2.12) have to be calculated. We find a mean

value of (cos 6) [ A7 and a variance
9 1 8

= - — — N7 2.16
Ocosd 3 91 n ( )

For the present case, where A < 1, this reduces to

1
Tooss = || 3. (2.17)

Table 2.4: Coeflicients 7 and corresponding zenith angle o = arccos? in
degrees characterizing different geophysical models.

Continental Crust Oceanic Crust

Model 7l o} 7 e}
Reference Model 0.3804 67.6° 0.6161 52.0°
2.5 TW core 0.4028 66.3° 0.6583 48.8°
5 TW core 0.4235 64.9° 0.6907 46.3°
10 TW core (Model B) 0.4604 62.6° 0.7371 42.5°
15 TW core 0.4924 60.5° 0.7689 39.7°

20 TW core (Model A) 0.5204 58.6° 0.7921 37.6°




36 CHAPTER 2. GEONEUTRINOS IN LENA

Hence the standard deviation of 7 is

3 [m [3m 1
Of = 2)\\/50'0059— gx (218)

Therefore, with IV events 7 of a specific geophysical model can be determined
with a 1o uncertainty of o;/ V'N.

In order to distinguish between two different geophysical models ¢ and j
corresponding to 7; and 7); at the no-significance level, an event number

5 (nom)? 3w n?

(7 — ;)2 4AN2 (i, — ;)2

is required. Assuming for example A\ = 0.1, which corresponds to Npe ~
120 pe/MeV, an event number of 1.2 x 10* is required at the 1o significance
level to distinguish the reference model from the model with a 20 TW core
contribution. This corresponds to an exposure of about 500 kton-years.

N, = (2.19)

2.5 Monte Carlo study

After the analytical study of the previous section, which is only applicable
for Gaussian distributions, we come now to a more general treatment of the
situation by means of a numerical analysis, which is applicable to diverse
distribution functions. To study the power of directional discrimination of a
large liquid-scintillator detector we have performed a Monte Carlo simulation
of a large number of geoneutrino events and the corresponding directional re-
construction. First, we give a short description of the Monte Carlo program:
the code was written in the Fortran programming language. The neutrino
spectrum has been generated according to the zenith-angle distribution de-
picted in Fig. 2.3 with direction angle §. We have assumed that the detector
response is independent of the event location, i.e. only the spatial separation
between the event 7, +p — n + e¢* and the location of neutron capture is
relevant. However, we consider a position resolution of point like events lo-
cated at the central axis of the detector, which is a conservative assumption,
as the light yield and hence also the position resolution increases for off-axis
events. Thus each neutrino is assumed to react in the center of the detector
at a position of (0,0,0) in spatial coordinates, which we take as the location
of the prompt positron event. Then a random vector p.+ is created according
to a Gaussian distribution with a width in each direction given by Eq. (2.7).
The actual spread of relevant visible energies is small so that we have always
used Eyis = 1.4 MeV as a typical value. The neutron event is, on average,
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displaced from the prompt positron event by (¢ cosf, 0, £sinf), as we assume
azimuthal symmetry. As the displacement ¢ has a Gaussian uncertainty o, in
each direction due to neutron diffusion, we create a random vector p,, with
this width. The resulting vector is again randomized with the uncertainty of
the position reconstruction of the neutron event, which has the shape accord-
ing to Fig. 2.2 for a PXE-based scintillator and a Gaussian-shape according
to Eq. (2.8) for Gd-loaded scintillators. From this we can construct a vector
Py, for the reconstructed neutrino direction as

Do, = (L cos8,0,0sin0) + p,, — Do+ - (2.20)

We have assumed that, on average, the neutron capture point is dis-
placed by ¢ = 1.9 cm in the forward direction relative to the e’ event in
agreement with the CHOOZ measurement [70]. The uncertainty of the dis-
placement is taken to be o, = 4.0 cm for an unloaded PXE-based scintillator
and oy = 2.4 cm for a Gd-loaded scintillator [67] as described in Sec. 2.2. The
main uncertainty originates from the reconstruction of both events, i.e. the
resolution of the detector. For an unloaded scintillator, the uncertainty of the
reconstruction of the neutron event is larger than for Gd-loaded scintillators;
due to the Gaussian shape of ¢, in Gd-loaded scintillators, the resolution
could in principle become infinitely good. For PXE-based scintillators, how-
ever, we are limited by the intrinsic properties of the Compton scattering
process in scintillators as discussed in Sec. 2.2.

For the sake of illustration we discuss the reconstructed zenith-angle dis-
tributions for the two extreme cases where all neutrinos come from the hori-
zontal direction (cosf = 0) or all of them come vertically from below, i.e with
cosf = 1. Thereby the angle between the reconstructed direction vector py,
(normalized to 1) and the z-axis has been determined. Figure 2.4 displays the
reconstructed zenith-angle distribution of both cases, each generated with
25,000 neutrino events and using a Gd-loaded detector with a light yield
Npe = 300 pe/MeV. For cosf = 0 we have a flat distribution, whereas for
cos = 1 we have a definite slope, with about 30% more reconstructed events
at cosf = 1 than at cosf = 0. Clearly, the method is suitable for locating
neutrino sources. However, given the presently limited angular reconstruction
capability of scintillator detectors, the only angular-distribution information
that can be extracted is the slope of the distributions shown in Fig. 2.4. As
an event-by-event reconstruction is not possible, we have analyzed the re-
constructed cos #-distribution by an expansion in Legendre polynomials up
to the quadrupole moment. It is possible to extract the total event rate and
the dipole contribution of the angular distribution, whereas a determination
of higher multipoles is unrealistic. Therefore, coming to the same conclu-
sion as in Sec. 2.4 we write the reconstructed zenith-angle distribution as in
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Figure 2.4: Monte Carlo example of reconstructed zenith-angle distribution
of 25,000 events in a Gd-loaded detector. Upper panel: Neutrinos injected
from the horizontal direction (cos# = 0). Lower panel: Neutrinos injected
from the vertical direction (cosf = 1).
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Eq. (2.12) with the numbers N and p characterizing a given configuration of
geophysical model and detector type.

Table 2.5: Coefficient p for the reconstructed zenith-angle distribution for
different Earth models and different detector types, always assuming a light
yield of 300 pe/MeV.

Model Coefficient p for scintillator detectors
Unloaded PXE Gd-loaded

Continenal Crust

Reference Model 0.0283 0.0377
(A) 20 TW core 0.0377 0.0521
(B) 10 TW core 0.0333 0.0459
(C) 20 TW Lower Mantle 0.0351 0.0485
Oceanic Crust
Reference Model 0.0468 0.0646
(A) 20 TW core 0.0597 0.0824
(B) 10 TW core 0.0560 0.0772

The event rates for our fiducial detector size with 2.5 x 1033 target protons
and different geophysical models have already been reported in Tab. 2.3.
What remains to be determined by means of a Monte Carlo simulation are the
corresponding coefficients p and their uncertainty. As mentioned above, we
determine the coefficients numerically with a multipole expansion in Legendre
polynomials. In Tab. 2.5 we show the results for p for different cases, always
assuming a light yield of 300 pe/MeV. The uncertainty s, of the measured p
value scales with the inverse square root of the number of events N so that
s, = 0,v/N is a quantity independent of N. The value of s, can be derived
analytically for p = 0, when combining Eq. (2.14) and Eq. (2.18) yielding

V3

which is valid for all p < 1. We have checked with our Monte Carlo that
Eq. (2.21) indeed applies to all p values of interest to us.
In order to distinguish a geophysical model ¢ from model j at the 1o
level, the required number of events is
252 3 1

Ny =— % 2 , 2.22
T i p)? 2 (- py)? (2.22)

A detection at the no level requires n? times more events. This result is
complementary to the one obtained in Eq. (2.19) for the Gaussian case. We
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find that for a Gd-loaded scintillator, i.e. in the Gaussian case, the Monte
Carlo results are in good agreement to the ones obtained in Sec. 2.4. For
example, we find analytically p = 0.0519 for A = 0.126, which corresponds to
¢ =1.9 cm and 300 pe/MeV. Correspondingly we find p = 0.0485 with our
Monte Carlo (see Tab. 2.5). The difference is due to the break-down of our
assumed analytical limit of A < 1.

In the same way as for Tab. 2.5 we have calculated the slope p for different
light yields of the scintillator and have determined the number of events it
takes to distinguish each of the exotic models from the reference case. In
Fig. 2.5 we display Ny, for these cases and the continental-crust situation as
a function of the light yield Npe, both for an unloaded PXE-type detector
and a Gd-loaded one. In Fig. 2.6 we show the same for the oceanic crust.
In the oceanic location we do not show model C because it corresponds to
an increased flux from the mantle, i.e. it is essentially identical with the
reference model except for the total flux and thus cannot be distinguished on
the basis of the zenith-angle distribution. The actually calculated data points
are shown explicitly, whereas the dashed lines are extrapolated. As expected,
in the Gd-loaded case we see from Fig. 2.5 and Fig. 2.6 that the number
of events continually decreases with increasing light yield, whereas for the
unloaded scintillator the slope is much flatter for high light yields due to the
non-Gaussian shape of the uncertainty of the neutron reconstruction. For
light yields less than 100 pe/MeV the reconstruction capability of unloaded
scintillators is even better than for Gd-loaded ones. As displayed in Fig. 2.6,
in case of an experiment situated on the oceanic crust one needs about 40%
less events than on the continents to distinguish the models from the reference
model. However, the oceanic event rates are also reduced by more than 50%,
as shown in Tab. 2.3. Therefore, locating the experiment on the oceanic crust
does not bring an advantage.

Of course, the time required to achieve the discriminating power depends
on the detector size. For our fiducial volume with 2.5 x 1033 target protons
as in LENA one needs to scale with the event rates shown in Tab. 2.3. In a
continental-crust location, all models produce an event rate of roughly 1,000
events per year, in full agreement with the KamLAND measurement [17].
For example, according to latest results one could expect light yields for
the LENA detector (unloaded) of 250 pe/MeV [73]. So one could expect to
distinguish model A from the reference model at 1o after about 10 years.
Assuming the same light yield for a Gd-loaded scintillator one would need
roughly 5 years. Realistically, the LENA detector should have a lifetime of
about 30 years. Thus for a meaningful distinction of even our most-optimistic
model A from the reference case an unloaded 50 kton LENA detector is too
small, as for a measurement at the 3 o level an exposure of 4,500 kton-years
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Figure 2.5: Number of events needed to distinguish between models A, B or
C and the continental-crust reference model at 1o significance. The points
correspond to the values calculated with the Monte Carlo. Upper panel: Gd-

loaded scintillator. Lower panel: Unloaded PXE-type scintillator.



42 CHAPTER 2. GEONEUTRINOS IN LENA

x10*
T 1T
| . ‘ |
| . \ |
\
5l \\ ,,,,,,,,,,,,, Model A
Loow \
B \
L S, Model B
L \
E r . \
o | \
) \
% 2 \\
S T \
Ny | \
g \
E [
2 0 h
- \\\»‘\
. ‘ | ‘ ‘ | ) | | |
0 200 400 600
light yield (pe/MeV)
x10*
C T 1T I ‘
\
L \
\
5 L —— Model A
| . \\
| \\ 77777 Model B
E L \
S :
o2 o~
[ \\\'
o I -
Ny | \\\:;\
5 T-—a
’_O I = - - = —_— — =4
g
5 L
s
1 b
. ‘ ‘ ‘ ‘ | ) | | |
0 200 400 600

light yield (pe/MeV)

Figure 2.6: Same as Fig. 2.5 for oceanic crust. Model C was not included
because the neutrino flux has almost the same angular distribution as the
reference model so that an unrealistic high event number is needed for a
discrimination.
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is required. Still, considering the ongoing plans of several groups, it does not
seem unlikely that more than one LENA-type detector will be built.

2.6 Summary of chapter 2

In summary we can say that a future large-volume scintillator detector such
as the proposed 50 kt LENA would provide a high-statistics measurement of
the geoneutrino flux. The event rate would depend strongly on the detector
location, notably on whether an oceanic site such as Hawaii is chosen where
a reference event rate of about 300 per year (50 kt scintillator) is expected or
a continental site such as the Pyhasalmi mine in Finland where the reference
rate would be about 1,000 per year. Therefore, the geoneutrino flux could be
measured with high significance and would allow one to distinguish between
different geophysical models.

The forward displacement of the neutron in the inverse beta decay detec-
tion reaction provides directional information on the geoneutrino flux. We
have studied if this effect can be used to distinguish between different geo-
physical models, notably if one could diagnose a strong exotic energy source
in the Earth’s core under the assumption that its neutrino spectrum is iden-
tical with that emitted by the crust and mantle. While a deviation from an
isotropic flux can be ascertained with high significance, we find that a 50 kt
detector with an expected realistic light yield of 250 pe/MeV is too small
to distinguish between different geophysical models on the basis of the di-
rectional information alone, as even for our most-optimistic assumption an
exposure of 500 kton-years would be required for a 1o detection with an
unloaded scintillator. However, we have chosen conservative assumptions for
our analysis. Thus we have assumed events to occur only in the center of
the detector, and relied on the CHOOZ measurement for the precision of
the neutron reconstruction, which could be improved when considering the
arrival times in the PMTs.

As an important result we find that placing the experiment on the oceanic
crust is not useful for discriminating between different models. Though the
background from the continental crust is reduced and a measurement of the
inner layers seems more promising, we find that a discrimination requires
more time than on the continents due to the reduced event rates. However,
detector backgrounds should be included in a realistic assessment.

In our study we have only used the neutrino flux from the Earth, ignoring
the contribution from power reactors because it depends strongly on loca-
tion. For example, in Pyhésalmi the neutrino flux from power reactors adds
roughly 25% to the counting rate in the energy window relevant for geoneu-
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trinos. This contribution is not negligible, but it does not change our overall
conclusions.

We have also estimated the sensitivity of a LENA type detector for deter-
mining a hypothetical georeactor in the Earth’s core. As a possible location
the CUPP underground laboratory in Pyhésalmi (Finland) was chosen and
the background due to nuclear power plants was calculated. At CUPP a
2 TW georeactor could be identified at a statistical level of 3 o after only one
year of measurement.

Concludingly, large-volume scintillator detectors of the next generation
will be extremely useful to study the interior of the Earth in the “light of
neutrinos”. However, the prime information will be the total geoneutrino flux
and its spectrum. It would be extremely challenging to use the directional
information alone to distinguish between different geophysical models.



Chapter 3

Directional Sensitivity in
Double Chooz

As we have already discussed in chapter 2, the directional sensitivity of lig-
uid scintillator detectors relies on the forward displacement of the final-state
neutron in Eq. (1.1) relative to the location of the final-state positron anni-
hilation. This effect was first observed in experiments at the Gosgen reactor
complex [74]. By reconstructing the vertices of the positron and neutron
captures, one obtains an image of the neutrino source.

