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Abstract

The work presented in this thesis is based on the solar neutrino experiment
Borexino and the reactor neutrino experiment Double Chooz. Both experi-
ments are sensitive to sterile neutrinos which are motivated by several oscil-
lation experiments that are not compatible with the three neutrino case.
Borexino has an active volume of ~ 300t scintillator. It is placed in the Lab-
oratori Nazionali del Gran Sasso (LNGS) with a rock coverage of 3800 meter
water equivalent. Borexino is sensitive to all solar neutrinos. This work fo-
cuses on the ®B solar neutrinos. The internal background consists mainly
of 208T] decays, which is determined via the branching of the 212Bj 212 Po
coincidence. The external background is caused by 298T1 and 214Bi decays
with gamma energies up to 3.2 MeV. They define the threshold of the anal-
ysis at 3 MeV. Cosmic muons muons are identified via Borexino’s optically
separated subdetectors with an efficiency close to one. Through spallation
on 12C cosmogenic radiosotopes are created as secondary background, which
can be partly vetoed by two different time windows after a muon. Special
care was given to the long lived 11Be which is partly contained in the longer
time window . However (3.2 4 0.6) - 103 ¢pd/100t events survive the veto.
Within the inner 3m a simple counting analysis is possible which gives a 8B
neutrino rate of 0.24 + 0.01cpd/100t. In a further step the fiducial volume
could be increased to the full sensitive volume. Probability density functions
(pdf) containing the spectral and radial distributions of the signal and back-
ground were created via monte carlo. The pdf’s were fitted to the dataset
resulting in a neutrino count rate of 0.24 £ 0.01¢pd/100t. Sterile neutri-
nos would change the neutrino’s survival probability. The simulation was
adjusted accordingly and the changed model compared to the MSW-LMA
solution. No hints for sterile neutrinos were found.

The Double Chooz experiment consists of two identical detectors with a
baseline of 1050 m and 400 m, respectively, to the Chooz B reactor in France.
It detects reactor antineutrinos via the inverse beta decay. Its main goal
is to measure the mixing angle 613, which was measured to be sin26;3 =
0.105 4+ 0.014. The precision on the proton number is dominating the uncer-
tainty of #13. During decommissioning the scintillator mass was measured
and the uncertainty of the proton number could be reduced by a factor of
two. Double Chooz is also sensitive to sterile neutrinos. The search for sterile
neutrinos is based on a likelihood fit that relies on the comparison of the near
and far detector data. No disappearance in addition to the three neutrino
case was found.






Zusammenfassung

Die vorliegende Arbeit basiert auf dem solaren Neutrinoexperiment Borex-
ino und dem Reaktorneutrinoexperiment Double Chooz. Beide Experimente
sind sensitiv fiir sterile Neutrinos, die durch verschiedene Oszillationsexper-
imente motiviert sind, die nicht mit dem Drei-Neutrino-Fall vereinbar sind.
Borexino hat ein aktives Volumen von =~ 300t Szintillator. Es befindet
sich im Laboratori Nazionali del Gran Sasso (LNGS) mit einer Abschir-
mung von 3800 Meter Wasseraquivalent. Borexino ist sensitiv fiir alle so-
laren Neutrinos. Diese Arbeit konzentriert sich auf die solaren ®B-Neutrinos.
Der interne Untergrund besteht hauptsachlich aus 2081 Zerfillen, die iiber
die Verzweigung der 212Bi —212 Po Koinzidenz bestimmt werden. Der ex-
terne Untergrund wird durch 208T1- und 214Bi-Zerfille mit Gammaenergien
bis zu 3,2MeV verursacht. Sie definieren die Schwelle der Analyse bei 3
MeV. Kosmische Myonen werden iiber die optisch getrennten Subdetektoren
von Borexino mit einer Effizienz nahe eins identifiziert. Durch Spallation
an 12C entstehen kosmogene Radiosotope als sekundérer Untergrund, die
durch zwei unterschiedliche Zeitfenster nach einem Myon teilweise gevetot
werden konnen. Besondere Aufmerksamkeit wurde dem langlebigen 11Be
gewidmet, das teilweise im léngeren Zeitfenster enthalten ist. Allerdings
iiberleben (3,2 %+ 0,6) - 10 3 c¢pd/100t Ereignisse das Veto. Innerhalb der
inneren 3m ist eine einfache Zahlanalyse moglich, die eine 8B-Neutrinorate
von 0,24 £ 0,01 cpd/100t ergibt. In einem weiteren Schritt kénnte das Vol-
umen auf das volle empfindliche Volumen vergroflert werden. Wahrschein-
lichkeitsdichtefunktionen (pdf), die die spektralen und radialen Verteilungen
des Signals und des Untergrunds enthalten, wurden mittels Monte Carlo
erstellt. Die pdfs wurden an den Datensatz gefittet, was zu einer Neutrino-
Zahlrate von 0,24 4+ 0,01 c¢pd/100t fiihrte. Sterile Neutrinos wiirden die
Uberlebenswahrscheinlichkeit des Neutrinos verandern. Die Simulation wurde
entsprechend angepasst und das geanderte Modell mit der MSW-LMA-Losung
verglichen. Es wurden keine Hinweise auf sterile Neutrinos gefunden.

Das Double Chooz Experiment besteht aus zwei identischen Detektoren mit
einer Distanz von 1050 m bzw. 400m zum Chooz B Reaktor in Frankre-
ich. Es weist Reaktor-Antineutrinos tiber den inversen Betazerfall nach.
Sein Hauptziel ist die Messung des Mischungswinkels 613, der mit sin?6;3 =
0,105+0,014 gemessen wurde. Die Genauigkeit der Protonenzahl dominiert
die Unsicherheit von #13. Wahrend des Abbaus wurde die Szintillatormasse
gemessen und die Unsicherheit der Protonenzahl konnte um den Faktor zwei
verringert werden. Double Chooz ist auch sensitiv fiir sterile Neutrinos. Die



Suche nach sterilen Neutrinos basiert auf einem Likelihood-Fit, der sich auf
den Vergleich der Daten des nahen und fernen Detektors stiitzt. Es wurde
keine Ostzillation zusatzlich zum Fall der drei Neutrinos gefunden.
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Chapter 1

Introduction

In 1930 Pauli introduced the neutrino as a way to preserve energy and spin in
the £ decay of radioactive nuclei. Afterwards during 1956 Cowan and Reines
were the first to detect neutrinos [1] and thus founded a new field of physics.
While first experiments used reactors as neutrino sources Davies was the first
one to detect solar neutrinos in 1968 [2].

In the aftermath of these discoveries several astonishing properties of the
neutrinos were revealed, with the solar neutrino problem [3] being the most
established one. There was an unexpectedly low rate of observed solar neu-
trinos, which finally could be resolved by the introduction of neutrino flavor
oscillations[4]. Later on this new mechanism was confirmed by reactor exper-
iments [5] and via atmospheric neutrino oscillations [6]. Nevertheless several
properties of the neutrino remain unknown. The absolute mass scale of the
neutrino mass eigenstates, their ordering, and the size of a possibly CP vio-
lating phase 0 of the mixing matrix are still open questions[7|. Furthermore,
it could not be verified if neutrinos are of Dirac or Majorana nature [8].

As neutrinos interact only weakly and thus are hardly affected by matter,
they point directly to their source which renders them excellent messengers.
These properties allow to investigate astrophysical phenomena, like solar
fusion, supernovae and radiogenic heat production in the Earth.

However, the low cross section of neutrino interactions requires huge detec-
tors, including severe understanding of the device’s performance and well
established background models.

Thus, the Borexino detector [9], that started data acquisition in 2007, was
built. It is designed to perform real time solar neutrino spectroscopy. Due
to its high light yield and record high radiopurity the experiment spawned
terrific results. It is the first detector to measure all neutrinos of the pp-chain



except the least abundant hep neutrinos[10, 11] . Furthermore it yielded the
best limit on the CNO neutrino flux [12] and a spectroscopic measurement
of geo neutrinos [13].

The first chapter gives a brief overview of neutrino oscillation, neutrino
sources and introduces sterile neutrinos. Chapter 1.8 introduces the Water-
Cerenkov technology. In chapter 2 the set up of Borexino and its results are
presented. The detection channel of Borexino and the data set used in this
work are described. The following chapter 4 introduces internal backgrounds.
Muons as backgrounds and isotopes created by them are handled in chapter
5. A simple counting analysis of solar neutrinos is presented in chapter 6.
A analysis based on the whole detector volume is discussed in chapter 7.
Searches for sterile neutrinos based on the 8B neutrino spectrum are pre-
sented in chapter 8. Chapter 9 introduces the upcoming JUNO detector and
its possibilities for solar 8B detection. The reactor neutrino experiment Dou-
ble Chooz, its capabilities for a sterile neutrino search and an improvement
of the experiment’s systematic are presented in chapter 10 . A overview of
the current situation of the search for sterile neutrinos is given in chapter 11.
The present work is based on data generated by the Borexino experiment.

1.1 Neutrinos in the Standard Model

The Standard Model of Particle Physics (SM) is described via a local SU(3) x
SU(2)xSU(1) gauge symmetry of a quantum field theory. The SU(3) depicts
the strong force, the SU(2) the weak force and the SU(1) the electromagnetic
force [7]. Furthermore the weak and electromagnetic force can be combined
via an SU(2)xSU(1) gauge group, introducing electroweak interactions|14].
Gravitation, being the fourth fundamental force, could not be included in
this model yet. However, gravitational effects are insignificant compared to
the other three forces, so the SM is able to give a precise predictions of par-
ticle interactions.

According to the standard model leptons and antileptons are divided in three
generations, each consisting of a charged lepton and a neutral, massless neu-
trino, where the neutrino just undergoes the weak SU(2) interaction. The left
handed fermions form duplets under SU(2), while the right handed fermions
so far are described as a singlet[7]. So the fermions are arranged as:

(yi)L <VIL)L (,,TT)L ®R) HR> TR (1.1)

with L and R indicating the left-and right-handyness of the particle. The
weak interaction is induced via Charged current (CC) reactions, by exchange



of a W (myy = 80 GeV) that can change the particle type within one gener-
ation, while neutral current (NC) reactions, by Z° (my = 92 GeV) exchange
don’t affect the particle type. As a result of Heisenberg’s uncertainty princi-
ple these high masses of the exchange bosons result in the short range of the
weak interaction. The weak interaction is maximally parity violating, there-
fore Z9 and W just couple to left handed particles and right handed antipar-
ticles. This renders it impossible to generate mass via the standard Higgs
mechanism, as the Yukawa interactions needed require left- and right-handed
interactions, therefore the masslessness of neutrinos in the SM. Hence, the
neutrino is always in a pure chirality eigenstate. But there are several exper-
iments on atmospheric[15], solar [4] and reactor neutrinos [5] that prove this
model to be incomplete as they have observed flavor changing oscillations.
This also implies, that at least two neutrinos do have a rest mass.