The CHOOZ experiment demonstrated the feasibility of this approach
in that 2,500 events were enough to locate the source within a 1o half-cone
aperture of 18° [18, 70]. In principle, this method also allows one to determine
the location of a galactic supernova explosion [18, 70] and the distribution of
anti-neutrinos emitted by the natural radioactive elements in the Earth as
we discussed in chapter 2, although in practice these applications are severely
limited by the relatively small number of events.

In the following we investigate the potential of future reactor experiments
to exploit the same effect, but with much larger statistics and point-like
sources. We discuss the implementation of this method to separate and locate
two reactor cores just by looking at their neutrinos. Moreover, we determine
to what precision the power output of each individual reactor can be moni-
tored, if we assume the locations of the reactors to be known. To that end we
first discuss a two-reactor setup analytically, before we generate Monte Carlo
data, which we analyze with the maximum likelihood method. In particular,
the upcoming Double Chooz experiment [6] will be a first important test of
the principles of directional measurements’.

!This chapter is based on K. Hochmuth, M. Lindner, G. Raffelt, Phys. Rev. D 76,
073001 (2007)
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3.1 Experimental Setup

Double Chooz will operate two nearly identical cylindrically-shaped detectors
at distances of roughly 280 m and 1,050 m to the reactor cores, respectively.
As we have discussed in Sec. 1.2.1, both Double Chooz detectors will consist
of about 10 tons of Gadolinium-loaded scintillator, with a Gd concentration
of 0.1%. The near detector will register 1.6 x 10° D.-events per year, vastly
exceeding the exposure of the CHOOZ experiment that was located at the
far site of Double Chooz and had only a short data-taking period of about 3
months [70]. Thus one year of Double Chooz data correspond to 64 times the
CHOOQOZ exposure and hence to an 8-fold improved angular resolution, imply-
ing that the neutrino source can be located within a 1 ¢ half-cone aperture
of 2.3°.

The Chooz nuclear power plant consists of two reactors that are viewed
by the near detector at an angular separation ¢ = 30°. We note here that an
early version of the Double Chooz proposal foresaw a much smaller distance
of about 100 m for the near detector, implying almost an order of magnitude
larger statistics and a much larger separation angle of about 60°.

The final-state neutron of the inverse beta reaction Eq. (1.1) is captured
by a Gd nucleus with an efficiency of 90%, releasing 2-3 ~ rays with a total
energy of about 8 MeV. Taking into account scattering and thermalization
of the neutron, an average displacement ¢ = 1.7 cm with an rms uncertainty
of approximately 2.4 cm for the z-, y- and z-directions was calculated [67].
Experimentally, the CHOOZ experiment found ¢ = 1.9 + 0.4 ¢m [18]. To be
specific we will use

(=19 cm, (3.1)

representing an average over the incoming neutrino energies and the outgo-
ing neutron directions. The large spatial distribution of the neutron capture
points as well, as the even larger uncertainty of the neutron and positron
event reconstruction (see Eq. (2.7), Eq. (2.8) and discussion in chapter 2),
imply that indeed only the average of the neutron displacement matters here.

The experimental output used for the directional information is a set
of reconstructed displacement vectors r; between the positron-annihilation
and neutron-capture events, where ¢ = 1,..., N. In the Double Chooz near
detector we have in one year

N = 1.6 x 10° (3.2)

events, originating from both reactor cores together. Unless otherwise stated
we will always use this event number in our numerical estimates. Our main
simplifying assumption is that for a single neutrino source the distribution of
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Figure 3.1: Geometric setup with two reactors and one detector. The angle
¢1 has positive sign and ¢, has negative sign according to the mathematical

sense of rotation.

the displacement vectors is a Gaussian with equal width L in each direction.
In the first CHOOZ paper addressing the neutrino imaging of a reactor [18],
an rms uncertainty for the neutron event reconstruction of 17-17.5 cm was
given in their Fig. 2. Their Fig. 3 implies L = 19-20 cm and thus a positron
event reconstruction uncertainty of 8-10 cm, in agreement with a similar
result of the Borexino collaboration [25]. In a later CHOOZ publication [70],
the rms uncertainty for the neutron event reconstruction was given as 19 cm.
Assuming 9 cm for the average positron reconstruction uncertainty leads to

L =21 cm, (3.3)

that we will use as our benchmark value. With the planned photomultiplier
coverage in Double Chooz one does not expect to improve on this value [75]
so that the CHOQOZ characteristics provide a realistic estimate. For Double
Chooz itself an independent quantitative estimate of this quantity is appar-
ently not yet available, as Double Chooz will start data taking in 2008.

We will investigate a situation with two reactors that, together with the
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detector, define the z-y-plane of our coordinate system. The y-axis is taken
to point from the detector towards the reactors (Fig. 3.1). The detector views
the reactors with azimuthal angles ¢; and ¢, relative to the y-direction. We
have chosen ¢; to have a positive and ¢, a negative sense of rotation. The
common zenith angle 6 of both reactors is measured against the x-y-plane.
We use 6§ = 0° for the true reactor locations, but in general 6 can be a fit
parameter (Sec. 3.3.4).

With this geometric setup, the two reactor sources produce a normalized
distribution of positron-neutron displacement vectors r = (x,y, z) of

1 (2 + £sin 6)?
J&) = e P [_ 212 ] 8
2 (x + £cosfsing;)? + (y + £ cos O cos ¢;)?
; b; exp [— 572 1 .

(3.4)

Here, b; with by + by, = 1 represent the individual reactor contributions to the
total event number N. Moreover, we define the separation angle ¢ = |1 — ¢
and the average of the neutrino direction

Ge = b1y + b2 . (3.5)

3.2 Analytic Estimates

3.2.1 Width L of displacement-vector distribution

The width L of the distribution of the reconstructed positron-neutron dis-
placement vectors r can be determined from the Double Chooz experiment
itself. Assuming that the detector response is spherically symmetric, i.e. that
the cylindrical detector has the same response in each direction, one can
extract L from the z-distribution f,(z) of the displacement vectors. This dis-
tribution is equivalent to that from a single source, as we assume the detector
to be in the same plane as the reactors (i.e. the x-y-plane). The distribution
of L for many realizations, each with N > 1, is essentially Gaussian with

oy, 1

L~y (3.6)
This equation stems from the usual distribution of standard deviations in
statistics. One year’s data provide L with a fractional precision of 1.7 x 103
so that its uncertainty is negligible for our further discussion. In addition,
one could test deviations from the assumed Gaussianity of the distribution.
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We will find that for realistic Double Chooz parameters the “double Gauss
function” represented by Eq. (3.4) cannot be resolved and looks like a single,
spherically symmetric Gaussian of width L. Therefore, in practice L can be
determined from all three spatial directions or conversely, one can test if the
detector response is indeed spherically symmetric.

3.2.2 Average neutron displacement £

The average neutron forward displacement ¢ can be extracted from the y-
distribution of the displacement vectors. Assuming a symmetric setup with

¢ = —¢o = [, f(r) factorizes as f,(z)f,(y)f.(z) and f,(y) is independent
of the relative reactor strengths with

1 (y + £ cos 3)?
fy(y) - (27T)1/2L exp l 2L2 (37)
The average and variance are §j = £ cos 3 and (y* — ¢*) = L? so that
y
,€ p—
cos 3’

Oy L 1

s 3.8

14 { cos VN (3:8)

In Double Chooz we have ¢ = 23 = 30° or cos 3 = 0.966. For the purpose of
determining ¢, the two reactors almost act as a single source even at the near
detector. After one year of data taking the 1o uncertainty will be £2.9%.
Scaled to 2,500 events, this forecast corresponds reasonably well to the ¢
uncertainty of +20% found by CHOOZ.

3.2.3 Relative reactor strength

As a first nontrivial application we address the question of how well one
can monitor the relative reactor strengths. With ¢; = —¢o = 3, only the
x-distribution carries information on b; and by, and in particular

T = (by—bg)lsing,
(x? — 2%) = /(x — )2 f(r)dz = L*+[(1— (b — by)?] ({sinB)*.(3.9)

The variance is very close to L? because L > /. Setting

b=1b =1— by, (3.10)
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we can easily derive from Eq. (3.9) that

1 T
b= 2 <1+€Sinﬁ> ’

L 1

o 7 250 VN (3.11)
With sin § = 0.259 we have after one year o, = 0.053. With b = 0.5 the
1o uncertainty of each individual reactor strength is £10.7%, whereas the
uncertainty of their sum is only +0.25%. Assuming a more favorable setup,
based on the original Double Chooz proposal, with sin = 0.707 and N =
108 events, one obtains a monthly 1o uncertainty of each individual reactor
strength of +5.4%. According to [70] the monitoring of the neutron flux to
determine the power output has a precision of 1.5%. However, this method
has the advantage of operating continuosly. Nevertheless, the precision of
our method has already the same order of magnitude and can provide an
independent measurement of the thermal power.

3.2.4 Separation angle of reactors

We have seen that for the Double Chooz setup, the directional sensitivity of
the near detector allows one to determine the integrated source strength of
the two reactors separately, even though the uncertainty remains relatively
large for one year of data. We now ask the opposite question if one can sep-
arate the “neutrino images” of the two reactor cores, assuming their relative
strength is known, and assuming the detector characteristics L and ¢ have
been established by other means precisely enough so that their uncertainty
does not matter in the following.

We primarily discuss how well the separation angle ¢ = |¢p1 — ¢»| can
be determined, assuming we know that there are exactly two sources in the
x-y-plane that produce equal numbers of events. The obvious observables are
the central coordinates , ¢, and Z of the displacement vector distribution
and their variances.

At first one may think that the width of the observed distribution f(r) is
broadened in the z-direction if one has two sources because this distribution
is a superposition of two Gaussian distributions of width L that are displaced
relative to each other by the distance 2¢sin 3 where we have assumed ¢; =
—¢y = 3. However, one easily finds in this case from Eq. (3.9) with b; = by

(x° —7%) = L* + (*sin® B. (3.12)

The rms width of the z-distribution increases only quadratically in a small
quantity with respect to the width L of a single source. For our parameters,
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the rms width of the double Gauss function is the same as that of a single
Gaussian within 3 x 107* and thus indistinguishable, even with five year’s
data of almost a million events. Analogous conclusions pertain to the higher
moments of a single Gaussian compared to a double Gauss function when
their separation is much smaller than their width. In other words, with the
foreseen statistics of the Double Chooz near detector, the neutrino images
of the two reactors are far too blurred to be separated. However, it is still
possible to distinguish a single source from two sources if one takes advantage
of the information encoded in the average coordinates of the displacement
vector distribution. In the symmetric setup assumed here, information about
the separation angle is provided by the distribution f, that we have already
used in Sec. 3.2.2 to determine / if the separation angle is known. Turning
this argument around we may instead solve for cos . Its uncertainty is

L
OcosB = 7=
PT VN

which is 2.8 x 1072 for our usual parameters and one year’s data. If the sepa-
ration angle is large, it can be ascertained with fairly good accuracy. On the
other hand, for the Double Chooz geometry with cos 3 = 0.966, the reactors
could be barely separated on this basis, even with five year’s data. Moreover,
since the angular separation relies on a measurement of the quantity ¢ cos (3,
an independent precise determination of ¢ is necessary. Applying Eq. (3.13)
to a single source with cos 3 = 1 we have a 10 uncertainty for the angular
location of (L/¢)/v/'N that applies separately to the azimuthal and zenith
angle. One year’s data provide an angular uncertainty of +1.58°. If both the
azimuthal and zenith angle are not known, the corresponding 1 ¢ half-cone
aperture for the source location is 2.4°. Scaling this to 2,500 events leads to
19.2°, corresponding reasonably well to the CHOOZ value of 18° [18].

In a certain number of cases the value for cos # implied by the data will
exceed unity and will thus be unphysical. In other words, in these cases one
cannot distinguish a single source from two sources. Since cos 3 follows a
Gaussian distribution and using the width Eq. (3.13), this will be the case
with the “confusion probability”

1 cosf—1
confusion — & 1+erf | ——— . 3.14
Hoont 2 [ <\/§0cos5>] (3.14)

This equation is derived from the cumulative distribution function of a Gaus-
sian distribution and describes the probability that cos [ is greater or equal
to 1. For our usual parameters and one year’s data we have peonfusion = 10.9%.
After five years this number reduces to 0.29%. Turning this around, in more

(3.13)
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than 99.7% of all cases the data will imply the presence of two sources.
Therefore, we estimate that the Double Chooz near detector takes five years
to distinguish the two reactors from a single source with a 3 ¢ confidence.

The reason for this relatively poor performance is that even for a sepa-
ration angle as large as ¢ = 30°, the relevant quantity cos(¢/2) = 0.966 is
difficult to distinguish from 1 for the given statistics. On the other hand, if
the separation angle is somewhat larger, the deviation of cos(¢/2) from 1
itself quickly becomes of order unity so that cos(¢/2) can be easily distin-
guished from 1. Assuming the same detector characteristics and ¢ = 90°, we
estimate that one could measure ¢ with a precision of a few degrees even
after only one year.

On the other hand, determining the central angle ¢.., defined in Eq. (3.5)
becomes more difficult if the separation angle is too large. For two equally
strong reactors on opposite sides of the detector (¢ = 180°), the separation
angle can be very well measured, whereas ¢. would remain poorly determined.
One would conclude that there are two reactors at opposite sides without any
information on their absolute direction.

3.2.5 FError estimate

Our estimates rely on the assumption that the uncertainties of the result
are dominated by statistical errors. For the determination of the relative
reactor powers the estimate is based on localizing the central value of the
displacement-vector distribution, whereas the exact shape or Gaussian na-
ture of the distribution is irrelevant. Therefore, we believe that here indeed
statistical errors dominate.

The situation is very different for determining the separation angle of the
reactors. Here the result depends on comparing the measured quantity ¢ cos (3
with ¢ itself. In particular for small separation angles the result depends
on subtracting two similar numbers so that the determination of a small
[ depends sensitively on how well ¢ is independently known. We have not
specified how ¢ would be independently determined so that an objective
budget of systematic errors is not available for this case.

3.3 Maximum likelihood estimate

3.3.1 The method of maximum likelihood

The analytic estimates of the previous section are based on simple properties
of the displacement-vector distribution, notably the coordinates of its center
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of gravity. Moreover, we have argued that the shape of the double-Gauss
distribution Eq. (3.4) is very similar to that of a single Gaussian. Therefore,
even for a five year exposure at the Double Chooz near detector, the shape
of the displacement-vector distribution holds little additional information. If
the shape mattered, it would be crucial to know from measurements or from
Monte Carlo simulations of the detector how well it is represented by the
double Gauss function of Eq. (3.4).

In order to demonstrate that our simple analytic estimates are correct we
perform a maximum-likelihood analysis of the same cases as in the previous
section, based on Monte Carlo data sets generated from the distribution
Eq. (3.4). The Monte Carlo program was written in the Fortran. This exercise
serves not only to corroborate the analytic estimates but also to show the
distribution of quantities that are more difficult to extract analytically, if
we, for example, do not assume that ¢; = —¢@o and have unequal reactor
strengths. Moreover, with this method we can generate visualizations of our
results.

The likelihood function of a set of N independently measured displace-
ment vectors r; = (x;,y;, ;) 18

N

L(e) =] f(r;;q), (3.15)

i=1

with f(r;; ) given here by Eq. (3.4), where « denotes the a priori unknown
parameters by, by, ¢1, and ¢o. The set of parameters that maximizes the likeli-
hood returns the best-fit points of a given data set. The maximum likelihood
analysis is the most powerful analysis method for unbinned data. Therefore,
it is useful to compare the analytic results of the previous section with the
maximum-likelihood method applied to sets of Monte Carlo data. We have
also displayed some characteristics of the maximum likelihood analysis in
appendix A.

3.3.2 Relative reactor strength

As a first example we return to the task of determining the relative reactor
strength. We assume that 6 = 0° and ¢; = —¢ = 15° is known. Moreover, b is
a free fit parameter according to Eq. (3.10), as the total number of detected
neutrinos is, of course, known. Under these circumstances the distribution
function factorizes and we will only keep f,(x) where we use by = by = 0.5 to
generate Monte Carlo data sets for z with N = 1.6 x 10° events (one year).
For each realization we reconstruct b by a maximum-likelihood fit. In Fig. 3.2
we show the distribution of best-fit values from 1,000 runs together with a
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Figure 3.2: Distribution of best-fit values of the reactor strength b for 1,000
Monte Carlo realizations, assuming our usual parameters and 1 year of data.
The bin width is Ab = 0.02. We also show a Gaussian of width o, = 0.053,
representing the analytic estimate of Eq. (3.11).

Gaussian distribution centered at b = 0.5 and a width o, = 0.053 given by
the analytic estimate Eq. (3.11). We see from this simple exercise that our
analytic estimates can be confirmed with our Monte Carlo, as both results
correspond very well to each other.

3.3.3 Reactor directions

As a next case we assume that the reactor strengths are known to be b; =
b, = 0.5 and that the zenith angle for both sources is § = 0°, whereas the
azimuthal reactor locations ¢, and ¢, are our fit parameters. Since the z-
distribution factors out, we generate Monte Carlo data sets consisting of
N = 1.6 x 10° two-dimensional displacement vectors (z,y). For 5,000 Monte
Carlo realizations we show the distribution of reconstructed best-fit central
angles ¢., according to Eq. (3.5) in the upper left panel of Fig. 3.3 together
with a Gaussian of width 1.6°, which corresponds to the expected analytic
width. Again we see that the numerical result agrees well with the analytical
one. Our analytical results are therefore sufficient for a determination of the
uncertainty of the separation angle in this simple symmetric setup. On the
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Figure 3.3: Best-fit central angles ¢, (top left), separation angles ¢ = |1 — ¢
(top right), and azimuthal reactor location ¢; (bottom) for 5,000 Monte Carlo
realizations of our fiducial setup with 1.6x 10° events (one year). The different
bin widths are indicated in each panel. In the top left panel we also show a
Gaussian with the expected width of 1.6°. The conspicuous spike in the top
right panel indicates all cases, where the two reactors have been identified as
a single source. In the bottom panel, the horizontal solid line indicates the
interval containing 68% of all values, the dashed line 95.4%.
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other hand we could prove that our Monte Carlo delivers correct results. In
the top right panel of Fig. 3.3 we show the corresponding distribution of
best-fit separation angles ¢ = |¢1 — ¢o|. We defined this quantity here as a
positive number because the reactors have equal strength and thus are not
distinguishable. The distribution consists of a continuous component and a
spike at ¢ = 0°. This solution corresponds to those cases where the data
prefer a single source as discussed in Sec. 3.2.4. According to Eq. (3.14) this
confusion should arise in 10.9% of all cases, in good agreement with the size
of the spike in Fig. 3.3 if we recall that the sum over all bins represents 5,000
Monte Carlo realizations. The continuous component, however, shows a peak
at the true angle ¢ = 30°.

Finally we show in the bottom panel of Fig. 3.3 the distribution of the
reconstructed azimuthal reactor location ¢;. Since the two reactors are taken
to have equal strength, they are not distinguishable so that the distribution
for —¢, is the same. The distribution is bimodal with one peak at the true
location of ¢; = 15° and another at the central angle ¢. = 0°, corresponding
to those cases where the two reactors cannot be distinguished from a sin-
gle source. The width of this peak roughly corresponds to the width of the
central-angle distribution in the top panel. This confirms our interpretation
that we have a superposition of two distributions: one, where two reactors
could be reconstructed and one, where the two sources appeared as a single
source, as in this case ¢, = ¢1 = ¢ = 0°. We have also indicated where 68%
(solid line) and 95% (dashed line) of all values fall around the best-fit value.
Even though the distributions are not Gaussian, we refer to these regions as
1o, 20 etc. intervals. The 1o interval is approximately 12° wide, whereas
the 2 0 interval includes the secondary peak at 0°. As the number of events
increases, the ¢, distribution approaches a Gaussian and the peak at 0° de-
creases. It takes roughly five years of data to exclude this secondary peak
from the 3 o confidence region.

In Fig. 3.4 we show the distribution of separation angles ¢ and of reactor
locations ¢; for 5,000 Monte Carlo realizations, each with 5 years of data
(N = 8x10°). The spike at 0° of the separation-angle distribution has indeed
decreased below 0.3%, confirming our earlier analytic estimate that with five
year’s data a 3 ¢ separation of the Double Chooz reactors is possible. Note,
however, that the peak around 0° of the ¢; distribution remains in the 3o
region.

As a more optimistic case, we consider a hypothetical setup with a sep-
aration angle ¢ = 90°. This case is motivated by the fact that the initial
Double Chooz setup foresaw the near detector to be located much closer to
the reactor cores. In this case one would also have expected about 1 Mio
events in the near detector. Though we are choosing the optimistic setup for
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Figure 3.4: Best-fit separation angles ¢ (top) and reactor locations ¢, (bottom)
as in Fig. 3.3, here for N = 8 x 10° (five years).
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Figure 3.5: Likelihood contours of ¢ and ¢, for one Monte Carlo realization
with N = 1.6 x 10° events generated from a setup with separation angle
¢ = 90° and central angle ¢. = 0°.

the angles, we will continue our analysis with N = 1.6 x 10° events, as to
show the impact on the precision that can be gained by geometry and not by
statistics. The distributions of the reconstructed angles are essentially Gaus-
sian in the relevant region around the best-fit values. With N = 1.6 x 10°,
corresponding to 1 year at Double Chooz, the 1 ¢ uncertainty for ¢, is +3.2°,
for the central angle ¢, it is +2.3° and for the separation angle ¢ it is +4.6°.
We illustrate this case in Fig. 3.3.3 where we show the likelihood contours
for ¢ and ¢. corresponding to 1, 2 and 3 o confidence regions. Note that the
uncertainty of ¢ is twice that of ¢. and that of ¢. is worse than it was for a
smaller separation angle.

3.3.4 Reactor directions with tilt

As a final example we include the zenith angle 6 as a fit parameter. In other
words, we generate Monte Carlo data sets for the full distribution function
Eq. (3.4) consisting of N = 1.6 x 10° displacement vectors. As a first case
we show in Fig. 3.6 likelihood contours for ¢; and 6 when there is a single
source and the data are analyzed with the prior assumption that indeed there
is only a single source, i.e., assuming ¢; = 0°, by = 1 and by, = 0. This figure
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Figure 3.6: Likelihood contours of ¢; and # corresponding to 1, 2 and 3o
confidence regions for a single reactor source. This figure is based on one
Monte Carlo realization with N = 1.6 x 10° events.
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Figure 3.7: Likelihood contours projected onto the ¢;-6 plane, where the
solid lines correspond to the 1, 2 and 3¢ confidence regions. From top to
bottom the true separation angle was 30°, 70°, and 90°, respectively. Each
panel shows a “typical” Monte Carlo realization consisting of N = 1.6 x 10°
events.
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can be taken as a false-color neutrino image of a single reactor and illustrates
the single-source imaging power of the near detector at Double Chooz. The
solid lines correspond to the 1, 2 and 3 ¢ contours.

Next we generate Monte Carlo realizations based on two sources with
separation angles 30°, 70°, and 90°, respectively. The fit parameters of the
maximum likelihood analysis are 6, ¢, and ¢,, where both ¢; and ¢, can a
priori vary in the entire interval from —180° to +180°. In Fig. 3.7 we show
likelihood contours for three “typical” Monte Carlo realizations projected
onto the ¢1-0 plane. In our case of equal reactor strengths, L(6, ¢, po) =
L(6, @2, $1) so that the corresponding plot for ¢ is identical.

The panels of Fig. 3.7 can be taken as false-color neutrino images of two
reactors, although this interpretation must be used with care because we
show the likely location of one of the reactors, not really the “images” of two
neutrino sources.

For small separation angles, where the two “reactor images” merge, the
interpretation of the shown contours as 1, 2 and 3¢ confidence regions is
only approximate. We also note that the distribution of zenith angles 6, after
marginalizing over the azimuthal angles, is the same in all cases of Figs. 3.6
and 3.7 within statistical fluctuations.

3.4 Summary of chapter 3

We have extended the study of the directional sensitive measurement of the
neutrino flux to reactor neutrino experiments that are currently designed
to measure ;3. We have investigated the “neutrino imaging power” of the
Double Chooz near detector that will collect as many as 1.6 x 10° events per
year. For realistic assumptions derived from the properties of the previous
CHOOQOZ experiment, the width of the distribution of reconstructed displace-
ment vectors is about ten times larger than the displacement itself, leading
to an extremely blurred neutrino image of a reactor.

For a single source, this image can be sharpened with enough statistics
so that its direction can be determined with very good precision. At Double
Chooz we obtain the average neutrino direction with a 1 ¢ half-cone aperture
of 2.4° with one year of data.

However, with the given statistics, the images of two or more sources
merge completely in the sense that the shape of the displacement-vector
distribution is indistinguishable from that of a single source. Yet the average
of all measured displacement vectors still contains nontrivial information
on the source directions. It is very difficult to separate two sources if their
angular distance ¢ is so small that 1 — cos(¢/2) < 1. Thus for Double
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Chooz we find that the setup is ineffectual for a clear separation of the
reactors. After 5 years of Double Chooz, the reactors can be separated at
the 3 o level. This estimate is based on statistical errors alone and requires a
precise determination of the average neutron displacement ¢ by independent
methods.

With increasing separation angle it becomes much easier to distinguish
the reactors. For a setup with ¢ = 90°, even one year’s data would be enough
to measure the separation angle to about +10° at 3. The early plans for
Double Chooz envisioned the near detector to be much closer to the reactors,
not only providing ten-fold larger statistics, but also a much larger separation
angle. In the original setup, the angular separation of the two sources would
have been straightforward.

For Double Chooz, the location of the reactors is perfectly known, of
course. In this case one can use the angular sensitivity to determine the two
reactor strengths from the neutrino signal alone and one can determine the
detector response characteristics L and ¢ from the same data. At 1 o, the one-
year integrated power of one of the reactors can be determined to £11%, the
five-year integrated value to +4.8%. The total event rate over these periods
is determined within +0.25% and +0.11%, respectively.
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Chapter 4

Diffuse Supernova Neutrino
Background

In the following chapter we discuss a so far undetected source of neutrinos,
namely diffuse supernova neutrinos. The neutrinos have accumulated since
the first stars ended in supernova (SN) explosions and form now an over-
all cosmic background. This neutrino background can be explored with the
next generation of neutrino experiments such as LENA or GLACIER [34]
as well as a Gd-loaded Super-Kamiokande [37] or MEMPHY'S detector [34].
As core collapse supernovae are rare, diffuse supernova neutrinos could well
be the next messengers from these events. The first SN neutrinos observed
originated from SN 1987A that exploded in the Large Magellanic Cloud, a
satellite galaxy of our Milky Way. Thereby approximately 20 events have
been measured with neutrino detectors [76, 77|. With ongoing developments
in neutrino experiments presently several ten-thousand events would be ex-
pected, if a SN exploded in our galaxy. In LENA one expects roughly 10%
., whereas in MEMPHYS 10° events would be expected for a SN at 10 kpc.
However, for the detection of v, via elastic scattering one expects almost
10* events in LENA, an order of magnitude higher than for MEMPHYS.
GLACIER could deliver a complementary detection in the neutrino sector,
as 10 v, events could be registered. For a full comparison of all channels
see [34]. As it is not clear when the next SN will happen, we will rather
concentrate on the diffuse supernova neutrino background (DSNB) that has
the advantage of being present and ready to detect.

In the following we discuss the expected DSNB spectra and the parame-
ters that enter the calculation. The expectation to gain new information on
core collapse supernovae and star formation history are high and one can of-
ten find statements in the literature that a future measurement of the DSNB
could reveal considerable new information. However, the number of param-
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eters that influence the DSNB spectrum is large and information on these
parameters is limited. Therefore, we conduct a sensitivity forecast for a pos-
sible measurement of the relevant DSNB parameters in a liquid scintillator
detector or a liquid argon detector. We discuss what can be learned about an
individual SN and the star formation parameters. We focus on LENA and
GLACIER, as a pure water Cherenkov detector like MEMPHYS does not
seem as promising and its performance has been discussed elsewhere [34, 37].
GLACIER can in principle also detect anti-neutrinos. However, the cross sec-
tion in the energy range relevant for DSNB detection is by about one order
of magnitude lower than for neutrinos according to Fig. 1.7. Moreover, we
analyze the properties of an analytical fit to an assumed measured DSNB
spectrum and again conduct an error forecast. We include also an extensive
discussion of the backgrounds for a DSNB measurement in LENA.

4.1 Diffuse supernova neutrino spectrum

The diffuse supernova neutrino spectrum at Earth that can be measured at
a detector is just the red-shifted superposition of all individual SN neutrino
spectra in an expanding flat universe and can be expressed as

NSN[E(Z + 1)]RSN(Z)
HO\/(z F 1B+ Qn

(4.1)

O(E) :/0de

Equation (4.1) is a convolution of several elements that we will discuss in more
detail in the subsequent sections. The main features of the formula, however,
can be easily understood. Nsn[E(z 4 1)] is the neutrino energy spectrum of
an individual SN, where the time of explosion has been considered in the
argument with a red-shift factor (z + 1). Note, that E is the present-day
neutrino energy. Moreover, the SN rate Rgx(z) depends on the red-shift. By
now it is firmly established that our universe is flat [79]. Therefore, we can
consider the expansion in a flat universe with the denominator in Eq. (4.1),
according to [80]. Hereby, Hy = 0.72kmsec™! Mpc ™" is the Hubble expansion
rate and €2, = 0.3 and €2y = 0.7 are the matter and energy density in a flat
universe [81]. In the following we discuss the elements of Eq. (4.1) in more
detail.