1.2 Vacuum Oscillations

In 1962, Maki, Nakagawa and Sakata were the first to introduce flavor chang-
ing neutrino oscillations[16]. They express the weak flavor eigenstates of the
neutrino (Ve,uu,l/T) as linear superpositions of orthogonal neutrino mass
eigenstates (v, vo,v3)[7]:

Ve "
Vr VS

The translation between eigenstates is accomplished by the unitary 3x3 Pon-
tecorvo Maki Nakagawa Sakata (PMNS) matrix U. Similar to the CKM in
the quark sector [17, 18] the PMNS matrix can be parameterised by three
mixing angles 6;; and one CP violating phase ¢ [7].

i0

1 0 0 €13 0 si3e c12 s12 0
U=10 c93 s93 0 1 0 —s12 c12 0 (1.3)
0 —s23 co23 78136715 0 «c13 0 0 1

The parameters s;; and ¢;; are abbreviations for sin 65 and cos 63, respectively.
If neutrinos are of Majorana nature, i.e. they are their own antiparticles, two
additional CP-violating phases would be introduced [19]. These Majorana
phases are neglected in the following, as they do not contribute the oscil-
lation probability [7]. In the following the plane wave approach is used to
illustrate neutrino oscillation. A more detailed approach using wave packet
and quantum field theory is given in [20].

Neutrinos are created and detected in their flavor eigenstates, but propagate



as mass eigenstates. These states have to solve the Schrodinger equation[7],
thus the temporal development is given by:

1 (1)) = e i 15 (0)) (1.4)
with E; the energy of the mass eigenstate m; and h = c = 1.

Assuming a small finite but small rest mass for the neutrino, so that m; < p;
and p; ~ E; is valid, one can approximate the neutrino Energy as:

2 2

mi: m:
Ei:,/p12+mi2:pi+2p{gE+ﬁ (1.5)

1

From formula (1.2)-(1.5) it follows that the probability to detect a neutrino in
the flavour eigenstate § which is produced in the flavor eigenstate o flavoured
one is:

Pacss = | (v5 | va() (16)

3
with|va(t)) = > Ui |vi(t)). Thus the oscillation probability may be ex-
i=1
pressed as:

2 2

3 2

.met 3 . m.2t
Z <V/3 | Vi> ol (| va) UaiUgieﬂﬁ
i=1 i=1
On the other the so called survival probability to detect a neutrino which
was produced in the flavor eigenstate o again in the same flavor eigenstate
« is given by:

Pa—>6 - (1'7)

2
m2t

3 2
D UgUhe 20| =
i=1

Pa—>a -

(1.8)

3 .m.2t
> |UaifPe 2l
i=1

For antineutrinos, U has to be replaced by U* in equation (1.7) and 1.8 [21].
Up to now the ultrarelativistic condition is valid for all neutrinos, which
implies that for the distance L the neutrino has travelled since its creation
L ~t can be assumed. Thus equation 1.7 and 1.8 become:

3 2
Poosg = |Y_ UgiUfze 2000 (1.9)
i=1
and
3 2
Pa—sa = Z ‘Uozi|2 6721Api (1'10)
i=1




Parameter Value
Am?, 737700 - 10 Pev?
|Am?| | £(2.50 £0.13) - 10 eV? (NH)
Am?| | (24675054 10 %ev? (1)

sin? (A1) O.297_+094577
sin2(fa3) 0.437f0%187§9 +0.013 (NH)
sin?(6a3) 0.569 7)1 + 0.013 (IH)
sin2(613) 0.02145%0%%332 (NH)
sin2(013) 0.0218;8.8 5 (IH)
S\ 1'351004%7 (NH)
S\ 1.32727 (1H)

Table 1.1: Current neutrino oscillation parameters, with NH indicating nor-
mal and IH inverse hierarchy [22]

with fixed index p and:

AmgiL
Api = (Ei—Ep) t ~ s (1.11)

2 _ 2 2
where Am ;| =m{ - mg.

So the probability to detect a neutrino created in the flavor eigenstate « in
the flavor eigenstate o\ will oscillate with L/E. Thus, this phenomenon is
called neutrino oscillation. The oscillation amplitude is given by the mixing
angles and the CP violating phase §, while the frequency is proportional to
Amj;. Thus the observation of neutrino indicates that Almy;| > 0 for at least
one pair (i,j), meaning that at least one neutrino masseigenstate differs from
zero. Furthermore, U is not diagonal, i.e. the mixing angles have non zero
values.

Given that sin?(260;3) is very small and Am%3 > Am%Q (see table 1.1), it is
often justified to just consider oscillations between two neutrinos. With this
approach the oscillation probability (1.7) changes to:

2 2
Py, = sin(20)sin2 (%L) (1.12)

Up to now, the mixing angles 6;; and the mass differences A%2 and |Amas3|?
have been measured. Best fit parameters with three o range, obtained via
a global analysis are given in table 1.1 [22]. The sign of A%Q is given by
solar neutrino experiments [23, 24] (see section 1.3), while the sign of Am%S



is still unknown. Therefore, two different orderings of the neutrino mass
eigenstates are possible, the normal mz > mo > m; (NH) and inverted
hierachy mo > mj; > mg (IH). Hence, Am = m% - (m% + m%) /2 is use in

table 1.1. With this value being positive for the NH and negative for IH [7].

1.3 Oscillations in Matter

In Normal matter matter neutrinos may scatter coherently on electrons and
nucleons. Neutrinos with all flavors can interact via neutral current interac-
tions (NC). On the other hand, for neutrino energies below the rest mass of
muons and tauons, only electron neutrinos may scatter via charged current
(CC) reactions. Figure 1.1 depicts the Feynman graphs for this interaction.
It shows that every flavor can couple vi athe ZY boson, while only the electron
neutrinos couple via the W+ bosons.

Ve ju,t Ve it Ve e

ZD

e e~ e Ve
Figure 1.1: First order Feynman diagrams for neutrino-electron scattering.
Left: Neutral current reaction through AL exchange, possible for all neutrino
flavours. Right: Charged-current reaction through W* exchange. For solar
neutrinos only electron neutrinos can interact in this way.

Hence, the electron neutrino cross section is larger compared to the other
flavors. This enlarged cross section creates an additional potential

V = V2GpNe (%) (1.13)

with the Fermi constant G¢ and the electron density Ne (X). One can inter-
pret this potential as an additional mass term in the Hamiltonian describing
the propagation of the neutrino mass eigenstates. As the third matter eigen-
state vy, effectively decouples from the first two mass eigenstates and is not
affected my solar nor earth matter (v3,, ~ v3), the electron neutrino survival
probability may be approximates by the following term [25]:

Pec = clyPor (012, Amdy,cF3V) + %y (1.14)

6



where Pge is the electron neutrino survival probability in the two flavor ap-
proximation and an effective potential c%3V.
The two flavor mixing angle in matter is [26]:

cos (2012) — 2EV/Am%2
\/(cos (2012) — QEV/Am%)2 + sin (2612)

with the neutrino energy E, the vacuum mixing angle 12 and the vacuum
mass difference Amjg. Three special cases can be derived from this eqation:

cos (2019, m) = (1.15)

° 2EV/Am%2 < c082019 = cos2012y & cos26q2 : the mixing angle is
almost not affected by the matter (vacuum region)

° QEV/Am%2 ~ cos 2012 = 019, ~ 45° the mixing between the neutrino
flavors is maximal, independent of the value of 019

. QEV/Am%Q > cos2019 = f12.m ~ 90° almost no mixing and ve =~
V9 m,i.e. an electron neutrino mainly consists of the matter eigenstate

V2 m

The last point is valid for solar neutrinos, that are produced in the solar core
for energies above ~ 10 MeV. As presented in section 1.4 these neutrinos
are created as electron neutrinos. Hence, they almost consist purely of the
mass eigenstate v . When these neutrinos propagate through the sun the
electron density will decrease towards the solar boarder, thus the mixing angle
012,m changes, too. Due to the small gradient of electron density in the sun, it
Sin(2912)
Sin(29127m) '
Hence, at a resonance point an adiabatic conversion appears leaving the
neutrinos in the mass eigenstate vo ;. This resonant conversion is called
the Mikheev-Smirnov-Wolfenstein (MSW) effect [27]. The implications of
the effect and a path of neutrino through the sun are depicted in figure 1.2.
Since the probability for a non adiabatic transition between v 1, and vq p, is

can be assumed as constant over several oscillation length Ly, = L

2
Pe=107-107" (MLeV> 26] it will be neglected in the following evaluation .

When the neutrino leaves the sun the normal PMNS matrix applies, however
the neutrinos are in the mass eigenstate v9 ;, and thus, do not oscillate on
their travel to earth. When the neutrino traverses the earth a transition
V9 m — V1.m, the so called earth-matter-effect, is possible. However, this only
changes the probability Pee by 1-2% and will be neglected in the following
[25]. So the probability to detect a electron neutrino produced as ve is:



Resonance point No(X)

Figure 1.2: Sketch of the MSW effect. The electron density on the right
represents the solar core. Neutrinos created in the core, travel to the left to-
wards the vacuum while the electron density decreases. Due to the adiabatic
conversion a Ve leaves the sun in the mass eigenstate 9. In the vacuum this
becomes a v, [29]

Pee = |(1/2’m|1/e>|2 ~ sin? (2012)) ~ 30% (1.16)

Averaging over all possible production points of neutrinos, the two flavor
survival probability is given by.

1
Py = 5 [1 + cos 2019 (cos 26’127m>} (1.17)

with (cos 2019 1) being the value of cos 2612 1, averaged over all production
points, calculated by:

Ro
(cos 2019 1) = / drf(r) cos 2619 (1.18)
0

Here, R is the Radius of the sun and f(r) the normalized distribution func-
tion of neutrino sources[28]. Equation 1.15 shows that the mixing angle 619
is energy dependant, therefore also the survivial probability Pee is energy
dependant.