4.1.1 Supernova neutrino spectrum at the source

For our discussion of the DSNB the shape of the SN neutrino spectrum, the
mean energy of each neutrino flavor and the total binding energy of a SN are
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of crucial importance. Moreover, a discussion of the oscillations inside the
dying star is necessary.

Generally, the total binding energy released by a collapse of a homoge-
neous iron core is given as

GnM?
R Y

3
E =~ E (4.2)
where M is the mass of the iron core and Gy is Newton’s gravitational
constant. Typically, one often takes M ~ 1.44M, where Mg is the solar
mass (1.99 x 10 g), which renders a binding energy of F ~ 3 x 10°erg.
The mass M = 1.44M is the Chandrasekhar limit, which is the largest
mass that can be supported by the pressure of degenerate electrons against
gravitational collapse [82, 83]. Electrons are absorbed by nuclei and protons
in the core of the star and thereby neutrinos are released via the process

pte —n+r,. (4.3)

Due to the high density inside the dying star (up to nuclear densities
of 10% gem™2) neutrinos are trapped and all neutrino flavors are in equi-
librium. It is expected that the total energy is approximately equally dis-
tributed on the the six neutrino and anti-neutrino species. The differences
between neutral and charged current interactions in stellar matter lead to a
difference in the size of the neutrino sphere for different flavors. The collaps-
ing core is more transparent for muon and tau neutrinos and thus their last
interactions occur deeper in the star than for electron neutrinos, resulting
in a higher muon and tau neutrino energy. There is an additional difference
between electron neutrinos and anti-neutrinos as generally more neutrons are
found in the core than protons, leading to a lower v, energy compared to 7,.
Generally it has been found in simulations [21, 20, 19, 84, 85, 86, 87, 88, 89]

(B,) ~ 10— 14MeV
(B,)) ~ 11— 20MeV
(E,,) ~ 15—27MeV for v,, v, 0,, ;. (4.4)

To be more accurate on these energy values we present the results of spe-
cific groups. The Livermore group finds that the mean neutrino energies show
a pronounced hierarchy (F,,) : (E5,) : (E,,) = 0.8 : 1:1.26 at 300 ms and
0.55:1:1.25 at 10 s after the bounce [19]. The total energy is approximately
equipartitioned on all flavors, which has been traditionally found in simula-
tions [19, 20, 90, 91, 92]. Keil, Raffelt and Janka have conducted a different
analysis with a new way of v, transport inside the star and they find that the
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hierarchy, especially between 7, and v, is not as pronounced as the one of the
Livermore group, and that the energies differ only by 10-20% [21]. Also the
luminosities of the v, are not equal to those of v, and 7., but can be smaller
by a factor of two at early times and larger at late times [21, 89, 93, 94].

The neutrino spectra of different simulations can be characterized by a
small number of meaningful parameters. The parameterization that shall be
used in the following was introduced by Keil et al. [95]. The spectrum of an
individual SN is given by

Eiot E\* FE
Nl = T @ e (a1 1) (77) oo [er 0] 69

where Ei, is the total energy released in a certain neutrino species, (F) the
average neutrino energy and a the spectral pinching [96]. Moreover, we have
0 FEio
/0 AENsx(E) = 77 (4.6)
which is just the number of neutrinos released by the SN. A value of a =
2 renders a spectrum equal to a thermal Maxwell-Boltzmann spectrum. If
a > 2 the high energy tail is suppressed, which leads to a so called pinched
spectrum. If a < 2 the high energy tail is enhanced and the peak is suppressed
(anti-pinched spectrum). Generally simulations find values of a between 2 and
5 for the instantaneous spectrum [96]. For the sake of illustration we show the
spectra generated with Eq. (4.5) for different values of a with (£) = 15 MeV
in Fig. 4.1, where the number of released neutrinos is normalized to 1.
However, due to neutrino oscillations the spectra of the respective flavors
will change when the neutrinos leave the star. A detailed analysis of oscil-
lations in the SN envelope has been conducted by Dighe and Smirnov [97].
After oscillations one obtains for the neutrino and anti-neutrino fluxes

Py, =D op. + (1 = D)5,
e e x 4.7
Q). =pou, + (1 - p)¢uz; ( )
where ¢, (¢,,) and ¢5, (¢,,) are the initial neutrino fluxes and p (p) is the

Ve (D) survival probability, which is generally a function of the mixing angles
015 and 6;3. There are three main cases:

1. adiabatic normal mass hierarchy with large 6;3: at matter densities of ~
10® g cm ™2 neutrinos undergo resonant conversion. As the propagation
is adiabatic we have p = 0. For anti-neutrinos we have p = cos? 6.

2. adiabatic inverted mass hierarchy with large #,3: propagation is adia-
batic for neutrinos and anti-neutrinos with a resonant conversion oc-
curring only for anti-neutrinos, resulting in p = sin? 0}, and p = 0.
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Figure 4.1: Shape of the neutrino energy spectra for different values of a. For
illustration we have chosen (E) = 15 MeV and normalized the spectrum to
1.

3. non adiabatic case with small #,5: no resonant conversions possible with
p = sin? 0y and p = cos? ys.

We refer to small 6,5 for values sin? 615 < 2 x 107¢ and to large 6,5 for values
sin®f;3 > 3 x 107* [98]. When assuming a moderate hierarchy between the
mean energies of the neutrino flavors we observe that the mean energy of the
anti-neutrino spectrum is generally less influenced than the neutrino spec-
trum where a complete conversion of v, to v, can occur. This effect could
enhance the mean energy quite significantly. However, latest findings seem
to open this discussion anew, as collective oscillation phenomena play an
important role, especially in case of inverted neutrino hierarchy. In these sce-
narios one considers non-linear effects due to neutrino-neutrino interactions
for non-zero ;3 [99, 100]. As this is still a matter of current research, we
will chose plausible values for the mean neutrino energy. We will return to
this discussion in Sec. 4.3.1, when we introduce our fit method and chosen
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parameters.

4.1.2 Star formation and supernova rate

Besides the neutrino spectra produced in an individual SN explosion we also
need to know the rate, at which supernovae explode and its evolution with
redshift. This can either be obtained with direct observations of SN explo-
sions or by combining the observed star formation rate with the initial mass
function.

There are several searches attempting to directly measure the SN rate
[101, 102, 103, 104, 105, 106]. Observational problems are encountered, how-
ever, in the limiting magnitude and resolution of optical telescopes. More-
over, supernovae might appear fainter in inclined spiral galaxies or behind
unknown dust-fields. Another limiting factor is the lack of statistics of an
individual search. A combined analysis of all searches has been obtained e.g.
by Capellaro et al. [107].

The alternative way of determining the SN rate via the star formation rate
has the advantage of having less statistical errors. The connection between
star formation rate and SN rate is obvious. The lifetime of SN progenitor
stars is short compared to the time since the onset of star formation. If we
assume that all stars with a mass larger than a critical mass M. end as
core collapse supernovae and that each dying star is always replaced by a
new born progenitor we obtain a SN rate of

/]: dm ¢(m, 2)
Rgn(2) = —mot U(2), (4.8)
/M dm mae(m, 2)

where ¢(m, z) is the initial mass function, 1, (2) is the star formation rate
at redshift z and M.y ~ 8M, is the minimal mass required for a star to
end as a SN. M uiof 18 the cutoff for low stellar masses, which is set to about
0.5M,, the mass of brown dwarfs. The standard Salpeter initial mass function
is denoted as ¢(m, z) o« m~2%5. We can drop the z-dependence as for low
redshifts (z < 2) the initial mass function can be assumed as constant [108].
Additionally, in our case diffuse SN neutrinos are below detection threshold
for higher redshifts. Assuming a lower cutoff M.y = 0.5My and My =
8M¢, we obtain

Rsn(z) = 0.0122M ", (2) . (4.9)

)
A parametrization for the star formation rate 1, (z) and thus the SN rate has
been introduced by Hogg [109] and Baldry et al. [110]. We use this parame-
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terization and have

(z+1)° for z < 1
Rsy = Ro{ 2099 (2 +1)* for 1 < 2 < Zmay , (4.10)
0 for z > zZpax

where Ry is the present day SN rate, a represents the early star formation
history and (3 the late star formation history [111]. The most recent measure-
ments of these parameters have been obtained by the GALEX experiment
as a = 0.5£0.4 and § = 2.5+ 0.7 [112]. The GALEX (GALaxy Evolution
EXplorer) is an ultraviolet space telescope. For the onset of star formation,
Zmax, Several measurements exist, but as almost exclusively neutrinos from
SN with z < 5 are registered in our detectors [78] we omit a further discussion
of this issue and fix z,,c = 5, which does not change our conclusions.

For the local SN rate Ry = Rsnx(z = 0) several analysis have been
conducted ranging from e.g. 0.6-3.6 x 10~*yr~*Mpc~® [113], 0.66 % 0.25 x
10~ yr~'Mpc™ [107] or 0.9 + 0.4 x 10~*yr~'Mpc™® and 1.7 + 0.9 x
1074 yr~'Mpc ™ as obtained by Ref. [106]. In a recent analysis Strigari et
al. come to the conclusion that relatively high values of Ry are favored [114].
Their upper allowed value lies at Ry ~ 2.6 x 10~* yr~*Mpc 3.

4.2 Backgrounds in LENA

In order to determine the energy window, in which a measurement of the
DSNB is possible, we have to discuss possible backgrounds to the detection.
In the following we discuss the backgrounds expected in LENA, however,
these considerations are valid for all liquid scintillator detectors. Moreover,
some of the backgrounds are present in all experiments that attempt a DSNB
detection®.

A large fraction of the 7, events cannot be attributed to the DSNB
because of the background events due to 7, generated both by air showers
and nuclear power plants. These are indistinguishable from the 7, of the
DSNB and therefore independent of the type of detector used.

!Our discussion is based on the analysis conducted by M. Wurm, F. von Feilitzsch,
M. Goger-Neff, K. A. Hochmuth, T. Marrodan. Undagoitia, L. Oberauer and W. Potzel,
Phys. Rev. D 75, 023007 (2007). In this work the ability of LENA to distinguish between
the predictions for the DSNB fluxes obtained by different simulations has been investigated
by means of a Monte Carlo analysis. For this thesis we only adopt the discussion concerning
the expected backgrounds.
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4.2.1 Reactor v,

For energies below ~ 10 MeV, the man-made background due to nuclear
reactors sets a lower threshold for the DSNB detection. The 7, are generated
by the 3~ decay of neutron-rich fission products of 2°U, 238U, 239Pu and
241py inside the reactor. As the reactor 7, flux is quadratically declining
with distance, at least the closest reactors must be considered for a good
estimate of the actual flux in the detector.

Above the Q-value of 1.8 MeV, the spectral shape of the reactor neutrinos
is best known up to energies of E;, = 8 MeV, both from experimental data
and from theoretical calculations that have used the fission yields and S~
decay schemes of the isotopes in question. However, as the DSNB flux is
several orders of magnitude lower than that of the reactor neutrinos, it is
necessary to take the high-energetic tail of their spectrum (up to E; =
13 MeV) into account when determining the lower detection threshold for
DSNB observation.

Especially for energies above 8 MeV, the exact spectrum of the reactor
v, cannot be measured directly at a reactor because of the poor statistics.
Instead, the spectrum is deduced from fission yields, 3~ endpoint energies
and decay schemes of the neutron-rich isotopes produced in a reactor. The
experimental challenge is set by the extremely neutron-rich isotopes with
high Q-values and lifetimes in the range of 1072 seconds. Tengblad et al.
[115] have indirectly determined the reactor neutrino spectrum up to an en-
ergy of 12 MeV by a measurement of the beta-decay spectra of the relevant
fission products of 23°U, 238U, #9Pu. These three elements are, on average,
responsible for about 92 % of the fission processes (see Tab. 4.1) and there-
fore of the neutrino flux generated by the reactor [116]. In contrast to 23*U,
241py contributes only a small portion of the fission products emitting high
energetic neutrinos. For this reason, the spectral contribution of **'Pu can
be neglected to a good approximation.

However, there is at least one additional element known to be produced
in fission processes which has an even higher 3~ endpoint energy: *Br with
a Q-value of 13.3 MeV [117]. Due to its short lifetime of 70 ms and its low
fission yields (as shown in Tab. 4.1) its exact 5~ decay scheme is not known
[118]. Thus, we are only able to give an upper limit for its contribution to the
spectrum, using its fission yield, Q-value, and the information that it decays
in 70 % of all cases without emitting an additional neutron [118].

Using the reactor 7, spectrum just described, the reactor background
flux and the event rates in LENA have been calculated for a number of
different locations: At present Pyhésalmi (Finland) and Pylos (Greece) are
the preferred detector sites. The Laboratoire Souterrain de Modane (LSM) at
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Frejus (France) was included as an example for a middle-European detector
site. The US American sites Kimballton, Henderson, and Homestake Mine
were used as they have expressed interest in a LENA-like liquid-scintillator
detector. Meanwhile it has been decided that the Homestake Mine will be
the home Deep Underground Science and Engineering Laboratory (DUSEL).
Hawaii and New Zealand were chosen as they are far away from the nuclear
power plants on the northern hemisphere and are from this point of view
optimal detector sites for observing the DSNB.

When calculating the 7, flux, in a first step the number of neutrinos
emitted per second by a nuclear reactor, Ry, , can be derived as

P,
- NV,ﬁSSE—“le = (1.38 £ 0.14) 10° Py jqw) s, (4.11)

fiss

Ry

e

where N, gss ~ 6 [74] and Eges = 205.3£0.6 MeV [119] are the average number
of neutrinos and the mean energy produced per fission, respectively, Py, is
the thermal power of the reactor and e = 0.75 4+ 0.06 [120] is the average
fraction of time that a reactor is running (energy availability factor e). The

thermal power P, can be found in the online databases of the International
Atomic Energy Agency (IAEA) [120].

In a next step, using the coordinates of each reactor and the detector site
their distance d can be found. The flux without oscillations can be calculated
dividing Ry, by 4mwd>.

Finally, for each distance to a particular power plant the effect of oscil-
lations . — v, » has to be taken into account. This was achieved by convo-
luting the normalized spectrum F'(E) with the energy-dependent oscillation

Table 4.1: Contributions of the fission products of uranium and plutonium
to the fission processes and therefore to the v, flux emitted by a reactor
(averaged over time) [116]. The last column shows the fission yields of the
high-endpoint S-emitter *Br [117].

Contribution to 9By
Isotope total fission rate fission yield
35U 0.59 1.66 x 107°
88U 0.04 7.90 x 107°
BIpy 0.285 2.71 x 107°

241py 0.075 1.05 x 107
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Figure 4.2: Spectra of reactor 7, at Frejus, Pyhasalmi and Hawaii. Shaded re-
gions correspond to experimental and model uncertainties. Above 12 MeV, we
added an upper limit for the spectral contribution of **Br neutrinos. For com-
parison, an approximate DSNB spectrum according to a conservative model
based on the SN spectrum given by [96] with Ry = 0.6 x 10~*yr~' Mpc ™2 is
shown.

Table 4.2: Reactor 7, fluxes and event rates for LENA with for an exposure
of 0.5 Mton-years at various detector locations. Uncertainties of both fluxes
and event rates are ~ 14 %.

flux events
Detector Location  (em™2s7!) (0.5 Mton-years)

Hawaii
Wellington

Kamioka (J) 2.1x10° 2.5 % 10°
Frejus (F) 1.6 x 10 2.0 x 10°
Kimballton (US) 6.4 x10° 7.3 x 10*
Pyhésalmi  (FIN) 1.9 x 10° 2.1 x 10*
Pylos (GR) 92x10* 11.5x10?
Homestake (US) 7.5 x10* 8.6 x 103
Henderson  ( 7.4 x 10 8.4 x10°

(

(

S)
S) 109 x 10°  12.4 x 102
Z) 54x10° 6.2 x 10
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probability and weighing it with the expected integral flux,

Ry,
4mrd?

O(E, d)=—"F(E) <1 — sin? 20, sin® Ld) : (4.12)

((E)
where ((E) is the oscillation length and 6,5 the solar mixing angle (see also
appendix A). This procedure was repeated for all reactors and the individ-
ual fluxes were summed for different detector locations. The necessary data
concerning the coordinates was taken from the International Nuclear Safety
Center (INSC) [121] and includes all major power plants running worldwide
in the year 2005. Future changes as the launch of the Finnish nuclear plant
TVO3 as well as the possible shutdown of Swedish plants have not been
taken into account but will not substantially change the v, fluxes. The inte-
gral v, fluxes and the corresponding event rates for LENA are summarized
in Tab. 4.2. The calculated flux (¢ = 2.1 x 10°cm™2s7!) in the Kamioka
mine (Japan) is comparable to the one measured by KamLAND according
to Ref. [122]. In addition, Fig.4.2 shows the energy spectra of the reactor v,
at Frejus, Pyhésalmi and Hawaii, i.e. at a high, medium and low-flux site.
For an estimate of the overall uncertainties, we have taken into account
possible deviations due to the fraction of annual runtime e as well as the tem-
poral variation of the abundances of Uranium and Thorium isotopes (~ 5 %)
[116]. In addition, the most recent values and uncertainties of the oscillation
parameters Am?2, = 8.210% x 107°eV? and tan?6;, = 0.40703% [123] have
been included in the calculations. In Fig. 4.2, these overall uncertainties are
indicated as shaded regions.

4.2.2 Atmospheric v, background

The flux of the atmospheric 7, is increasing with energy in the relevant en-
ergy range and starts to surpass the DSNB signal at energies around 25 MeV.

Table 4.3: Dependence of the total atmospheric neutrino flux below 60 MeV
on the detector location. The scaling factor s, compares this flux to the
one at the Kamioka site.

Site Latitude (N) Satm
Hawaii 1.5° 0.8
Kamioka, Pylos, Kimballton 36.5°, 36.6°, 37.4° 1
Henderson, Wellington 39.8°, -41.5° 1.25
Frejus, Homestake 45.1°, 44.3° 1.5

Pyhisalmi 63.7° 2.0
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However, the total flux of atmospheric 7, depends on the geographic (geo-
magnetic) latitude and therefore on the detector site [124]. The individual
spectra can be calculated using Monte Carlo methods. However, for easier
comparison and in accordance with publications by Ando and Sato [78, 81]
we have extrapolated the model spectra calculated by Gaisser et al. [124]
(including the corrections by Barr et al. [125]) to energies below 60 MeV. We
have estimated the atmospheric 7, spectra for high geomagnetic latitudes as,
for instance, for Pyhésalmi using the 3D simulations by Liu et al. [126].

As the energy spectrum of the atmospheric 7, only mildly depends on
location [124], we have left the spectrum unchanged and have only taken
into account the dependence of the total flux on the detector site. Table 4.3
shows our results. The total flux of atmospheric 7, at a particular site can
be related to the flux at the Kamioka site by a scaling factor s,im.

In water Cherenkov detectors, atmospheric v, and 7, provide an addi-
tional background source by creating “invisible muons” [78] with energies
below the Cherenkov threshold. However, such muons do not pose a back-
ground in a liquid-scintillator detector due to its different detection mecha-
nism.

4.2.3 Cosmogenic background

Up to now, the discussion only included background events due to additional
v, sources. However, muons that pass the detector or the surrounding medium
(rock or water) also have to be considered. Most of the spallation products of
these muons can be easily discriminated from the signal due to the signature
of the inverse beta decay. Still, radionuclides like the S-n-emitter Li [127] or
fast neutrons can mimic this e™-n coincidence. For an estimate of the rates,
only events in the energy window from 10 to 25 MeV have to be considered.
All our calculations were performed for LENA at Pyhésalmi assuming a depth
of 3,960 m.w.e. and a corresponding muon flux of (1.1£0.1) x 10~*/m?s [128].

9Li in-situ production

As the 8 endpoint of °Li is at 13.6 MeV, it will affect the DSNB detection only
in the lower energy region of the observational window. For a rough estimate
of the expected event rate, one can adopt the value derived for KamLAND:
0.6 events in 0.28 kton-years exposure for E > 9.5MeV [123]. Scaling the
mass to 44 kton-years fiducial volume in LENA, including a reduction of the
integral muon flux by a factor of ~ 9 in Pyhésalmi [129] and considering the
dependence of the production rate on the muon energy (o< ES™) [130], the
resulting rate is approximately 20 events per year.
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However, as the muon passes through the fiducial volume, it can be clearly
identified and a time as well as a volume cut can be applied. The ?Li nucleus
cannot travel far, as its half-life is Ty, = 0.18s. Therefore, excluding a
cylindrical volume of 2m around each muon’s path for 1 second (~ 5 x T} 5)
decreases the background sufficiently. As the fiducial volume is hit by a muon
about every 5s, one loses about ~ 0.2 % of exposure time.

Fast Neutrons

Whereas muon tracks in the inner detector or in the muon veto can be clearly
identified, muons passing the surrounding rock generate a background of
fast neutrons. Usually, such a neutron will be accompanied by a number of
charged particles that can be identified in the veto. However, there is a certain
probability that the neutron will pass into the inner detector unnoticed. The
neutron deposits its remaining kinetic energy in the scintillator and thereafter
is captured by a proton, mimicking a real v, event.

Using the estimates by Kudryavtsev et al. [129] for neutron production at
4,000 m.w.e. and assuming a mean absorption length of 0.75m [129], one ob-
tains a rate of about 10° neutrons per year entering the muon veto. However,
if one assumes a more realistic energy spectrum at the boundary between
rock and cavern [129], simulations performed with Geant4 [131] show that
only ~ 7 neutrons per year will reach the fiducial volume and only 0.5 per
year will generate a signal in the relevant energy region from 10 to 25 MeV.
As mentioned before, this number will be further decreased by the detec-
tion of accompanying shower particles in the muon veto and is therefore a
conservative value.

4.3 Predictions for a future DSNB detection

After the discussion of the DSNB spectra and the background to the detection
in the previous section, we come now to a discussion of possible future DSNB
measurements and the information content of such a measurement. Presently,
the best experimental limit on the anti-neutrino component of the DSNB flux
has been obtained by Super-Kamiokande as [22]

®,, <1.2cm ?sec ! (B, > 19.3MeV). (4.13)

Below 19.3 MeV the backgrounds in Super-Kamiokande are too high. As we
have seen in Sec. 4.2, LENA can measure DSNB neutrinos down to about
10 MeV.
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In the following, we are interested in the information that can be gained
from a DSNB measurement. In the literature statements can be found that
with a future measurement of the DSNB one could gain significant infor-
mation on the parameters for star formation and SN explosions. It often
seems that these claims are not well founded or rely on high event rates or
an extremely precise prior knowledge of certain input parameters. Therefore,
we will analyze in detail in the following section what we can learn from
the DSNB spectrum with respect to SN parameters and star formation pa-
rameters, assuming realistic event rates as could be obtained in LENA or
GLACIER. To that end, we perform an error forecast for a possible measure-
ment of the DSNB spectrum of neutrinos and anti-neutrinos.

First, we introduce our model and assumptions before we come to a dis-
cussion of the statistical method used and the prospects for the determination
of the DSNB parameters from a measurement of the spectrum of neutrinos
and anti-neutrinos.

4.3.1 Baseline model

As discussed previously, the DSNB flux can be described with Eq. (4.1).
We first define a baseline spectrum with typical values for the parameters
according to our discussion in Sec. 4.1.1 and Sec. 4.1.2. For the star formation
history the present best-fit values and the corresponding 1o uncertainties
obtained by GALEX are o = 0.5+ 0.4 and § = 2.5+ 0.7 [112]. We therefore
choose a = 0.5 and (3 = 2.5 as our baseline values.

According to our discussion in Sec. 4.1.2, the local SN rate Ry ranges
between 0.4-2.6 x 10~* yr~' Mpc ™ [107], where several authors find a pref-
erence for the higher values [114, 132]. Therefore we chose Ry = 2.0 X
10~*yr~' Mpc~ for our baseline model.

According to simulations the pinching parameter a can take on values
between 2 and 5 [96]. However, most values seem to be in the middle range.
Thus, we assume here only a slightly pinched spectrum with a = 3 as our
baseline value. Moreover, the simulations of [96] refer to the instantaneous
spectrum. Naturally, the time-integrated spectrum should be less pinched.

As discussed in Sec. 4.1.1 the usual binding energy is 3 x 10 erg, which
is distributed among the 6 types of neutrinos and anti-neutrinos. Therefore
we assume now a total energy emitted in each flavor of By, = 5 x 10%? erg.

Considering the mean energy of neutrinos and anti-neutrinos we use the
results of simulations displayed in Eq. (4.4) as a guideline. Moreover, taking
into account the less pronounced hierarchies between the flavors found in
Ref. [21], we choose (E,, ) = 18 MeV, where we consider a moderate oscilla-
tion of v, to v,.. This choice also guarantees that we are on the conservative
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side for the expected fluxes, as previously there have been analysis that as-
sumed much higher mean v, energies [35]. Considering the weaker influence
of oscillations on the anti-neutrino energy, we assume (E; ) = 15MeV.

In Tab. 4.4 we display our adopted baseline values. Note that the pa-
rameters Ry and Fy, are degenerate and cannot be determined separately.
Therefore we will always consider one combined parameter Ei, X Ry in the
following.

Table 4.4: Chosen baseline values of the SN and star formation parameters
and the ranges, in which the parameters are allowed to vary in our analysis.

parameter baseline value assumed range

o 0.5 +0.8

o) 2.5 +1.4

Ry 2.0x 107 *yr ' Mpc™ 0.4-2.6 x 107*yr~ ' Mpc™?
Eiot 50 x 10°! erg 30-100 x 10°! erg

(E)s, 15 MeV free

(E),, 18 MeV free

a 3 2-5

In a LENA-type detector with 50 ktons of liquid scintillator we would
expect about 50 events in 10 yrs from our baseline model, where we have used
the cross section of Eq. (2.5) with 2.5 x 1033 protons. Correspondingly, in a
100 kton liquid argon experiment like GLACIER we would also expect close
to 50 events in 10 yrs, where we use the cross section given in Fig. 1.7 from
Ref. [35]. Note, that our baseline values for the anti-neutrino spectrum give a
flux of 0.6 cm™2sec™! above 19.3 MeV, which is half the Super-Kamiokande
limit.

4.3.2 Sensitivity forecast for a future DSNB measure-
ment

To study the sensitivity of future experiments to the DSNB spectrum we
implement a procedure that has previously been used by the GLoBES team
[7, 8, 133] in the context of long baseline neutrino oscillation experiments. In
this procedure some input parameters are assumed to be the true values, for
which now predictions for the observables in a given experiment are made
without statistical fluctuations. These predictions are used as “data” and a
statistical analysis of these data is performed in order to see how well the
input parameters can be reconstructed. With this procedure one can assess
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the performance of an “average” experiment. The interpretation of these
error forecasts is subtle. According to Refs. [134, 135] a real measurement
can substantially deviate from these predictions. However, also according to
Ref. [135], the probability to achieve a predicted 2o sensitivity is usually
better than 50%.

In the following we apply this method to our problem and conduct an
error forecast for a possible DSNB measurement. In our case we assume
the baseline DSNB parameters as our input and the energy dependent event
rates as our “data”. Subsequently we conduct a x? analysis of our “data” and
obtain predictions and confidence intervals for possible real measurements.

For a simultaneous v and 7, observation, our x? function is here defined
as (see also appendix A)

Noin,p 2
T — Opy
SOl e

Nbimy [TV'L - Ol/ i]2
7 . , + T :

=

i=1 ) i=1

with Ny, the number of neutrino energy bins and Ny, ; the number of
anti-neutrino energy bins. O, ; and Oy, are our observed “data’, according
to our baseline values of Tab. 4.4. T,; and T}, are the “theoretically” ex-
pected events per bin for modified parameters that are to be tested. They
are calculated according to Eq. (4.1).

In Eq. (4.14) we can include the best-fit values and uncertainties of the
parameters that have been obtained independently in external experiments
with so called pull-terms

N 2
()\z - /\bes ,i)
Xf,uu =) + , (4.15)

i=1 O

where \; represents the N different parameters of our fit, where external in-
formation is available, Apest; their best-fit values and o their 1 o uncertainty.

We assume that our data are divided in bins with a width of 4 MeV.
We have chosen this number as a compromise, as on the one hand we want
to obtain information on the shape of the spectrum and cannot choose our
bins too wide and on the other hand we have to consider that we need to
have a not too small number of events per bin. For our analysis method the
binning is actually not of importance, as we are free of statistical fluctua-
tions, but we choose this approach as data binning is a common approach
in experimental physics. Moreover, binning would allow the introduction of
experiment specific systematical uncertainties such as energy resolution or
unknown backgrounds. In our analysis we do not consider this, as the energy
resolutions of LENA and GLACIER are very good and are a subdominant
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contribution to the overall statistical errors. At 10 MeV LENA has an energy
resolution of about 3%, which improves with rising energy [73]. The energy
resolution of GLACIER is expected to be even better [73]. For a discussion
of possible backgrounds to the DSNB measurement we refer to Sec. 4.2.