Figure 1.2 shows the survival probability for solar neutrinos as predicted by
the MSW-large mixing angle (MSW-LMA) solution, combined with measure-
ments from the Borexino experiment for different solar neutrinons [30]. The
LMA solution is confirmed by the KamLAND [5] and Borexino experiment

8
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Figure 1.3: The energy dependant survival probability for solar ve. The
grey band depicts the 1o range for the predicted survival probability by the
MSW-LMA solution. The latest Borexino measurements of 7Be, pep, and
pp neutrinos[30] plus the 8B measurement [31] are all in agreement with the
prediction.

[32]. Three different regimes may be distinguished. The low energetic pp,’Be
and pep neutrinos (see section 1.4) are vacuum dominated, while the high
energy part of the 8B neutrinos are matter dominated. In between, at around
2-5MeV lies the transition regime.

So far all measurements have been performed in the vacuum or matter regime,
while the transition region has only slightly been touched. However a mea-
surement in this regime is crucial, as physics that affects the interaction
of neutrinos with matter would be visible in the oscillation probability in
this region. For example, in a simple extension of the standard model the
fermi constant Gy can be exchanged by Ayigw Gy, with Aygw=1 being the
standard model case. For Ayjqw < 1 the matter effect is weakened, while
Apnisw > 1 enhances it. Therefore, the survival probability in the transition
region is either reduced or enhanced, respectively. Current solar neutrino
data constrains it to:

—0.42
Ayisw = 147,52, (1.19)
which is consistent with the SM.



1.4 Solar Neutrinos

The sun generates its energy by fusion of hydrogen to helium. The net
reaction is:

4p =4 He + 2et + 20 (1.20)

An energy of Q=26.7MeV is released during this reaction. There are two
fusion chains that fuse hydrogen to helium. The pp-chain [33] , being the
dominant one in the sun, is depicted in figure 1.4. Here hydrogen is, over
several steps directly fused to helium. The neutrinos are named after the
reaction in which they are created. The pp-chain produces pp, 7Be, pep, B
and hep neutrinos. The corresponding neutrinos are marked red in figure 1.4.
As pp, ®B and hep neutrinos are produced via a three body decay, they have
a continuous spectrum. Contrary the pep and "Be neutrinos are produced
in two body decays and are monoenergetic.

The subdominant chain is the so-called CNO cycle [34]. Due to the higher
coulomb barrier of its involved nuclei, it is more sensitive to the star’s core
temperature than the pp chain. Hence, it also depends more on the metallic-
ity of the star, with metals being elements heavier than helium. Therefore,
in heavier stars it is the main source of energy production, while in the sun it
contributes ~ 1,5% to the energy production. The cycle is depicted in figure
1.5. Carbon, nitrogen and oxygen act as catalysers for this reaction. The
13N, 150 and !"F neutrinos (marked red in figure 1.5) all have continuous
spectra.

The total solar neutrino spectrum as predicted by the Standard Solar Model
(SSM) is presented in figure 1.6.

As the pp reaction is the first the one in the pp chain and the theoretical
branching of the pp and pep branch is well understood, the pp luminosity
is directly correlated to the solar luminosity. Hence, it is very well known.
Therefore also the theoretical errors on the pep flux are very small. Since for
the cross section of the other fusion reactions and the element abundances
the uncertainties are rather large, the neutrino fluxes can not be calculated
as precisely [35]. For "Be neutrinos there are two lines, since in 10% the "Be
nucleus decays to an excited state of Li.

There are two opposing measurements for the solar metallicity. One favors
a low metallicity (AGS)[36], the other a high metallicity (GS) [37] standard
solar model. The "Be, 8B and CNO neutrino flux is strongly correlated to
the metallicity. However, so far the theoretical uncertainties for the 'Be
and 8B fluxes are too high to distinguish between the models. However, for
CNO neutrinos the theoretical uncertainties are small enough that a future
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Figure 1.4: The pp chain [33]. There are five neutrino generating reactions.
Neutrinos are marked red. Due to the kinematics of the reaction the pp,

8B and have neutrinos have a continuous spectrum, while the "Be and pep
neutrinos are monoergetic.

11



99.95%
'y
0.05% ;
15N+p_>160_|_,y 17O+p—>14N+4H€
4
160 +p — F +y ITF = 170 + " + v

Figure 1.5: The CNO cycle [34]. The three neutrinos from 3N, 150 and 17F
have due to the kinematics of the reaction continuous energy spectra and are
marked in red.

measurement could solve this issue.
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Figure 1.6: The solar neutrino spectrum calculated according to the SSM
[28] . Neutrinos generated by the pp-chain are shown in solid black lines, the
ones from the CNO-chain in blue dashed lines.

1.5 Supernova Neutrinos

Stars with masses greater than eight solar masses (M) can create energy
through fusion until their core consists mainly of iron. It then will be sur-
rounded by an onion like structure of lighter elements. As the binding energy
reaches a maximum for iron, the fusion process stops in the core. Before-
hand the star was in an equilibrium of gravitation and radiation pressure.
The electron’s Fermi pressure in the core cannot substitute the missing radia-
tion pressure and the star will collapse. The contraction of the core continues
until nuclear densities of ~ 1014 gcm—3 are reached. At this point repulsive
nuclear forces stop the collapse and the infalling matter of the outer shells
bounces off the core. An outwards moving shock wave is formed that dissi-
pates nucleons into free nucleons. Behind the shock electron neutrinos are
produced via:

e +p—n+ve. (1.21)

These neutrinos are effectively trapped. At the so called neutrinospehre the
neutrinos decouple from the matter, start to propagate in front of the shock
wave and thus escape the star. This is called the neutronization burst with a
duration of about 20 ms. Some part of the matter is accumulated by the core.
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Figure 1.7: Feynmann graph of the coupling of an electron-positron-pair to
a fermion-anti-fermion-pair. Via this neutrinos are thermally created during
a super nova

Its gravitational energy will thereby transformed to thermal energy. This
enables creation of high energetic neutrinos of all flavors through thermal
processes for ~ 1s. The feynmann graph for this is shown in figure 1.7.
An electron-positron-pair can via the weak interaction form a fermion-anti-
fermion-pair and therefor also neutrinos.

In the end the core deloptonizes and forms a neutron star. It will be cooled
by emission of thermally created neutrinos for ~ 10s as other radiation is
trapped inside. Meanwhile it is assumed that the shockwave stalls as it loses
energy by photodissipation of nuclei and neutrino cooling. The density in
the shockwave is still high enough that it can be reheated by the neutrinos
created in the core. This ejects the outer shells and creates the optical signal.
About 99% of the gravitational energy is transformed into neutrinos, result-
ing in ~ 103 erg emitted in the form of neutrinos. In first approximation
they follow a Fermi-Dirac distribution with zero chemical potential with a
mean energy of 12-18 MeV.

1.6 Reactor Neutrinos

Nuclear reactors are one of the most powerful artificial neutrino sources. The
fuel’s fission products are neutron rich and therefore undergo several beta
decays until a stable isotope is reached. Solely anti neutrinos are produced
this way with a mean energy of 3 MeV and maximal energy up to several
MeV [7]. Figure 1.8 shows the reactor neutrino production using 2357 as
example. Besides the neutrino generation steps also the breeding of Uranium
and Plutonium is visible.

Every fission produces in average an energy of Egg = 210 MeV and (N) = 6
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Figure 1.8: Reactor neutrino generation chain using 23U as example. Neu-
tron rich spallation products undergo several beta decays.[38]
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Figure 1.9: Antineutrino survival probability according to equation 1.23. The
dominant parameters for the mixing are marked in the plot

anti neutrinos. Hence, the neutrino production rate N, is given by:

Nl/ = Nfis ’ <N>

= -(N) (1.22)
Efis

with the fission rate Ng, and the reactors thermal power Pyp,. Modern reac-

tors posses a thermal power of several giga watts and therefore are capable

of producing more than 102! neutrinos per second. Using equation 1.7 the

survival probability for anti neutrinos can be written as [39]

P, = 1 COS481381I12291281112A21
~ sin%2013 <008201gsin2A31 + sin201gsin2A32> (1.23)

2
with Ay = %JL Figure 1.9 depicts the survival probability of anti neutri-
nos for an energy of 3 MeV. The first and second minima are given by Am%l
and Am%l, respectively. The amplitude by the sine square of two times the
respective mixing angle.

Using Am%l < Amgl and Am%l ~ Am%Q one can approximate for the
second minimum:

Am3;L
Pyﬁye%1sin22013< ?él ) (1.24)

This enables a measurement of 13 with a known Am%l.
There are three recent experiments that are using this fact with far detectors
at the second minimum and near detectors closer to the reactors (<400 m) to
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reduce systematics caused by the uncertainties in the reactor spectrum. The
experiments are: Double Chooz [40], Reno [41] and Daya Bay [42]. All three
experiments show an excess above the expected neutrino rate in the energy
region of ~ 4 —6MeV. The origin of the excess is still unknown. A possi-
ble explanation can be the still limited knowledge of the reactor spectrum.
Future high precision reactor neutrino experiments, like Junos near detector
Tao [43] will increase the knowledge of the reactor neutrino spectrum and
thus maybe explain the origin of the excess.

1.7 Sterile Neutrinos

Sterile neutrinos are theoretical right handed neutrinos that carry no weak
charge. Hence, they are not participating in the weak interaction. However,
if their restmass in nonzero they can couple via oscillations to the active
neutrinos cite [44]. There no no theoretical boundaries for the number and
mass of sterile neutrinos [44] There are several that introduce sterile neutrinos
that would solve different problems in physics, like the smallness of neutrino
masses [45, 46], the matter-antimatter assymmetrie in the universe[47] and
dark matter [48]. The simplest model is the so called (3+1) model that
introduces one sterile neutrino with a mass eigenstate v4. It extends the
PMNS matrix to a 4x4 matrix:

Ve Uer Ue2 Uez Uesy "

o | _ Uy Uy Ups Uy ) (1.25)
Vr Ursi Uy Uzpg Uy V3 .

Vg Ust Ug2 Usz Ugy V4

It ads three mixing angles, two Dirac CP-violating phases and one Majorana
CP-violating phase to the PMNS matrix. The sterile neutrino v4 cannot
interact directly. However, v4 affects the oscillation behaviour of the active
neutrinos, as they contain an admixture of r4. For myg > mjy, momg the
survival probability can be approximated with the two neutrino case as:

1.27 - Am}; [eV?] - L[m]> ‘ (1.26)

.9 .9
Pao 03 —Sin (QQaﬁ) sin ( B[MeV]

6%

with sin? (2055) = 4[Uqa|? ‘@w - \Umy?\ [44].
There are several experimental hints that point to the existence of a sterile
neutrino. They will be briefly summarized in the following.
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LSND and Miniboone

The Liquid Scintillator Neutrino Detector (LSND) [49] measured the v, — v
U, — Ve oscillation using a neutrino beam in the energy range of a few tens of
MeV. The detector was placed in a distance of ~ 30 m and measured an excess
ofe of ~ 3.80 above the expectation from the three neutrino case. This
excess could be explained by a fourth neutrino. The purpose of MiniBooNe
[50] was to test this results. It uses the same oscillation but at higher energies
E~GeV and baseline L~540mm. However L/E is the same as for LSND.
MiniBooNe found an excess of 4.7¢0 with the neutrino and antineutrino data,
which is also compatible with LSND. The two experiments combined reach
a significance of 6.0c0. However, the excess manifest just at the lower energy
threshold and is not fully compatible with the (34+1)model [44].