Of course, when minimizing our x? function, Eq. (4.14), we always ob-
tain exactly zero at the input parameters. In order to calculate a confidence
interval for a specific parameter, one has to set Eq. (4.14) equal to the tab-
ulated value corresponding to the desired confidence interval and minimize
the resulting function with respect to all other parameters, which leaves us
with only one degree of freedom. For example, according to the x? table (see
appendix A) we have x? = 3.84 at 95% c.l.

Our pull terms encompass the two star formation parameters a and § and
their quoted 1 o uncertainties. As we do not have independent measurements
with a given uncertainty on all parameters, we take into account theoretical
considerations, as well as upper and lower plausible limits on parameters,
which we have introduced in the previous sections and which we show in
Tab. 4.4. (E), and (E), are allowed to vary freely.

Concerning the total energy Fi. released in a specific neutrino flavor
precise predictions for the binding energy are presently not possible due to
the unknown equation of state and the dependence on the progenitor mass.
For example 84 x10°' erg have been obtained as a best-fit in a statistical
analysis of the SN 1987A data by Refs. [136, 137]. Therefore, we adopt a
rather generous range between 30-100x 10°! erg for an individual flavor. That
means that the combined parameter Ei, X Ry can vary in the range of 0.12—
2.6 in units of the baseline values (see Tab. 4.4).

Possible backgrounds for the measurement of the anti-neutrino spectrum
are reactor neutrinos, which set a lower limit to the detection window of 8-
10 MeV depending on the detector site, as reactor neutrino energies extend
to about 10 MeV. Above 26-30 MeV one expects significant influence from
atmospheric neutrinos as discussed in Sec. 4.2. For neutrinos the lower energy
limit is set by a background of solar neutrinos at about 18 MeV [35]. The au-
thors of Ref. [35] find that above 40 MeV again the influence of atmospheric
neutrinos is to be expected. However, in their work, they have chosen a mean
neutrino energy that is higher than in this thesis, which naturally raises their
expected neutrino flux and increases their energy window. Nevertheless, we
choose a maximal detectable DSNB energy of 38 MeV. Though the uncer-
tainty of the atmospheric neutrino flux is about 30% [35], this energy cut
is likely on the optimistic side, at least for our baseline model. The reason
for this assumption is that we want to invesigate if the extension to higher
energies delivers more information about the shape and mean energy of the
DSNB spectrum.
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In summary, we choose a conservative energy range for our anti-neutrino
events between 10 and 26 MeV and for the neutrino events between 18 and
38 MeV. Within these energy ranges we want to analyze three different cases,
namely only anti-neutrino events, only neutrino events and a combined anal-
ysis of a measurement of both neutrinos and anti-neutrinos.

Note that in the following analysis we will not restrict ourselves to the
setup and detector volume of a specific experiment. We will rather normalize
each result to a specific event number, in our case chosen to be 50, 100 and
500 within our chosen energy windows. For our baseline values, this would
correspond to approximately 10, 20 and 100 yrs of measuring time in both
LENA and GLACIER.

After this general discussion of the analysis method and our model we
come now to our results. Because of the pull-terms for o and 3, these param-
eters are naturally constrained and indeed we find that we cannot improve
on the GALEX results with our analysis. Therefore these parameters will
have to be determined to a better precision with further experiments like the
GALEX search. Our simulation confirms that we cannot gain constraints on
a. We find that the minimal y? for a is always < 1 even with 500 events.
Concludingly, we omit a further discussion of a.

Because of the degeneracy of the parameters Fi,; and Ry it is of course
impossible to gather any information on the total energy output of a SN.
However, we do find some constraints on the combined parameter set. Ana-
lyzing the anti-neutrino spectrum with 100 events we find a minimal value
of Eiot X Ry = 0.5 and a maximal value of Fi,; X Ry = 2.2 in units of
the baseline value at 95% c.l., which does constrain the input parameters
slightly. Repeating the analysis for 100 neutrino events we find a lower limit
of Bt X Ry = 0.4 in units of the baseline value (95% c.l.). An upper limit
cannot be obtained in this case. With 500 anti-neutrino events we obtain a
lower limit of 0.6 an upper limit of 1.8 in units of the baseline values. Naively,
one would expect that the combined parameter set Fio X Ry is directly linked
to the event rate and one should be able to obtain a better limit. However,
we have noticed in our simulations that the influence of the g-parameter is
equally important for the total flux and that even slight changes in 3 within
its 20 range can compensate changes of Fi, X Ry. Of course, as we have
many parameters, correlations are to be expected.

In the following we concentrate on the error forecasts for the mean energy
of neutrinos and anti-neutrinos. We display our results in Tab. 4.5. Shown are
the expected upper and lower limits for (E£) in MeV at 95% c.1. for 50, 100 and
500 assumed detected events. For 50 events we obtain errors of approximately
+50% and —30% at 95% c.l. for both neutrino and anti-neutrino detector.
This asymmetry is due to the choice of our baseline value for Fi,; X Ry, which
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Table 4.5: Upper and lower limits for the mean neutrino energy at emission in
MeV at 95% c.l. Shown are the results for an analysis of only neutrinos, only
anti-neutrinos and a combined analysis of both species. The event numbers
are 50, 100 and 500 for each neutrino species. The “best-fit” mean neutrino

energies are (E), =15 MeV and (E), = 18 MeV.
number U, Ve Vo + Ve
of (E)s, (B, (E)s, (E),

events min max min max min max min max

50 10 23 13 27 11 23 14 25
100 11 21 13 26 12 21 15 24
500 1219 14 23 13 18 15 21

is closer to the lower limit of the combined parameter set. This means that
in the determination of the 95% significance level of the mean energy the
allowed ranges of the other parameters are fully exhausted. For 100 events
we obtain almost the same results, however, we get slightly better results
for the upper boundary and in the case of anti-neutrinos also for the lower
boundary. Only for 500 events we have errors of about +30% and —20% at
95% c.l. We emphasize that due to numerical exit conditions and round-off
effects we expect an additional general uncertainty of the results of 1-2 MeV.
Generally, our results are within the Super-Kamiokande allowed limit above
19.3 MeV.

For a combined analysis of neutrino and anti-neutrino events we also
do not see a significant improvement within our expected numerical errors.
There is a slight tendency for improvement, which could be attributed to the
overlapping of two energy bins of neutrinos and anti-neutrinos. We find for
example with 50 events of each neutrino species errors of +50% and —20%
for anti-neutrinos and +40% and —20% for neutrinos (at 95% c.l.). However,
we conclude that a combined analysis is not of considerable advantage for a
measurement of the mean neutrino energy. Of course, if there was an estab-
lished connection between the energy ratio of neutrinos and anti-neutrinos
(e.g. via observation of a close galactic supernova and the determination of
the mean neutrino and anti-neutrino energies), a combined analysis would
be of advantage, in that the total number of registered events would be dou-
bled and neutrino and anti-neutrino energies would not have to be treated
as independent parameters any more.

As a cross-check we fix now ¢ = 3 and do not allow this parameter to
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vary. This is also motivated by the consideration that the time-integrated
neutrino spectrum is less pinched than the instantaneous spectrum and thus
low values of a could be more likely. The results of this analysis are displayed
in Tab. 4.6. Generally we obtain sensitivities that are better by roughly 2—
3 MeV. Hereby the upper and lower limit of the combined parameter Eiy x Ry
in Tab. 4.4 is not reached, which would be one of the causes of asymmetric
confidence intervals as noted previously for free a. This confirms also our
previous statement that a cannot be determined, i.e. the x? function for a is
very flat and does not have a pronounced minimum. Of course in this case
we also obtain better limits for Fi,; X Ry. Thus for 100 anti-neutrino events
we obtain a lower limit of Ei,; X Ry = 0.6 and an upper limit of 1.8 in units
of the baseline values at 95% c.l. To give a rough empirical tendency one can
say that with fixed a 100 events are enough to obtain the same intervals as
for 500 events, when a is allowed to vary between 2 and 5.

Table 4.6: Same as Tab. 4.5 but with the spectral supernova pinching fixed
to a = 3. The confidence intervals improve by about 2-3 MeV.

VE VB ﬂe + VE

(E)s, (E),, (E)s, (E),,

events min max min max min max min max

20 12 21 15 25 12 20 16 22
100 13 19 15 22 13 18 16 21
500 14 17 17 20 14 17 17 19

Let us assume for now that a supernova has occurred in our galaxy and
that the total energy, mean neutrino energy and spectral pinching have been
measured precisely and take on the values of our chosen baseline. This of
course requires also the assumption that all SN are governed by the same
mechanism and render the same neutrino spectrum. Now we can analyze the
DSNB spectrum in the same way as before, but with only three unknown
star formation parameters a, § and Ry. For this analysis we also drop the
pull terms on o and [ as we investigate, if we can get new information from
the DSNB without additional measurements. However, we find that with 100
anti-neutrino events the 95% c.l. results for « and (3 are worse than even the
3o limits obtained by GALEX. Moreover, we find that Ry ranges between
(0.5-4.8) x 10~*yr~! Mpc at 95% c.l.. This leads us to the conclusion that,
the star formation parameters cannot be constrained significantly by the
DSNB even with known SN parameters.
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In summary we see that the mean neutrino energy at emission can be
constrained without assuming precise information on the parameters. How-
ever, these constraints are not conclusive for a reasonable event number of
50-100. Moreover, the other SN parameters F;,; and a cannot be constrained.
Additionally, as we have already discussed Fi,; and Ry are degenerate so one
parameter can only be determined with a precise information on the other
and also the combined set remains very uncertain.

Therefore we conclude that a reduction of the number of parameters is
reasonable, as most of the parameters remain undetermined. We analyze in
the following our assumed baseline “data” set with a different fit equation
that has only three parameters, where we follow the approach in Ref. [138].

4.3.3 Analytical fit to the DSNB spectrum

As we have discussed in the previous section, the only meaningful quantity
that can be determined from the DSNB spectra is the mean energy of the SN
neutrino spectrum. As the DSNB flux is just the red-shifted superposition of
the energy spectra of numerous supernovae, it makes sense to try to fit the
presently measurable DSNB spectrum with a spectrum similar to the one of
an individual SN according to Eq. (4.5) as

<I>(E):5 F (E

A E
(A+1)-A-DD(A+1) g) eXp {—(A+ 1)5] (4.16)

where F is the total neutrino flux at the detector location, £ the mean energy
and A the spectral pinching [96]. The spectrum returns the mean DSNB neu-
trino energy at the detector location. The fit function, Eq. (4.16), describes
the actual spectrum, Eq. (4.5), very well between 8 and 40 MeV. In con-
trast to the analysis in Ref. [138] we express the fit parameters by the input
parameters of star formation and supernovae and conduct an error forecast
along the lines of our analysis in the previous section. We compare the results
obtained with the analytical fit with the results of our error forecast in the
previous section.

We perform a x? analysis and fit Eq. (4.16) to the “data” obtained with
our baseline DSNB spectrum for anti-neutrinos according to Tab. 4.4. For
simplification we only consider the anti-neutrino spectrum between 10 and
26 MeV and drop the discussion of the neutrino spectrum. Moreover, we
invoke the anti-neutrino cross-section according to Eq. (2.5).

First let us discuss qualitatively with the help of Eq. (4.5), how A, F
and &£ are influenced, when one of the DSNB parameters is varied, whereas
the others are held at a fixed value. Note that for the rest of this section we
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drop the 7, index, as we only deal with anti-neutrinos. It can be seen that an
increasing early and late star formation rate a and (3 increases F, but lowers
£, as we have now a higher contribution of red-shifted neutrinos. However,
we expect the changes in F to be stronger for varied 3, as the late star
formation history has a stronger influence in the power law describing the
Rsn in Eq. (4.10). The degenerate parameters Fi, X Rg should not influence
& or A much, as this gives just an overall flux normalization. Therefore, we
expect F to linearly increase with increasing Fi X Ry. An increasing spectral
pinching a should increase A linearly. Increasing the mean neutrino energy
(E) should lower F, as for equal total energy less neutrinos are released.
Naturally, £ should rise linearly with (F), whereas the influence on A should
be weak. Indeed, we find that these qualitative considerations hold in our y?
analysis.

For the fit of Eq. (4.16) to our baseline DSNB spectrum, we choose a
binwidth of only 0.5 MeV, as we want to investigate how well this fit re-
produces our input spectrum. However, as noted above, the binwidth is not
the crucial point of the analysis. We conduct the fit with 100 anti-neutrino
events. The best-fit values and corresponding upper and lower limits are
F =29 em2sec™!, € = 57MeV and A = 0.2570% at 95% c.l. Also in
this analysis the mean energy & seems to be the only quantity to be deter-
mined well confirming our results from the previous section. The spectral
pinching and the flux show considerable uncertainties. This is due to correla-
tion effects of the DSNB parameters and we will look into this in more detail
in the following.

We illustrate the dependence of F on «, 3, (F) and Ei X Ry in Fig. 4.3
and the dependence of £ on these parameters in Fig. 4.4. Shown are the
best-fit values of F and £ obtained by a x? fit. Note that for the sake of
illustration we have held the parameters that are not shown at their baseline
values. We do not show the dependence of A on the parameters, as the
strongest influence of A is, as expected, on a. The dependence on a, 3, (E)
and Eiy X Ry is only weak. We find that A depends linearly on a according to

A~ 0.31a — 0.42. (4.17)

We conclude again that A is the least promising parameter to constrain and
we omit it in the following. We rather concentrate on F and €. Both £ and
F depend only weakly on a as confirmed by our simulations. Therefore we
also neglect a further discussion of this parameter.

Let us first turn to a discussion of F. We see from Fig. 4.3 that F is
strongly dependent on [ and Ei X Ry, and more weakly on a and (E). This
means that an increase in Fi,, X Ry can be compensated by a decrease in 3
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Figure 4.3: Dependence of F on the parameters «, 3, (E) and E X Rp.
The parameters that are not shown are held at their baseline values. F is
influenced equally strong by Eio X Ry and 3. The dependence on « and (E)
is much weaker and anti-correlated.
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Figure 4.4: Same as Fig. 4.3 but for £. £ depends strongest and linearly on
(E). The dependence on « and 3 is weak and F x Ry does not have any
influence.
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or an increase in (F). An approximative quantitative behavior of F can be
expressed by

f (Etot X Ro)
~ 0.26
cm? sec 10%terg - 10~*yr—! Mpc
F
= 60 — 7.5
cm? sec Al66 )
F (E)
~ 14
cm? sec MeV
f
~ 3.1 7.8). 4.18
cm? sec a(3.1a +7.8) ( )

We thus conclude that a determination of one of the parameters by a mea-
surement of F is not possible, as there is no clear dominance of one of the
parameters in the quantity F.