Reactor Neutrino Anomaly

The neutrino rate observed by reactor experiments used to be consistent
with the expectations. A recalculation of the reactor flux created the reactor
neutrino anomaly[51]. The latest calculation show an increase in the expected
reactor neutrino rate of 5% [52], which manifests in a deficit in the measured
neutrino rate. The average ratio of measured and expected rate is R =
0.933 + 0.021 giving a significance of ~ 3.10 [44]. A sterile neutrino with
Amgﬂ > 0.5eV? could explain the anomaly.

Gallium Anomaly

The radiochemical solar neutrino experiments GALLEX[53] and SAGE[54]
used strong 3TAr and 51Cr sources for calibrating the detectors. Both ele-
ments decay via electron capture and an endpoint of ~ 800keV. The neutri-
nos are detected via the charged current reaction ve+/*Ga — ¢ +/1Ge. The
sources were placed very close to the detector with a baseline of ~ 1 m. Both
experiments detected less neutrino than predicted with an average ratio of
R = 0.84 £ 0.05, corresponding to a 2.9¢ deficit [44].A sterile neutrino with
Am?ﬂ > 1eV? could explain the measurements.
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1.8 Real Time Neutrino Detectors

The first detection of solar neutrinos was done by radio chemical experiments.
In started in the 1970s with the Homestake[55] experiment by Raymond
Davies and continued with GALLEX [53], SAGE[54] and GNO [56]. They
are all based on the reaction:

Ve +37C1 537 Ar e (1.27)

Hence, these experiments are only sensitive to electron neutrinos. The unsta-
ble 37Ar is extracted and a decay rate is measured. As the reaction’s energy
threshold is below the pp neutrino endpoint, it is possible to measure the full
neutrino spectrum. However these experiments just provide an integrated
rate above threshold. An lower rate than expected was measured and the so
called solar neutrino problem was created.

On the other side Water-Cerenkov (WCD) and Liquid Scintillator detectors
(LSD) measure the energy of a neutrino in real-time. WCDs can reconstruct
the direction of an interaction, but due to the low light are just sensitive to
the solar 8B neutrinos [24]. The higher light yield in LSDs enables a lower
threshold, so that a measurement down to pp neutrinos is possible[30]. In

the following the Super Kamiokande detector will be described as an example
for WCDs and JUNO for LSDs.

1.8.1 Super Kamiokande

Super-Kamiokande is a Water-Cerenkov detector with 50kt active volume
and 22.5 fiducial volume for the most analyses [57]. It is located in the
Kamioka Observatory that is covered by 1000 m of rock which corresponds
to 2700 m.w.e (meter water equivalent).

Solar neutrinos are detected via elastic neutrino electron scattering:

vk +e —uvxte (1.28)

For neutrino energies below the rest mass of muons, the cross section for
electron neutrinos is roughly six times higher than for muon and tauon neu-
trinos, as they can interact both via CC and NC reactions. The scattered
neutrino leaves the detector whilst the electron is detected via the Cerenkov
effect [58].

If a charged particle travels faster through a medium than the phase velocity
it emits so called Cerenkov light. The particle polarises the medium’s atoms,
which then emit light. If the particle exceeds the phase velocity, this light
interferes constructively. This radiation forms a conical light front along the
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track. A sketch of a track is given in figure 1.10. The opening angle « is
given by the material’s refractive index n and the particle’s velocity 8 = %:

(1.29)

1
cosq = —
Bn
For the ultra relativistic case 8 ~ 1 the angle reaches a maximum of ayax =
acos (%)

As the velocity must be at least § > % the threshold energy is given by:

1
Ethreshold = T (1 '30)

For electrons in water with ny ~ 1.33 the threshold energy is Et}reshold =
800keV and the maximal angle amax = 41.4°. The light yield in water is
roughly 200 photons per MeV[59]. To detect the Cerenkov radiation Super-
Kamiokande is equipped with 11000 20” photo multiplier tubes (PMTs).
This corresponds to a 40% optical coverage. Together with improved water-
circulation, front end electronics and calibration techniques the experiment
obtains an energy threshold of 3.49 MeV [60]. Hence, Super Kamiokande is
not sensitive for pp, cno, pep and "Be neutrinos. However the 8B neutrino
flux is determined to be:

dsp = (2308 00207 i) - 10° (cms) (1.31)

with a lifetime of 1664 and 31, 918f228%3(stat.) +543(syst) events in an energy
range from 3.49 MeV to 19.5 MeV. The SSM predicts more then double the
rate. So this is a clear hint that electron neutrinos oscillate to muon and
tauon neutrinos, as these have a lower cross section for elastic scattering.
The extracted spectrum is compatible with the MSW-LMA solution as well
with a flat neutrino survival probability. A tipturnis slightly favored by fit,
by about 1 0. However the parameters given by the MSW-LMA solution are
slightly disfavored, by about 1.5¢
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Figure 1.10: Sketch of Cerenkov light emission by a charged relativistic par-
ticle travelling through a medium with refractive index n;1. The particle
emits spherical light waves along its track. A light cone forms through con-
structive interference. The opening angle is given by the material and the
particles velocity. [61]
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Chapter 2
Borexino

The Borexino detector was proposed in 1986 [62] to perform a real time so-
lar neutrino measurement in the sub MeV regime. In its predecessor the
Counting Test Facility (CTF) [63] it was shown that the necessary purities
to measure the rare neutrino interactions are reachable with the liquid scin-
tillator technique.

Construction of the main detector started in 1996 at the Laboratori Nation-
ali del Gran Sasso (LNGS). Data taking started in 2007 and is still ongoing
at the time of writing. The main goal of a 'Be neutrino measurement [64]
could be achieved only a few months after the start of data taking. In the
following years all neutrinos of the pp chain, besides the hep neutrinos, could
be detected [11, 12, 31]. For the CNO chain the world leading limit was
achieved [32].

In section 2.1 a description of the detector design of Borexino is given and
in section 2.2 a summary of the physics program is given.

2.1 Detector Design

The Borexino detector is located in Hall C in the LNGS, which is an un-
derground laboratory below the Gran Sasso mountain massive in Abruzzo,
Italy. It is reachable via a highway tunnel. The laboratory is at a depth that
corresponds to 3800 m we. The Borexino detector consists of two subdete-
cotors, namely the Inner Detector (ID) and the Outer Detector(OD). They
are optically separated by the Stainless Steel Sphere (SSS) and filled with
liquid scintillator and ultra pure water, respectively. A scheme of the setup
is given in figure 2.1. in the next two sections a description of the subdectors
is given.
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2.1.1 Inner Detector

At the center of the ID there is ~280t of active volume. It consists of ultra
pure liquid scintillator with a density of p = 0.88t/ m?. The base of the scin-
tillator is pseudocomene (PC, 1,2,4-trimethylbenzene CgHs (CHs)g), which
is doped with the wavelength shifter PPO(2,5-diphenyloxazole, C13h;1NO)
at a concentration of 1.5g/l. Charged particles excite the PC molecules
,which afterwards transfer their excitation energy to PPO. Eventually, PPO
emits photons with a fluorescence time of ~ 3ns and a peak wavelength of
~ 360 nm. A detailed description of this process is given in [65]. The mixture
grants a high light yield of ~ 10% photons per MeV deposited energy and a
attenuation length of ~ 8 m at the peak wave length.

The achieve the required radiopurity levels the scintillator was cleaned on-
site before filling it into the detector. Contaminants from dust (238U, 232y,
4OK), from air (39Ar, 85Kr) and cosmogenically produced "Be were removed.
Thus, the design goal for Uranium/Thorium contamination of j10 0g/g
could be surpassed with values of (5.340.5) - 10 18g/g and (3.8 4+0.8) -
10’18g/ g, respectively. After purification campaigns in 2010 and 2011 the
levels could be reduced even further to < 9.4 - 10720g/ g of 288U and <
5.7-10 ¥g/g for 232Th [30].

The active volume is contained in a 125 pm thin nylon membrane with a
radius of 4.25m, the so called Inner Vessel (IV). To preserve the detector’s
radiopurity it was constructed off site under clean room conditions. The IV
is hold in place by nylon strings to counteract small buoyancy forces, caused
by small density differences of the buffer and the active volume. As nylon
is transparent and carries a similar refractive index as PC, the IV does not
affect the optical properties of the detector. Besides centring the active vol-
ume, the IV also serves as a 222Rn barrier, which is emanated by the SSS.
The IV is surrounded by 1024t of buffer liquid consisting of PC and DMP
(dimethylphytalate) at concentration of 5g/1. In 2009 a small leak in the IV
was discovered. To adjust the densities of the buffer and scintillator and thus
hindering the scintillator from flowing out of the IV, the DMP concentration
was changed to 2 g/1 [66]. The main purpose of the buffer is to shield the fidu-
cial volume from external gammas and fast neutrons. The DMP quenches
the yield in this region by a factor of ~20, and thus strongly suppresses sig-
nals in the buffer. The buffer region is further divided by the Outer Vessel
with a radius of 5.5m. It is made of the same material as the IV with the
same optical properties. It serves as an extra barrier against radon diffusion
from the pmt and SSS to the active volume. The SSS with a radius of 6.82
marks the border between the ID and OD. It separates the two in terms of
light propagation, creating two subdetectors for muon identification. 2212
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PMT inward facing 8” ETL 9351 PMTs are mounted on the SSS. To increase
the optical coverage to 30% 1812 of these are equipped with aluminium light
concentrators. These Winston cones are focused on the IV, therefore 384
PMTs do not posses cones to grant them a larger field of view. This allows
the study of the buffer region and the backgrounds originating there.