Turning to the £ parameter we see that £ is basically independent of
Eiot X Ry and only weakly dependent on o and (3. The strongest almost
linear dependence is on (E). A quantitative behavior can be expressed by

&
ey a(—0.18«a — 0.91)
&
= 0.216—-1.9
Lo~ s025-19)
€ (E)
o~ 0365 (4.19)

The behavior of £ is still governed by [ and (F), but we see that the con-
tribution from (F) dominates. Thus from a measurement of £ information
on the mean neutrino energy (F) of a SN explosion can be obtained. Con-
sidering the best-fit and the 95% c.l. limit quoted above for our baseline
case, £ = 573 MeV, we can get an approximate 95% c.l. limit on the mean
energy when applying Eq. (4.19) as (E) = 1575 MeV, which is rather well
matched with our result from the previous section of (E) = 151 MeV within
numerical uncertainties.

4.4 Summary of chapter 4

We have discussed diffuse SN neutrinos and conducted an error forecast
for a possible future measurement with future experiments like LENA or
GLACIER. To that end we have defined a set of baseline parameters, which
delivered event rates that we defined as “data”. This data was analyzed with
a x? analysis on the basis of a model with modified parameters allowing us to
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determine confidence regions for those parameters. The interpretation of the
results is subtle as our data is per definition free of statistical fluctuations.
However, with this method one can obtain an estimate for the sensitivity of
a future experimental project.

We find that the only parameter that can be extracted to a reasonable
precision is the mean neutrino energy of an individual SN. Information on
parameters, such as the star formation history or the spectral pinching of the
SN neutrino energy spectrum, can not be obtained. Additionally, the informa-
tion on the local SN rate and the total energy output of supernovae is limited.
Though it seems likely that the DSNB is within close reach of detection, we
conclude that with reasonable event numbers of 50-100 events in 10 years
for LENA or GLACIER no information on the star formation parameters
and the parameters of an individual supernova can be gained. We find that
the mean neutrino energy can be determined with 50 events to within a 2o
uncertainty of +50% and —30% or (E) = 1575 MeV for anti-neutrinos. With
a hypothetical event number of 500 events we expect a sensitivity to +30%
and -20% at 95% c.l., which for our assumed values means (F) = 1575 MeV
for anti-neutrinos. We have checked that not even with a precise information
on the SN parameters additional strong constraints on the star formation
parameters can be set. Moreover, we have conducted a combined analysis
of neutrino and anti-neutrino data in order to cover a larger energy range.
However, we conclude that this does not deliver significant new information.

However, based on the assumption that the time-integrated spectrum of
a supernova is less pinched and similar to a thermal Boltzmann spectrum,
we have held the pinching parameter at a = 3, which improves our limits by
about 2-3 MeV.

As a consequence of the limited information that can be obtained on
most of the parameters, we have conducted an analytical fit to to the local
DSNB spectrum that can be measured in an anti-neutrino detector. As a fit
function we have chosen a spectrum similar to the one of an individual SN,
as the measured spectrum is just the red-shifted sum over many supernovae,
which reduces our parameter set to three. Here again we find that the main
information can be gained for the mean neutrino energy of the spectrum at
the detector. We have quantified the influence of the DSNB parameters on
our three fit parameters. The mean energy of the fit is linearly dependent
on the mean neutrino energy of a SN and almost independent on the other
DSNB parameters. We find that our best-fit result and the 95% c.l. limits
for the mean neutrino energy correspond very well to the results obtained
for our error forecast with the full parameter set.

Generally it can be said that a measurement of the DSNB is expected
with the next generation of neutrino detectors. Such a measurement would
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be a major discovery able to confirm our beliefs about supernovae and star
formation. However, we expect that no new information can be gained on
star formation parameters. However, the determination of the mean energy
even at its 20 confidence level would be helpful to rule out extreme models
for supernovae.
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Chapter 5

Conclusions

In this thesis we have studied neutrinos from diverse sources, namely geoneu-
trinos, reactor neutrinos and diffuse supernova neutrinos and the possibilities
for a detection in future liquid scintillator detectors. For the first time, we
have studied in detail novel applications for the directional sensitive mea-
surement of neutrinos and have applied for the first time methods, previously
only used in the context of neutrino oscillation experiments, to analyze the
performance of future detectors in detecting diffuse neutrinos.

Concerning the geoneutrino detection the proposed LENA experiment
with a mass of 50 kton of liquid scintillator would provide a high statistics
measurement, of the geoneutrino flux. On an oceanic detector site such as
Hawaii about 300 events are to be expected per year, whereas on a continental
site such as the Pyhéasalmi mine in Finland the reference rate would be about
1,000 per year.

As information on the Earth’s interior can only be obtained in an indi-
rect way and via model dependent conclusions, we set out to prove several
geophysical models with LENA.

We have investigated the detection potential of LENA for a hypothetical
georeactor. We find that LENA could be able to identify a 2 TW georeactor
at a statistical level of 3 o after only one year of measurement.

As the distribution of radioactive isotopes in the Earth is unknown and as
there are several models suggesting a large radioisotope content in the core,
we have devoted the main part of our analysis to the directional sensitive
measurements of neutrinos from strong geoneutrino sources in the core and
in the mantle. The forward displacement of the neutron in the inverse beta
decay reaction that is the main anti-neutrino detection channel could be used
to get information about the neutrino’s initial direction. We discussed the
directional measurement for an unloaded PXE-based scintillator and a Gd-
loaded scintillator, the two main concepts that are presently under discussion
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for future experiments. Generally, we find that the Gd-loaded scintillator
delivered better results, as more energy is released on a larger number of
photons. While we obtain impressive single source resolution, we find that
diffuse sources can hardly be resolved. Thereby, we have relied on conservative
estimates of the light yields and generally assumed a value of 120 pe/MeV.
Presently it seems as if light yields of 250 pe/MeV could be easily realized in
LENA. On the basis of only the directional information an exposure of about
500 kton-year for an unloaded and 250 kton-year for a Gd-loaded scintillator
would be required for a 1 o detection of the most extreme geophysical model
with a maximum heat contribution from the core of 20 TW, accounting for
half of the total heat output.

Moreover, we find that placing the detector on an oceanic site is not
advantageous. Though one does not have the crustal backgrounds to a mea-
surement of core and mantle, the event rates are significantly reduced and
the differences between models with and without a strong source in the core
are not as distinct as on a continental site. This is an important result in this
context, as there are several plans for developing submarine-like detectors,
which increases costs and environmental risks. Nevertheless, the fact remains
that a detector on an oceanic site would deliver important results concerning
the total fluxes and the elemental ratios of the radioisotopes complementary
to a continental site experiment.

As there are several ongoing plans to build large-volume liquid scintillator
detectors, it might well be the case that more than one 50 kton detector will
be installed. Therefore only slight improvements in experimental detection
methods could already lead to immediate applications of the techniques for
directional measurement. Though we have omitted to explicitly include back-
grounds, which should be considered in a realistic analysis, we have mostly
made conservative assumptions on the detector performance. Thus, we have
only considered events in the center of the detector. Therefore, in future
works the exact location of the events should be included, which increases the
light yield for events further away from the center. Moreover, for Gd-loaded
scintillators we based our assumptions on the precision of the detection of
the neutron capture point on the measurements of the CHOOZ experiment.
CHOOZ, however, did not use the time information in reconstructing the
events, which should lower the precision of the detection. As the precision
of the neutron detection introduces the main uncertainty in the directional
measurement, a usage of the time information in LENA could improve the
situation further.

In summary, large-volume scintillator detectors of the next generation
will be extremely useful to study the interior of the Earth in the “light of
neutrinos”. The interest of neutrino physicists in geological matters has trig-
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gered cooperation with geologists and a first major meeting bringing together
experts of both areas has taken place on Hawaii in December 2005, where
I also had the chance of presenting our results!. The activities in this field
are ongoing and the community is eagerly awaiting the flux measurements of
Borexino.

We have extended the study of the directional sensitive measurement
of the anti-neutrino flux to reactor neutrino experiments that are currently
designed to measure #,3 and have investigated for the first time the “neutrino
imaging power” of the Double Chooz near detector that will register about
1.6 x 10° events per year. The Double Chooz experiment will be the first of
this type and can therefore adequately prove the principles of our method.

For our assumptions on the near detector performance we have relied on
the CHOOZ measurements. CHOOZ was able to locate a single core with
a 1o half-cone aperture of 18° with only 2,500 events. Considering only a
single source the direction can be determined to a high precision with the
Double Chooz near detector. We obtain an average neutrino direction with
a 1o half-cone aperture of 2.4° with one year of data.

The two reactor setup is far more challenging, as for small separation
angles the sources can not be resolved. Thus, for Double Chooz with a 30°
separation angle we find that the setup is ineffectual for a clear separation
of the reactors. The reactors can be separated at the 3o level after 5 years
of measurement.

With increasing separation angle it becomes much easier to distinguish
the reactors. For a setup with ¢ = 90°, even 1.6 x 10° events would be
enough to measure the separation angle to about £10° at 3. Such a setup
was intended for the Double Chooz near detector in early plans, which would
have provided also about 10° events per year. Due to the larger separation
angle a distinction of the two sources would have been straightforward.

As a future work and work in progress in collaboration with J. Kopp and
M. Lindner, we plan to use the directional sensitive measurement of neutrinos
to conduct a precision monitoring of a reactor core. To that end we envision
several 1 m? scale detectors that are placed as close to the core as possible,
considering the core’s intrinsic neutron flux and the heat production. As these
detectors are small, they could be easily designed to gain light yields larger
than 800 pe/MeV. With this setup we intend to measure burn-out effects of
the fuel rods and to precision monitor the neutrino flux and spectrum.

It has been recently made public? that a US group has actual plans to

!The proceedings of this conference are published in a special edition of Earth, Moon,
Planets.
2ATIP Physics News on Feb. 4th 2008; http://www.aip.org/png/2008/295.htm
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install a 1 m?® detector at a reactor core and use the directional information
encoded in the neutrino flux. Thus the interest in the application of neutrino
direction measurement has spread to a greater public.

As for the Double Chooz setup a precision monitoring of the cores is not
possible, we can use the angular sensitivity to determine the two individual
reactor strengths from the neutrino signal alone. The one-year integrated
power of one of the reactors can be determined to £11% at 10, the five-year
integrated value to +4.8%. For the more favorable setup with a separation
angle of ¢ = 90° and 10° events one obtains a monthly precision of 5.4%.
This is worse than the expected 1.5% precision of conventional methods that
operate continously and measure the neutron flux in the reactor. Neverthe-
less, our method can provide an independent measurement of the individual
reactor strength.

Finally, we have discussed diffuse supernova neutrinos and conducted an
error forecast for a possible future measurement with proposed experiments
such as LENA or GLACIER. To that end we have defined a set of baseline
parameters, which delivered event rates that we defined as “data”. This data
was analyzed with a 2 analysis, where we included available prior infor-
mation on parameters from external experiments. The interpretation of the
results is subtle as our data is per definition free of statistical fluctuations.
However, with this method one can estimate the prospects of the performance
of future experiments well and we have to our knowledge for the first time
applied this technique outside its applications in forecasting the performance
of neutrino oscillation experiments.

According to our extensive study of possible backgrounds to the DSNB de-
tection in LENA | the main background below 10 MeV is due to anti-neutrinos
from nuclear reactors. For LENA we have an energy window between 10 and
25 MeV, where we almost have a background free detection.

We generally have assumed realistic event numbers of 50-100 in 10 years
in the relevant energy region. The parameters that enter the determination
of the DSNB spectrum are the early and late star formation history and the
local supernova rate as well as the total energy output, the mean neutrino
energy and the spectral pinching of an individual supernova. We find that
the only DSNB parameter that can be determined to a reasonable precision
is the mean neutrino energy of supernovae, assuming that all supernovae
are similar. For example, we find that the mean neutrino energy can be
determined with 100 events to within a 20 uncertainty as (E) = 157§ MeV
for anti-neutrinos. For 500 events we already expect (E) = 1575 MeV. Thus,
a measurement of this parameter in future liquid scintillator detectors can
be used to exclude extreme models in supernova physics.

As the energy window of the neutrino component could extend to higher
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energies than in case of anti-neutrinos, we have conducted a combined anal-
ysis of neutrino and anti-neutrino events to investigate, if a larger spectral
information could improve the situation significantly. However, we find that
this is not the case even with optimistic assumption on the neutrino energy
window. Nevertheless, an additional detection of the neutrino component
would open up the possibility to draw conclusions on muon and tau neu-
trinos. Moreover, the situation changes, if there was a established and fixed
ratio between the neutrino and anti-neutrino mean energies. However, sim-
ulations are contradictory on this issue and the results are subject to the
magnitude of the neutrino mixing angles.

Furthermore, our results could be improved upon if the external measure-
ments of the star formation parameters became more precise. We have also
analyzed a situation, where the supernova parameters are perfectly known,
e.g. via a detection of a galactic supernova. We find that no additional infor-
mation can be gained on the star formation parameters.

As generally the parameter space entering the DSNB spectrum is large
and obtaining information on a single parameter is often not possible, we
conducted an analytic fit to the energy spectrum. The fit function has only
three parameters and characterizes the spectrum that can be measured at the
detector. We have chosen our fit function to have the shape of the neutrino
energy spectrum of an individual supernova, as the DSNB is just the red-
shifted superposition of all past energy spectra of supernova events. The
parameters entering the fit function, of course, have a different meaning than
for a supernova spectrum, as here we have the mean diffuse neutrino energy
and the flux at the detector as well as the spectral shape of DSNB.

We have investigated the behavior of the fit function and the relation
of the fit parameters to the DSNB parameters, which we have expressed
in analytic formulas. We again find that the mean neutrino energy at the
detector, which we are able to translate to the mean energy at the source,
is the only parameter that can be extracted to a good precision. Indeed, the
results obtained with the analytic fit agree well with the results obtained with
the full parameter set. For example, we find for the mean diffuse neutrino
energy at the detector £ = 573 MeV for 100 events. With help of our analytic
relations of the fit parameters to the DSNB parameters, we can translate this
to (E) = 157§ MeV for the mean neutrino energy of an individual supernova.

Thus, we conclude that both our full analysis of the DSNB parameter
set as well as the analysis with our fit function delivers comparable results.
A measurement of the DSNB flux would be an exciting new detection and
the LENA detector is suitable for this task in the energy window of about
1026 MeV. An additional measurement of the mean neutrino energy can
give important information for individual supernova events.
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As a further step for the analysis of the diffuse neutrinos the inclusion of
the background would be required. As there could be an uncertainty in the
atmospheric neutrino flux as large as 30%, the energy window of the DSNB
detection could be widened. Moreover, the energy window depends on the
location of the detector. A LENA detector on Hawaii could start detecting
the DSNB at about 8.5 MeV, due to the reduced reactor neutrino flux.