2.1.2 Outer Detector

The OD consists of a steel dome of 16.9m height and a diameter of 16.9 m.
It is filled with 2.4 kt deionised water. It serves as a passive shielding against
external gammas and fast neutrons, created by muons in the surrounding
rock. Furthermore it is an active muon veto. Muons crossing the OD will
create Cerenkov light, which is detected by 208 PMTs. It is the same model
as in the ID, however these are equipped with an encapsulation to withstand
the pressure. 154 are mounted in eight circles in the upper three quarters of
the detector, while the remaining 54 are mounted in five concentric rings on
the water tank’s floor. Monte simulations identified this distribution to be
the most effective one for muon identification. To increase the light yield the
walls are covered with highly reflective tyvek foil. Furthermore the material
is used create two subregions in the OD, with the border at the equator.
However the separation is not perfect, just two thirds of the light path is
covered. While the tyvek increases the muon detection efficiency, it disturbs
the Cerenkov cones and thus the muon tracking[59].

It is assumed that the IV is contaminated with 219Pb, that decays with a
half life of 22.3a to (210)Po. Convection will transport this (210)P0 to the
detector center. In 2015 detector was wrapped in a double layer of mineral
wool with 20 thickness and a reflective aluminium cover to stabilise its tem-
perature. Additionally, to create a stable positive temperature gradient from
the bottom to the top, an active temperature control system was installed.
The system consists of independent water loops on the outside of the water
tank. The temperature development is closely monitored by several sensors
in and on the detector [67].

2.2 Physics Programm

Borexino is mainly designed for a measurement of the 'Be solar neutrino
flux. The world leading radiopurity and an energy resolution that surpassed
the design goal enable a broader physics program. Borexino performed the
first real time measurement of the “Be solar neutrino flux [64] and even sur-
passed it by a precision measurement of this flux [68]. Also a 8B neutrino
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Figure 2.1: Sketch of the Borexino detector. Left: Cross section of the water
tank and the Stainless Steel Sphere. The 2212 photomultiplier, that collect
the light created by in scintillator are represented by the white dots. The
innermost sphere depicts the inner vessel which encloses the sensitive volume
of ~ 300t. Right The distribution of the photomultiplier in Outer Detector
is shown. Of the 208 pmts 154 are mounted on the sphere and 54 on the
dome’s floor. The outer detector is filled with ultrapure water and serves as
muon veto.
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measurement with an unmatched threshold of 3 MeV [31] and the first de-
tection of solar pep neutrinos together with an upper limit on the CNO flux
was achieved [12]. After a careful purification campaign in 2010 and 2011,
to reduce intrinsic backgrounds, the second phase of the experiment started.
Here, the first real time measurement of the solar pp neutrinos could be
achieved [11]. Besides the solar program, Borexino was the first detector to
measure geo-neutrinos at the 3 o level and later on performed a spectroscopic
measurement [69, 70, 13]. In the following the main a brief summary of the
physics will be given.

2.2.1 Solar Neutrinos
"Be Neutrinos

The mono energetic 862 keV “Be neutrinos create a Compton-like recoil spec-
trum with the Compton edge at around 660 keV. A precise measurement al-
lows to test the Standard Solar Model (SSM) and the vacuum regime of the
MSW-LMA solution, as the energy is too low to be affected by the MSW ef-
fect. The examination of a day-night-asymmetry, induced by regeneration of
solar neutrinos in the terrestrial matter, allows to constrain the neutrino os-
cillation parameters without the usage of reactor anti neutrinos, i.e. without
the assumption of CPT symmetry. In 2008 Borexino reported the first real
time measurement of solar 'Be solar neutrinos [64] , afterwards, in Septem-
ber 2011, Borexino released a precision measurement of the flux using an
exposure of 178t yr exposure. In the analysis a fit based on monte carlo
simulations and a fit based on analytic description of the spectra are aver-
aged. In both cases the "Be neutrino rate and background components $Kr,
210pg, 210B; and MC are free parameters whereas the pp, pep, CNO and
8B neutrino rates are fixed to the values given by the SSM. The analytical
fit is shown in figure 2.2 on the left. The analysis yields an interaction rate

of (46 + 1.5(stat)f11.65(syst.)> (d100t)"!. Assuming the MSW-LMA solution

the corresponding "Be solar neutrino flux is:

é <7Be> = (4.48 £ 0.24) - 10%m 251 (2.1)

confirming the SSM in case that neutrinos do oscillate. Fixing the "Be flux
to the SSM prediction a survival probability of Pee = 0.51 £ 0.07 was found.
In November 2011 the absence of a day night asymmetry in the interaction
of "Be neutrinos was reported [71]. The stated value for the asymmetry was:

R _
ApN = 2% = 0.001 4 0.0125¢at + 0.007syst (2.2)
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where Ry and Rp are the "Be interaction rate at nigh and day, respectively.
This value consistent with zero excludes the LOW solar neutrino solution at
8.50 as shown in figure 2.2 on the right.
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Figure 2.2: Solar "Be neutrino results.Left: Analytical spectral fit of the
clearly visible "Be neutrino compton edge based on 178t yr exposure. Num-
bers in given are in [counts/(d100t)]. Right: Allowed neutrino oscillation pa-
rameter space before and after the inclusion of Borexino data. The hatched
area is excluded by the Borexino 'Be day-night data, excluding the LOW
solution at 8.50.

Using data after the purification campaign between 2011 and 2015 Borexino
measured an annual modulation of the "Be neutrino flux and excluded an
absence at 99.99% confidence level. The best fit values of an amplitude of
(7.1£1.9)%, a period of (367£10)d and a phase of (-184+24)d are consistent

with a solar origin of the neutrinos.

pep and CNO neutrinos

The pep reaction is the rare alternate starting process of the pp chain. The
emitted neutrinos are monoenergetic with an energy of 1.44 MeV. The ratio
between the pep flux and the pp flux depends just weakly on the used model
and furthermore posses a theoretical uncertainty of just about 1%.There a
measurement of the pep neutrino flux is also an indirect measurement of the
pp neutrino flux. As 98% of the solar energy is produced via the pp cycle,
a measurement of the pep flux is directly connected to the solar luminosity.
The remaining energy is created via the CNO cycle as described in section
1.4. As the CNO neutrino flux is highly dependant on the solar metallicity, a
measurement could solve the solar metallicity problem. The problem consists
of contradicting SSMs, where the high metallicity one GS98 predicts a 40%
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higher CNO neutrino flux than the low metallicity model AGSS09 [72]. The
BT decay of g (7 = 29.4min,Q=1.96 MeV) is the dominant background.
It is produced via spallation processes from muons on 12C. As can be seen in
figure 2.3 exceeds the neutrino by an order of magnitude. However in about
95% of the cases there is also a free neutron in the final state. This allows to
apply a Threefold Coincidence technique (TFC) and suppress the background
by a factor of ~10 at the cost of a lifetime loss of 51.5%. Additionally a
pulse shape technique to differentiate between electrons and positrons has
been developed to further reduce the 12C background. The effect can be
seen in figure 2.3 where the blue dotted line represents 11C before cuts and
the black dotted line afterwards. The red line is the Compton like recoil edge
at 1.22 MeV caused by the pep neutrinos.

10

Spectrum of events in FV
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Figure 2.3: Borexino energy spectrum including fit to the signal and back-
ground components in the pep solar neutrino region. The ¢ spectrum
before suppression is marked blue, after the Three-fold Coincidence black.

In 2012 Borexino reported an interaction rate of (3.140.65at£0.3syst) (leOt)’1
based on a multivariate fit that considers the energy and radial distribution
of the events. The measurement translates to a flux of:

Dpep = (1.6 +0.3) - 108%cm s} (2.3)
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Fixing the pep flux to the one predicted by the SSM a survival probability
of Pee = 0.62 £0.17 at 1.44 was found.

8B neutrinos

8B solar neutrinos feature a continuous spectrum that goes up to 14.6 MeV.
Therefore, they cover the matter and the vacuum dominated regime of the
MSW-LMA solution. Especially a measurement in the transition region be-
tween these region would be of great interest, as new physics could change
the survival probability there. A precision measurement of the B rate could
help solve the solar metallicity problem as the models differ almost by 20%
in the 8B neutrino rate[72]. A major background arises due to spallation
processes of muons on carbon that create radioactive isotopes. The short
lived ones (up to 7 ~ 18) can be suppressed by applying a veto of 6.5s after
each muon crossing the IV. If the muon produces also a neutron the TFC
can be applied to veto 10C with a lifetime of 27.8s. 1Be with a lifetime of
19.9s cannot be vetoed by an event on event basis and has to be subtracted
statistically. A further background is formed by 2.6 MeV gammas produced
in 29871 decays. 29871 is located on the SSS and the PMTs, so a fiducial
volume reduces this background. 208T1 forms also an intrinsic background.
It decays via beta decay with a Q=5 MeV. Its rate is measured independently
via an 212Bi-212P¢ coincidence and subtracted statistically.

Based on 488 live days of data in 2010 Borexino reported a neutrino electron
interaction rate of (0.22 + 0.04g¢at + O.Olsyst)(dl()Ot)f1 with a threshold of
3MeV. Beforehand only measurements with a threshold of 3.5 and 5MeV
could be achieved[73, 74]. The interaction rate corresponds to a flux of:

Bsp = (2.4 + 0.4gtat & 0.1gys) - 10%cm 2571 (2.4)

A convolution of the differential neutrino rate, considering energy and flavor
dependant neutrino cross sections and the detector’s energy response gives
a survival probability of Pee = 0.29 4+ 0.10 at a mean energy of 8.9 MeV. In
2016 Borexino released an update based on 1.5 kt x yr exposure collected
between 2008 and 2016. Intrinsic backgrounds were reduced in the purifica-
tion campaigns in 2010 and 2011. An independent measurement of 11 Be was
performed that differs by 3¢ from the previous result. Additionally radial
information was used to disentangle intrinsic events from external ones. The
analysis is split in two energy regimes. The lower one is dominated by exter-
nal background and uses a stringent fiducial volume, while the high energy
one uses the whole volume. Both combined give a rate of:

RipLHE = (0.220f090‘)1165(stat.)%?g%g(syst.)) cpd/100t, (2.5)
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Figure 2.4: Solar 8B neutrino measurement based on 488 days of exposure.
Red dots marks the remaining data after all cuts. The neutrino contribution
is marked in blue, intrinsic 208T1 background in green, cosmogenic 'Be in
cyan and external background in violett.

resulting in a flux of:

Q1 pHE = (2.55f0%01197(stat.)9098(7)7(Syst.)) -10%cm 2s 1. (2.6)

pPp neutrinos

The pp neutrinos are generated in the first fusion process of the dominant
pp chain and thus are directly connected with the solar luminosity. Photons
created in the core travel ~ 10° years to the solar surface. So a measure-
ment of pp neutrinos together with optical observation can prove that the
sun is in thermal equilibrium for this time scale. After the intense purifica-
tion campaigns in 2010 and 2011 that reduced backgrounds, especially 39Kr
and 210Bi, Borexino was able to present the first measurement of the solar
pp neutrino flux. The used data from time window from January 2012 to
May 2013 is presented in figure 2.5 together with a fit including signal and
contributing backgrounds [75]. 14¢ accounts for the main part of the back-
ground. It is a §~ decay with a half life of 5.730a and Q-value of 156 keV.
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Neutrino species | Rate [cpd/100t] Flux [cm 2s 1]

pp 13441018 6.1+0.5%)7) - 101
"Be 48.3+7 04 4.99 +0.137007) - 10°
pep(HZ) 2.43+7 05 1.27 £ 0.197 %) . 108
pep(LZ) 2.65£0.36+0.15_g 24 | (1.39 £ 0.197%) - 10°
CNO < 8.1(95%C.L.) < 7.9-108(95%C.L.)

Table 2.1: Solar neutrino rates given by the first simultaneous fit of Borexino
data

The mineral oil on which the Borexino scintillator bases on was chosen on its
small fraction of 14C of 14C/12C~ 2.7.10'8. Nevertheless, it accounts almost
for the whole trigger rate of 30 Hz of the experiment. The decay rate was
determined by looking for events with two clusters in the same trigger gate,
as the second one is not affected by the trigger. The 14¢ rate is high enough
that pile up events can occur. The spectral shape of these was generated by
overlaying triggered events with random data samples. The CNO and pep
neutrino rates were fixed to the SSM prediction, whereas for the 'Be neutri-
nos the value was taken from [68]. The other contribution were left as free
parameters. The fit returns an interaction rate of (144 4 13gat 10syst)- The
absence of a pp neutrino signal could be excluded with 100. If one applies
the latest neutrino oscillation parameters the resulting pp neutrino flux is:

Bpp = (6.6 +0.7) - 1010em 257! (2.7)

which is in good agreement with the SSM prediction of (5.98 - (1 + 0.006)) -
101%cm 2571, The unoscillated predicted flux compared to the measured flux
results in a survival probability of Pee = 0.64 0.12, constraining the MSW-
LMA solution at the very low energies. Further on Borexino performed the
first simultaneous fit of solar pp, pep and "Be neutrino fluxes [30] based
on 1292 days of data taken between December 2011 and May 2016.The fit is
based on a binned likelihood function that uses the spectral shape and as well
the radial distribution of the events. Table 2.1 shows the results obtained
by the analysis. For the pp neutrinos the uncertainty was reduced by 20%.
The uncertainty for the "Be neutrinos could be reduced to 2.7%, which is
below the theoretical uncertainty. To break the degeneracy between the 210Bj
background and the CNO signal, the CNO interaction rate is limited to the
prediction by the high metallicity (HZ) SSM. The analysis is repeated with
values given by the low metallicity(LZ) SSM. Therefore there are are two
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Figure 2.5: Borexino data in the pp energy region collected between January
2012 and May 2013. The fit includes the pp neutrino signal (red) as well as
free and constrained background components, as marked in the legend.

values given for the pep neutrino rate. However an absence of a pep neutrino
signal is excluded at 5o. For the CNO neutrino rate just an upper limit was
achieved, as the 210Bi rate could not be determined independently. However
the inclusion of the pp neutrinos allows to constrain the pep signal via their
well known theoretical connection. Therefore a weaker assumption has to be
made than in [12].

2.2.2 Geoneutrinos

Geo neutrinos are emitted by naturally abundant radioactive isotopes in the
terrestrial matter. The dominant ones are the 238U and 232Th chains and
40K In their beta decay they emit anti neutrinos. The detection of these
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allows to study the distribution of the isotopes in the earth crust and to test
the Bulk Silicate Earth(BSE) models that describe this distribution[76]. Fur-
thermore, a measurement would give the radiogenic share of the total earth
heat flow of (47£2)TW [77]. Borexino detects these neutrinos via the inverse
beta decay (IBD). As the threshold for this reaction is 1.8 MeV, Borexino is
not sensitive to 4°K neutrinos with and endpoint of 1.4 MeV and relies on
the 238U and 232Th chains. In 2010 the Borexino collaboration released the
first hint for geo neutrinos at the 3¢ level[69]. In 2015 a spectroscopic mea-
surement could be achieved[13]. Finally in 2019 a comprehensive analysis
of geo neutrinos based on 3263 days of Borexino data was released[78]. A
major background are the cosmogenic radioisotopes ?Li and 8He. They are
created via spallation processes on 12C by cosmic muons. They are handled
by different vetos after cosmogenic muons which consider the muons energy,
which subdetector fired and if a neutron was created. The dominant back-
ground arises due to anti neutrinos created in nuclear power plants. However
the LNGS benefits from a general shutdown of nuclear power plants in Italy
in 1990 so that the mean weighted distance from the LNGS to a power plant
is ~ 1200 km [70]. The result of an unbinned likelihood fit with the ratio of
2387 to 232Th is shown in figure 2.6. The fit gives a geo neutrino signal of

Seeo = (46.37 1 (stat.) T2 (syst.)) TNU (2.8)
and a reactor signal of

Srea = (79.74 217 (stat.) Fh ! (syst.)) TNU (2.9)

with 1 Terrestrial Neutrino Unit(TNU) being one event per year and 1032
protons. Assuming the contribution from 40K to be 18% the total radiogenic
heat was determined to be:

Hyaq(U + K + K) = 38.25 59 TW (2.10)

The precision is not sufficient to exclude any BSE model at 30. However, it
favors models with high radiogenic power, corresponding to a cool temper-
ature at earth’s formation. If one restricts the reactor antineutrinos to the
expected values and assumes a chondritic mass ratio of U/Th=3.9, Borexino
can exclude a georeactor at the earth’s core with a 95% confidence level.
By constraining the contribution of the bulk lithosphere to expectation of
28.84+5.6 events, the signal from the mantle could be determined to be:

10.2
Smantle = 20-6j_8,91 (2.11)
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Figure 2.6: 154 geoeneutrino candidates based on 3263 days of Borexino
data. The contribution from 238U (dark blue) and 232Th (cyan) are free
parameters. The reactor anti neutrinos are show in yellow. The total fit
function is depicted in beige.[78]

Supernova Neutrinos

As described in section 1.5 supernovae are one of the brightest neutrino
sources. About 99% of their energy is released via neutrinos, translating
to ~ 10°® emitted neutrinos in a typical supernova [79]. The Borexino de-
tector allows to detect supernova neutrinos via various channels, namely
elastic scattering on electrons and protons, inverse beta decay and inelas-
tic scattering on carbon. This would yield in ~ 190 in a 10s burst for a
typical supernova at 10 kpc distance with a released gravitational energy of
~ 3-10%erg. Such an event would allow to test several supernova mod-
els, give neutrino mass limits and possibly give a hint on the neutrino mass
hierarchy. In 2009 Borexino joined the Supernova Early Warning System
(SNEWS) collaboration. The collaboration is formed by neutrino detectors
that are sensitive to galactic core collapse supernova. Current members are
Super-Kamiokande[80], LVD[81], Ice Cube[82] and Borexino. The neutrino
burst will arrive several hours before the optical signal at earth. It will trig-
ger several of the detectors in coincidence. Based on the timing difference
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SNEWS can give astronomers a direction where the light signal is expected.
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Chapter 3

Detection Channel & Data

Selection

3.1 Elastic Neutrino Scattering

Borexino detects solar neutrinos via elastic scattering (ES) of neutrinos on
electrons:
vx+e —uvxte (3.1)

The ES channel features no intrinsic energy threshold. Therefore it is given
solely by detector performance and background levels. Figure 3.1 presents

Ve v Ve u,7 Ve e

ZU

c e e Ve
Figure 3.1: First order Feynman diagrams for neutrino-electron scattering.
Left: Neutral current reaction through z0 exchange, possible for all neutrino
flavours. Right: Charged-current reaction through W+ exchange. For solar
neutrinos only electron neutrinos can interact in this way.

the two possible reactions. All neutrino flavours can scatter via the neutral
current channel, as there is no change in the flavour eigenstate. For solar
neutrinos only electron neutrinos can scatter via charge current. The solar
neutrino energy is well below the muon and tauon rest mass, so a charged
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current reaction is not possible for these flavours. Hence, the cross section
for electron neutrinos is increased by a factor of about six.

The differential cross section for producing a recoil electron with the kinetic
energy T and a neutrino energy of E,, is [83] is given by:

do o0 T mec2T
—(T,E,) = (gﬁ ek <1 - —) e ) (3.2)

dT mec? E, E%
with 5 5
2Gfm
e
= 3.3
.2 1 :
gr, = sin” (Ow) + §(Ve —e scattering) (3.4)
.9 1 .
gr, = sin“ (Ow) — §<VM —e scattering) (3.5)
gr = sin” (Ow) (3.6)

with the electron mass me, the Weinberg angle Oy and the Fermi constant
Gp. For E), > me the cross section is can be approximated by:

E

=9.2-10 P2 cm? 3.7

Ove Me\/cm ( )
45 E

ov,), =15-10% Me”vcm2 (3.8)

Figure 3.2 depicts the cross section for elastic (anti) neutrino electron scat-
tering and shows the slight difference of a factor 2-3. The inverse beta decay
cross section (introduced in chapter 10) is larger by two orders of magni-
tudes. However, it features an energy threshold of 1.8 MeV, where for the
elastic scattering there is no threshold.
In Borexino, the scattered neutrino leaves the detector undetected and the
electron’s kinetic energy is measured. As the electron’s energy depends on
the scattering angle, it is not possible to measure the neutrino’s energy on an
event by event basis. With the approximation m; = 0 the electron’s recoil
energy is restricted to:

2E?
me + 2E,’
with the electron restmass me and the neutrino energy E,. Hence, mono
energetic neutrinos, like the solar "Be neutrinos, form a compton like recoil
spectrum. Continuous spectra, like the 8B neutrino spectra, are shifted to
lower energies and smeared.