Furthermore, there is the possibility to not only detect anti-neutrinos
with LENA, but also to detect neutrinos via capture on carbon. The event
rates for this process are not very high, but it could serve to improve existing
directly measured upper limits on the neutrino component by up to three
orders of magnitude. A detailed analysis is planned in collaboration with
A. Mirizzi.

In summary, it can be said that the future of neutrino physics holds ex-
citing detections in store. Especially with large volume detectors it will be-
come possible to increase statistics and draw information on diverse neutrino
sources. We hope that in this new phase of neutrino physics the developments
of this thesis will be put to a test and clear the way for new applications and
measurements. We have gained the insight that thinking in new ways and
investigating transdisciplinary areas can open up new possibilities that will
keep the field alive for years to come.



Appendix A

Statistical methods

Throughout this thesis a number of statistical methods have been used. These
methods shall be briefly introduced and summarized in the following. The
most general distinction between statistical methods is whether they be-
long to frequentist or Bayesian statistics. In frequentist statistics one reports
objectively the outcome of a result. In Bayesian statistics prior beliefs are in-
corporated. We exclusively deal with frequentist statistics in this work, and
more precisely with the maximum likelihood method and the y? analysis.
The arguments closely follow the Particle Data Group review [139].

A.1 Maximum likelihood analysis

The maximum likelihood method is the most efficient method to obtain the
best-fit parameter values of a given data set, as the data is used unbinned
and thus no information is lost. However, this method requires the knowledge
of the particle distribution function of the system. The maximum likelihood
estimators, meaning the best-fit points of the parameters, are approximately
unbiased for large data samples. For the maximum likelihood analysis we
need to know the probability distribution function f(z,6) of the system in
order to construct the likelihood function

N
L(0) = [] £(x:.0). (A1)
i=1
Here z;, 1 =1,..., N, is a set of independently measured quantities, whereas
0 = (64,...,0,) is a set of n unknown parameters that we want to determine

from the measurements. Thus the likelihood function L(6) is the joint proba-
bility distribution function of the system and is a function of the parameters
f but evaluated with all data points.
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Figure A.1: Standard error ellipse. In this case the correlation is negative.
Graphic taken from [139].

Usually not the likelihood function but the log-likelihood is maximized,
as it is computationally easier to handle. The functions are maximized by the
same values 6, as taking the log of a function is a continuous and monotonic
operation. Thus one can find the maximum likelihood estimators by solving

Oln L B
00; N

0, j=1,...,n (A.2)

A way to determine the correlation of the parameters 6; is the determination
of the off-diagonal elements of the covariance matrix

Vig = ((0: = i) (05 — 1)) (A.3)

where p;, u; are the means of ; and 6;. In case of the maximum likelihood
the elements of the inverse covariance matrix can also be determined as

B 0?In L
N (90i89j'

(V7Y (A.4)

Note that this can lead to an underestimation of the variances for finite
samples. The correlation between parameters is defined as

‘/; .

)
0,035

pij = (A.5)

where o; and o; are the standard deviations of ¢; and 6;. Naturally the
quantity p;; takes on values between —1 and +1, thus a parameter corre-
lates perfectly with itself, as p; = 1. There is no correlation between two
parameters for p;; = 0.
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For large samples L takes on a Gaussian form and one can estimate the
s-sigma standard deviation, being a contour line defined by the parameter
values 0’ by subtracting

82

In L(0") = In Loy — 5 (A.6)

where In L, is taken at the best-fit points of the parameters. For two pa-
rameters 6; and 6;, the tangents (parallel to the coordinate system axes)
define o; and o;. The tilt angle of the major axis is given as

20y 030,
tan 2¢ = 0_2%0_2], (A?)
[ J

where p;; is again the correlation coefficient. Thus parameters are uncorre-
lated, when the axes of the ellipse are parallel to the coordinate axes. The
connection is displayed in Fig. A.1.

A.2 2 analysis

The method of least squares or y? analysis is analogous to the maximum
likelihood method, if one has a set of independent measurements with obser-
vation O;, that are Gaussian distributed around the mean p; with variance
o2. In this case the set of parameters f that maximizes the Likelihood is the
same that minimizes x? and we have

N 9
) A 0, —1T,
X2(9) = —21In6 4+ constant = E %’
i—1 i

(A.8)

assuming that we have binned data and that we expect theoretically a certain
number of events T; in bin 7. The method of least squares can be used to
perform a goodness of fit test. After the measurement has taken place we find
a number O; of events in bin 7. We treat the O;’s as independently distributed
random variables. We can test our theoretical hypothesis now by calculating
the x? function. The values of this x? are tabulated and give, dependent on
the number of degrees of freedom (the number of independently distributed
variables) the significance level for this hypothesis, meaning the probability
that the hypothesis is true.

A more sophisticated x? analysis includes prior information on parameters
or detector performance, where systematic errors can be included. This can
be done with the pull method, when adding so called pull terms xpu to
the general 2. Implementing additional measurements and constraints on
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parameters can be done in this way, if our expected event rate is dependent
on multiple parameters. Assuming that some of our parameters are measured
independently with best fit 1; and one sigma uncertainty o), we can write

XQZZ'ET—FZM, (AQ)

where k is the number of parameters one has external information on. This
function is then minimized over the parameters \.

In the assumed application of the y? method one has a data sample and
tries to fit parameters to this data. However, to study the sensitivity of fu-
ture experiments we introduce a procedure, which was to our knowledge first
used by [7, 8, 133] in the context of long-baseline oscillation experiments.
Here some input parameters are assumed to be the true values, for which
now predictions for the observables in a given experiment are made without
statistical fluctuations. These predictions are used as “data” and a statisti-
cal analysis of these data is performed in order to see how well the input
parameters can be reconstructed. With this procedure one can estimate the
performance of an “average” experiment.

The interpretation of these error forecasts is subtle. According to
Refs. [134, 135] a real measurement can substantially deviate from these
predictions. However, also according to Ref. [135], the probability to detect
a predicted 2o sensitivity is usually better than 50%, but also substantial
deviations can occur. In order to obtain the desired confidence interval of
a specific parameter one has to minimize the y? function of the setup with
respect to all other parameters, which leaves us with only one degree of free-
dom.
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df 0.995 0.99 0.975 0.95 0.90 0.10 0.05 0.025 0.01 0.005
1 - - 0.001 0.004 0.016 2706 3841 5.004 6.635 7879
2 0.010 0.020 0051 0.103 0211 4.603 399 1378 9210 10597
3 0072 0.115 0216 0332 0.584 6231 T.313 0348 11345 12.338
4 0207 0297 0424 0.1 1.064 1779 5438 11.143 13277 14.360
5 0412 0554 0.831 1.145 1610 9236 11.070 12.833 15.086 16.750
] 0.676 0.872 1237 1635 2204 10645 12592 14 449 16.812 18548
7 0939 1239 1.690 2.167 283 12017 14.067 16.013 18475 20278
8 1344 1.646 2180 2733 3450 13362 15507 17535 20.090 21.955
o 1.735 2.088 2700 3325 4168 14634 16.919 19.023 21.666 23580

10 2156 2338 37 3840 4365 153987 13.307 200483 23200 25188

11 2603 3.053 3816 4375 3378 17275 19.673 21.920 24725 26757

12 3074 35N 4404 3226 6304 133540 21026 23.337 26217 28300

13 3.565 4107 5.009 3802 742 19812 22362 24736 27.688 20810

14 4075 4.660 3.629 6.371 1790 21064 23683 26.119 29141 31319

15 4.601 3229 6262 7261 8347 22307 24996 27488 30578 32.801

16 5.142 j.812 6.008 7962 93512 23542 2629 28.845 32.000 34267

17 5.607 6.408 7564 8672 10085 24769 27587 300191 33.400 35718

18 6265 7.015 3231 0300 10863 23080 23860 31.526 34.805 37156

19 6.844 7.633 3007 10117 11651 27204 3014 32852 36.191 38582

20 7434 3260 9301 10851 12443 23412 31410 34170 37.566 30007
21 8034 3.807 10283 11591 13240 29615 32671 35479 38.032 41.4m
22 8.643 9542 10,982 12338 14041 30813 33024 36.781 40280 42,796
23 9260 10.196 11.689 13091 14848 32007 33172 38.076 41.638 44181
24 9886 10.856 1240 13848 1563% 331% 36415 30364 42980 45550
25 10.520 11524 13120 14611 16473 34382 37652 40.646 44314 46008
26 11.160 12.198 15844 15379 17292 35563 38.883 41.9323 45642 48200
27 11.808 12.879 14,573 16151 18114  36.741 40.113 43.195 46.963 40545
28 12 461 13363 15308 16928  18.93% 37916 41337 44 461 48278 50.003
29 13121 14256 16.047 17708 19768 39087 42537 45722 49 588 32336
30 13.787 14953 16.791 13493 203%% 40256 43773 46970 50.802 33672
40 20.707 22164 24433 26509 28051 51805 53.738 30342 63.691 66.766
50 27901 20707 32357 34764 37689 63167 67503 T1.420 76154 70 400
60 35534 37485 40482 43188 46458 4397 79.082 33208 88379 01.052
70 43275 45 442 48.758 51730 35329 83527 80551 95023 100425 104215
80 51172 33340 37153 60391 64278 96578 10L8T 106620 112320 116321
90 39196 61.754 63647 69126 73201 107565 113143 118136 124116 128200
100 673528 T0.063 74222 71820 B2338 118498 124342 1203561 135807 140169

Figure A.2: Tabulated values of x? for different degrees of freedom. The values
on top of each column denote the probability that a hypothesis is not true.
Table from [140].
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Appendix B

Neutrino oscillations

There are several intrinsic properties of the neutrino that are a matter of
intensive research. There is the question, whether the neutrino is Majorana-
(neutrino and anti-neutrino are identical) or Dirac-like (neutrino and anti-
neutrino are different particles) [141]. Moreover, the absolute mass of the
particle is unknown, which is searched for by energy endpoint measurements
of the electrons released in tritium decays or in neutrinoless double beta-
decay experiments, if the neutrino is Majorana-like. It is known that the
number of active light neutrinos is three, yet there is still the question, if
there could be sterile neutrinos. However, all these properties do not play
any role in studying neutrino sources, as we do in this thesis. Therefore, we
omit a further discussion.

Another important aspect of the intrinsic neutrino properties are neutrino
oscillations. In this thesis, we do not study neutrino oscillations in detail, but
use results obtained by several experiments. Indeed, the exact values of the
oscillation parameters play a subdominant role, when studying both terres-
trial neutrinos and reactor neutrinos as well as diffuse supernova neutrinos.
Nevertheless, we will shortly discuss the principles of neutrino oscillations
and display some equations to calculate the oscillation probabilities.

Quantum mechanically, each neutrino state can be described as a su-
perposition of states defined in a certain basis. In neutrino oscillations one
generally uses two bases, the mass eigenstate basis with the elements vy, 15, v3
and the flavor eigenstate basis with v, v, v,. The flavor eigenstates are also
the eigenstates of the weak interaction and are not identical to the mass
states. Therefore, we can introduce a unitary 3 x 3 matrix U that describes
the transition between the two bases. The transition can be written in the
form U = Uz - Uiz - Uyo, where Uy describes the rotation between the v, vo-
sector and the v, v, -sector, and so on. Thus the transition corresponds to
three subsequent rotations with phase angles 6,5, 623 and ;3. Additionally,
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one can account for possible CP violation a Dirac phase §. All together, we
have for the transformation matrix
—is

C12C13 512€13 513 €
_ ) ié
U= —512C23 — C12523513€ C12C23 — 512523513€ 523C13 ) (B-l)
” "
512523 — C12C23513€" —C12523 — $12C23513€" C23C13

where we have used the usual notations ¢;; = cos;;, s;; = sin6;; [142, 143,
144]. In case of Majorana neutrinos we have two additional phases that can
be included with the matrix diag(1, exp ia, expif3).

The neutrino flavor eigenstates are related to the mass eigenstates by

Vo= S Uzl (B.2)

The time-evolution of the mass eigenstates can be described with the usual
Schrodinger equation?
d

i— |v), = H |v),

" Z (B.3)

= m; |V>1

and B
(), = e w(0)),

(2

— ™ (0)), - (B4)

We only consider relativistic neutrinos, where E, > m, and the propagation
distance x ~ t. Hence we can express

2

mix  miL
mit = Eit — pjx = Eit — x\/E? —m? ~ 5F ~ 95’ (B.5)

where the baseline L is the distance between neutrino generation and detec-
tion. Combining Eq. (B.5) with Eq. (B.2) and Eq. (B.4) we can calculate the
probability P,_.3 for a flavor transition after time ¢ from the square of the
amplitude in the following way

2 2

ik
Posp=|{wslv®)) > = > Usre 2" (vg|vi)
k

2
2

= > Uﬁ*jUak‘f*i%L (vjlvi)?
k7j

2

7712

= YUy Uspe 2t
k

4Amij
= > UakngU;jUﬁje—ZTL (B.6)

k.j

INote that we use natural units, h = ¢ = 1.
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with Amg; = mj —m?. One can calculate the oscillation probabilities that
occur in measurements of reactor, solar and atmospheric neutrinos as

. .92 Am2,L
P._. =~ 1—sin*20;3sin® =73~ (reactor)
. .9 Am2,L .
P,y =~ 1—4cos?b3sin®Oy3(1 — cos? f13) sin® =532~ (atmospheric)
—_ 4 ) .. 92 Am2, L 4
P._e = ci3(1—sin”2055sin” =2=) + 573 (solar).

(B.7)

Hereby we have neglected the subdominant contributions to the oscillation
probabilities. Precisely, we have neglected CP violation and the contribution
from sin? 2702k 0 for reactor and atmospheric neutrinos, as we have here
only short baselines (~ 1 km) and low energies (< 10 MeV) and can assume
that the neutrinos with mass eigenstate v; and vy are quasi-degenerate. For
solar neutrinos we can average sin’ AT—%L ~ 0.5, because of the long baseline.
The current best-fit values of the mixing angles and the solar and atmo-
spheric mass squared differences, Am? = mj — mj and Am3 = mj — m},

and their 1, 2 and 3 o ranges are according to Refs. [145, 146]:

Am? = (T.97030068) x 107 eV?

sin?f, = 03175003000 %0

Am} = (229030T68) x 1070 eV? (B.8)
sin2 923 = 0501—882:8};:8127

sin?f;3 < 0.012 (0.028, 0.046) .

The present best-fit value for sin?#3 is 0 and there is no information on any
of the phases. CP violating effects (6 # 0) require all mixing angles to be
non-zero.
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