(3.9)

Ee,max <
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Figure 3.2: Cross section for elastic (anti) neutrino-electron scattering to-
gether with the roughly two magnitudes larger cross section for the inverse
beta decay introduced in chapter 10 [84]

3.2 Stable Neutron Detection

A large energy deposition by cosmogenic muons in the scintillator is usually
accompanied by neutron production. In this process also various cosmogenic
radioisotopes can be produced, see section 5.4 for further details. Hence,
a stable and efficient neutron detection is crucial for low rate analyses. In
Borexino this is given from January 2008. When a muon crosses the detector
it prompts the standard trigger gate with a length of 16 us. With a mean
capture time of 256 us for neutrons produced by spallation, 6% of them fall
into the standard trigger gate [85] including the muon. To capture the re-
maining neutron a new trigger was introduced. After the Inner Detector (ID)
or Outer Detector (OD) identifies an event as muon, second trigger gate with
a length of 1.6 is issued. This second trigger called trigger type 128 collects
the remaining neutrons.
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3.3 Water Extraction

The various solar neutrino analyses in the Borexino experiment depend on
an ultra pure scintillator. Therefore the scintillator was purified on site,
before filling, with the help of distillation, nitrogen stripping and water ex-
traction [86]. The design goal for contaminations originating from the Ura-
nium/Thorium decay chains of < 10716 g/g was surpassed by more than one
order of magnitude after filling the detector. However in 2010 the collabo-
ration decided to clean the scintillator even further and to remove further
contaminations from dust i.e. 238U, 232Th and 40K and air i.e 3Ar and
85Kr. For this purpose there are connections at the top and bottom of the
buffer and active volume to the cleaning plants next to the detector, so that
it is possible to loop the scintillator through the cleaning plants. For this
purification only the water extraction method was used. In the plant the
scintillator is mixed with ultra pure water which makes Impurities that are
water soluble move to the water. Additionally water has strong dipole mo-
ment, that increases this effect. A detailed description of the procedure is
given in [87]. The water extraction was carried in a test cycle in 2010 and six
additional cycles during 2010 and 2011. The operation was successful and de-
creased the impurities by another order of magnitude. The success is clearly
visible in the 212Bi- 212Po coincidence (see section 4.1.1 for details) rate,
that lies within the thorium chain, shown in figure 3.3. After the extraction
there are hardly any events. Despite careful checking for air tightness, radon

40

35

3.0

25

20

water extraction

0.5

1[H]IHl[[H[[HH[TTHIIIHIHTI[HI[[T

Ll Ll lHJ —— ‘ I

8000 10000 12000 14000 16000 18000 20000 22000 24000

0.0

run#

Figure 3.3: Number of 212Bi- 212P¢ per run. The blue box marks the time of
water extraction operations. Afterwards the 212Bi- 212Po rate is significantly
reduced.
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Figure 3.4: Radon counts during the water extraction period. During each
water extraction a spike in the radon count rate is visible with a subsequent
decay.

i.e. 222Rn, was introduces to the scintillator during operations and there-
fore distributed in the whole Inner Vessel (IV). The Borexino background
monitor shown in figure 3.4 shows a clear peak during each water extraction
cycle and during the test run in the 222Rn rate. 222Rn undergoes an alpha
decay with Q=5.6 MeV and a half life of t; /2 = 3.8 d with several decays

afterwards with half lifes in the order of minutes, especially the 214Bi- 214Po
coincidence described in section 4.1.2. To remove 222Rn and its daughters all
runs during which water extraction was performed plus runs tens days after
the end of operations are removed from the dataset.
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3.4 Total Exposure

The detection volume is given by the volume of the IV. Despite great efforts
on low radioactivity for the IV compared to the scintillator the rates of decays
in the Uranium and Thorium chains on the IV is rather high. This is used to
monitor the shape of the IV via fast coincidences, especially the 212p; 212p,
coincidence (see section 4.1.1 for details). The beta decays are point like
events and follow the shape of the IV. The IV shape is fitted to these events
on a weekly basis. The result is shown in figure 3.5. The nominal shape of
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Figure 3.5: Volume inside the inner vessel, monitored via coincidence events

the IV is sphere, however there are deviations visible. The dip is caused by
a leak in the IV that started to appear in 2008 that is located in the upper
part of the IV. In 2009 the IV was refilled, indicated by the step in figure
3.5. Also in 2009 the DMP concentration in the buffer region was adjusted
to align the density inside the IV to the buffer liquid. This operation lead
to a minimal leak rate and a stable detector configuration. This lead to an
exposure for this analysis of 3075.7 live days of data taking corresponding to
an exposure of 2.54 kt years.
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Chapter 4
Backgrounds

The detector materials were carefully selected for their radiopureness [9]. The
onion like structure of Borexino with cleaner materials towards the centre of
the detector provides self shielding. However the materials still constitute a
background for the neutrino analyses. The one relevant for the 8B neutrinos
will be presented in this chapter.

4.1 Internal Backgrounds

Internal backgrounds are due to impurities in the scintillator. In section
3.3 the successful cleaning campaign that reduced them is presented. The
relevant decays that contribute are presented in the following.

4.1.1 20871 Rate Determination

In the 232Th decay chain 208T1 (3 decay, 7 = 4.47 min, Q = 5.001 MeV) is
the only one contributing to the background above 3 MeV. Since 20871 ig a
£~ emitter an event by event identification is not possible and it has to be
subtracted statistically. 298T1is a daughter nuclide of 212Bi with a branching
ratio of 36%. The decay possibilities for 212Bi are shown in figure 4.1. Its
decay rate can be determined via the 212Bi-212Po coincidence, since it is
tagable. Events with 20-1200 photo electrons and 500-600 photo electrons are
considered 212Bi and 212Po events, respectively, corresponding to detection
efficiencies of eg; = 1 and ep, = 0.911. The chosen timegate is 400ns < it <
1200ns corresponding to an efficiency of ep; = 0.346. Within the detector
resolution the events are in the same place. If the delayed signal signal is
in a sphere of 1 m radius with the prompt signal in the center, it fulfills the
coincidence conditions. This results in a spacial efficiency of nearly ez = 1.
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These efficiencies combined result in an detection efficiency of:

€detection = €Bi * €Po " €At - €¢ = 0.315 (4~1)

With this efficiency 30 + 5.5 212Bi-212Po-events are found within the data
set. Given that 94.4% of the 208T1 spectrum is above 3 MeV and considering
the branching ratios in figure 4.1 this leads to 50.7 & 7.1 208 Tl-events within
the data set.

212

s3B1
B o E=6.04 MeV (36%)
E=2.25 MeV (64%)
Tl/2=60'6 ™ 212 208
g4P0 g1 11
E=1.8 MeV
E=8.79 MeV « T,,=3.03 m
T,,,~298 ns o8
gP’b

Figure 4.1: Decay possibilities of 212Bi.

4.1.2 2!4Bj Discrimination

2l4p; (B— decay,7 =19.9min, Q=3.2MeV) is an intrinsic background origi-
nating from the 238U chain. It can be easily vetoed via the 214p; 214pg coin-
cidence. 214Po « decays with a lifetime of 7 = 237us and with Q=7.7 MeV.
Events with an energy of 0.18-3.6 MeV are tagged as 214Bi events and events
with an energy of 0.4-1 MeV are considered as 214p; events. Events in a time
window of 20-1200us after the first event and within a sphere of 1 m radius
are tagged as coincident events. The efficiency of these coincidence conditions
has been validate via Monte Carlo simulations to be e214p; 214p, = 90% [66].
The remaining 2MBi rate is (1.1  0.4) - 10 *cpd /100t and can be neglected.
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4.2 External Background

The origin of the external background is the material surrounding the scin-
tillator, i.e. pmts, winston cones, vessel plus mounting and stainless steel
sphere(SSS). The distance between these and the active volume is several
meters, therefor only gamma rays can reach it. The vessel is slightly shifted
upwards (see figure 7.2), therefore there are more external events in the
top sphere. Isotopes contributing to the external background are 208TI
(8 decay, T = 4.47 min, Q = 5.001 MeV) and 214Bi (8~ decay , 7=19.9 min,
Q=3.269 MeV). Their respective decay schemes are shown in figure 4.2. 20877
is emitting a 2.6 MeV gamma whereas 214B; emits several gammas up to
3.2MeV. Throughout the here presented analysis a threshold of 3 MeV is
used, however due to the detector’s resolution part of the 2.6 MeV gammas
are leaking above the threshold. Borexino offers the ability to put calibration
sources inside the buffer volume via pipes [9]. A 228Th/?%® gamma source
was put in place. These sources allow to compare the radial distribution of
simulated external events with real ones. Figure 4.3 shows the comparison of
the 2.6 MeV gammas with the source gammas. The distributions match very
well with a y2 /NDF slightly below one. The same was done with a spectral
comparison with similar results [66].
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Figure 4.2: Decay schemes of 298T1 and 2l4p; especially including the created
gamma rays.|88]

Figure 4.4 shows the radial distribution of events above 6 MeV, where the
blue line shows a r? distribution. It is clearly visible that there is a non r2
distributed component. As 2087 is the internal with the highest Q-value,
none of these can cause this distribution. This excess can be explained by
high energetic gamma rays created by the capture of a radiogenic neutron
produced via (a,n) reactions[89]. The Stainless Steel Sphere (SSS) ~45t
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Figure 4.3: Cross check of the radial monte carlo response using an external

thorium source[66]

and the PMT Glas ~0.8 kg x 2212~/1.7t are the two massive detector struc-
tures with non neglectable 23817, 2357 and 232Th contamination, that provide
the alpha particles. The corresponding neutron flux was introduced to the
Borexino simulation. It showed that the main contribution to the excess is
neutron capture on carbon in the buffer with 5MeV and neutron capture on
iron in the SSS with energies up to 10 MeV. The total rate is calculated to
be 0.545+0.05 cpd /100t [89].
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Figure 4.4: Radial distribution after cuts and above 6 MeV. Only homoge-
nous distributed events (blue line) were expected, the excess created by high
energy gammas is clearly visible.
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Figure 4.5: Blue dots mark measured peak position induced by neutron
capture on 'H (2.2MeV), 12C (4.9 MeV) , %6Fe (7.6 MeV) and **Fe (9.9 MeV)
in the detector center. The red line marks a linear fit through the data points.

4.3 Energy Cut

The 2.6 MeV 298T] gammas and most of the 2MBi gammas are below 3
MeV. However, due to the high rate and the detectors energy response [66]
the events can be reconstructed at higher energies. Furthermore Borexino’s
self shielding is limited, due to its small size. Therefore, the here presented
analysis is limited to a lower energy threshold of 3 MeV.

To calibrate the detectors energy response, there is the possibility to position
a 241 AmYBe source at the center of Borexino [90]. This source is a strong
neutron source. The neutrons get captured on *H and 2C from the scintilla-
tor and on °0Fe and ?*Fe from the insertion system producing characteristic
gammas with energies of 2.2 MeV, 4.9 MeV, 7.6 MeV and 9.9 MeV, respec-
tively. The peaks are used to calibrate the charge output described in section
2.1.1. The detector’s response can be parameterised with:

N=a-E+b (4.2)

with N being the detected photo electrons (pe), a=493 pe/MeV and b=34 pe
The 3MeV energy threshold corresponds to 1513 pe. The result is shown in
figure 4.5.
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Chapter 5
Cosmogenic Muons

The solar neutrino interaction rate is rather low. Therefore, Borexino is
build in the Laboratori Nationali del Gran Sasso (LNGS) which features a
rock overburden of roughly 1400 m equalling to 3800 m.w.e. This reduces the
cosmic muon flux at the surface of (180+20)m 2s 1 [91] by roughly six orders
of magnitude to 1.2m2h™!, resulting in 4300 muons crossing the Stainless
Steel Sphere (SSS) per day. As low energetic muons are stopped in the rock,
in underground labs the mean muon energy is higher compared to surface
level. For the LNGS the mean muon energy is (270 + 21) GeV[92]. Muons
reaching the Borexino detector are minimal ionising particles and hence loose
2MeV/cm in the scintillator. The ones crossing the Inner Vessel (IV) there-
fore deposit 50 MeV to 2 GeV, which is well above solar neutrino energies.
However in the buffer region the light output is quenched and muons crossing
it pose direct background for solar neutrino analysis. Furthermore, high en-
ergetic muons can create electromagnetic and hadronic showers and in doing
so create secondary particles. Neutrons and radioisotopes with lifetimes up
to 7 ~ 1s are vetoed by a veto with the parent muon. However for the long
lived 19C(7 = 27.8s) and M Be(r = 19.95) it is not possible as it would result
in a 100% dead-time. See also chapter 5.4. This chapter focuses on the muon
detection of the two Borexino sub-detectors, the inner detector (ID) and the
outer detector (OD). As there is no light propagation possible between the
two sub-detectors, they represent two independent means of muon detection.
Their working principle and efficiencies will be described in the following.

5.1 Muon Detection

Borexino consists of the Inner Detector (ID) and Outer Detector (OD). The
two are separated by the Stainless Steel Sphere (SSS), through which there is
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no light propagation possible. Therefore Borexino provides two subdetectors
for muon identification. A muon crossing the scintillation volume has to
cross both detectors, which improves the muon identification in the sensitive
volume considerably. In the following both subdetectors and their combined
efficiency will be presented.

5.1.1 Outer Detector Muon Detection

The outer detector (OD) with 18 diameter and 16,9 m height is filled with
2400t of ultrapure water. Muons crossing the detector will emit Cherenkov
light. The light is detected by 208 PMTs, where 154 are mounted on the
Stainless Steel Sphere (SSS) and 54 on the water tank’s floor. The Muon
Trigger Board (MTB) issues a trigger if within a time window of 150 ns 6
PMTs fire. The trigger threshold is tuned to avoid dark noise, however light
entering the detector, especially caused by cable feed throughs at the detec-
tor’s top, may trigger the MTB. The MTB constitutes a hardware trigger
made of a custom built 6U VME unit for the Borexino experiment. The OD
provides another option to identify muons, the Muon Clustering algorithm.
It is a software based trigger, that searches the OD data neighbouring PMT's
that fired. Furthermore the PMTs are divided in the ones mounted on the
SSS and the ones on the floor. An event is classified as muon if at least 4
PMTs in one subset fire within a time window of 150 ns [93]. The MCR is
not sensitive to light leaks as the MTB. However due to the light leaks and
dark noise there is a small over efficiency in the OD, yet neglect able as the
probability to veto an event in the Inner Detector (ID) is < 10 [85].

5.1.2 Inner Detector Muon Detection

Most physics events in the ID are point like, especially neutrino events,
whereas a muon traverses the whole detector and deposits energy along its
way. Hence, muons create longer pulses than point like events. Therefore a
muon identification via pulse shape discrimination is possible.

Figure 5.1 shows the two variables that are used for muon identification. The
mean time of a pulse is here defined as the average time difference of a pmt
hit to the onset of a pulse while the peak time is the duration from the pulse’s
onset to its maximum. For higher energies muons are clearly separated in
both variables. For lower energies just the peak time is used as discrimination
parameter. The exact values are summarised in table 5.1.
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Figure 5.1: Pulse shape variables used for muon identification in the Inner
Detector. As muons travel through the whole detector they produce longer
pulses. Point like events are marked black, muon like events blue. Left: The
average time difference of a pmt hit to the onset of a pulse versus the total
hits of the event. Right:Time difference of the pulses onset to its peak versus
total energy.
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number of pmt hits peak time mean time

100 - 900 > 401ns -
900 - 2100 > 30ns -
>2100 - > 100 ns

Table 5.1: Values of the pulse shape parameters that are used to identify
muons in Borexino’s inner detector dependant on the deposited energy.

5.2 Muon detection efficiency

The different paths that muons can take through the Borexino detector are
depicted in figure 5.2. For this work two subsamples are of interest, namely
muons crossing just the OD, from now on called OD muons, and muons
crossing the inner vessel or the buffer region, from now on called ID muons.
An event is identified as an OD muon if the MCR or the MTB triggers but
there is no light in the ID. An event is classified as an ID muon if one of
the following is fulfilled, the MCR or MTB triggers and there is light in the
ID if an ID event is identified as a muon by the IDF. To study the muon

Figure 5.2: Definition of the muon subsamples. Muons crossing just the OD
are named OD muons, the ones crossing the buffer or inner vessel ID muons.

[93]

detection efficiencies of the Borexino subdetectors a pure muon sample is
needed. In the study of the OD a sample based solely based on the ID is used
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Figure 5.3: Muon detection efficiencies of the Borexino Outer Detector (OD)
on the left and Inner Detector (ID) on the right. [94]

as the MTB and MCR are highly correlated. Furthermore, in means of light
propagation the ID and OD are completely detached from each other. The
muon sample consists of events tagged by the IDF. It would also be possible to
just use very high energetic events (~above 30 MeV). However, there would
be more contaminations expected as the IDF is tuned to have a minimal over
efficiency. It is nonetheless unavoidable to have a small contamination of fast
neutrons and CC and NC interactions of atmospheric neutrinos in the muon
sample [94]. Therefore, the calculated numbers represent a lower limit of
the muon detection efficiency. Independent of the muon’s track, if it reaches
the ID, it has to cross several meters of water within the OD. Therefore,
it is assumed that for all muon tracks crossing the ID, the muon sample
based on the IDF is suitable [93]. However, the OD is tuned to detect muons
coming from above, since most muons are expected from this direction as for
flatter angles the shielding gets larger. Since the ID is spherical there is no
systematics expected in the muon sample provided by the IDF.

The spikes to lower efficiencies in figure 5.3 in the OD muon detection ef-
ficiency originates from run where the MCR was not active. Nevertheless,
even without the MCR the M'TB provides a muon detection efficiency greater
tan 99.6%, so no runs have to be discarded. For the IDF tag in figure 5.3 the
whole ID volume is used i.e. also the buffer region where the light output
is suppressed by roughly a factor of twenty compared to the IV. Hence, for
muon tracks in the buffer region there is less light to perform the pulse shape
analysis. Furthermore, at the buffer’s edge the muon tracks get shorter,
which shortens the pulse. This implies that deviations from one in the muon
detection efficiency in the ID are mainly caused by buffer muons. Muons
crossing the IV, especially muons crossing the fiducial volume generate an
abundance of light. They also have the longest tracks through the detector,
which generates long pulses and eases it to differentiate them from point like
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events. This results in an efficiency close to one for the most critical muons
going through the active volume.
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Figure 5.4: Combined muon detection efficiencies of the Borexnio subdectors
over time which lies permanently above the design goal of 99.992% [94].

5.3 Cosmogenic Neutrons

Cosmogenic muons crossing the ID can produce neutron through spallation
on 12C. These spallation processes can be accompanied by radioisotope pro-
duction, mainly 19C and M C. As a free neutron is a sign for 10C and HC
production, it is crucial to detect the free neutrons.

The standard Borexino trigger gate of 16us is not long enough to detect all
neutrons due to the mean capture time of ~ 260us. Therefore after each
muon crossing the ID the so called neutron trigger gate with a length of
1.6ms is opened, corresponding to the maximum the Borexino electronics
can provide. The neutrons are produced by a muon and eventually cap-
tured ,on 'H and 12C with a lifetime of 7 = 260us, emitting characteristic
gammas with an energy of 2.23MeV and 4.95MeV, respectively. Due to
the cross sections for thermal neutron capture of o (1H) =(332+07)mb
and o (IQC) = (3.89 +0.06) mb and the scintillator’s chemical composition
(CgHsz(CHj3)s), 99% percent of the neutron captures are located on hydrogen.
Figure 5.6 shows a typical muon event with several neutron captures after-
wards. The high noise level at the beginning is caused by muons illuminating
all pmts with scintillation and Cherenkov light. This high light yield causes
ionic after pulses in the pmts. The noise baseline in the neutron trigger gate
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is caused by accidental coincidences, mostly ¢ To identify all the neutron
captures despite the noise caused by muons, in [85] and advanced algorithm
was developed. The result is a detection efficiency of egot = (92.0 £ 1.7)%
and a neutron rate of R(n) = (90.1 & 2.0gtat = 2.4Syst)(d100t)’1.

As the Borexino electronics is designed for low energetic events, muon plus
neutron events can be challenging for it. The light yield of such events can
be so high that the buffer in the readout can saturate, making it unavailable
for the DAQ system. This leads to a loss in the visible energy in the neutron
gate. The corresponding number of boards at the start of the neutron gate
is stored in the Echidna files and as they don’t deliver any data are called
empty boards. This effect is shown in figure 5.5.

# of empty boards
3
[

-
o
w

IIIII‘ | II.J | IIIIIII| | \-
=9
(=]
o

-
o
N

10

1

1400 1600 1806 2000 2200
# of clustered hits

Figure 5.5: Number of empty boards in the Borexino daq i.e. the buffer of
the respective board is full versus the number of clustered hits in the neutron
trigger gate. With increasing number of empty boards the neutron peak is
clearly shifted.

With all boards working the full 700 hits corresponding 2.2 MeV can be
detected. The loss in visible energy with rising number of empty boards
is clearly visible. The events in the bottom left corner are accidental e
coincidences. To select only neutron captures, an empty board dependant
energy cut (shown in the plot) is introduced. It equals about 1.3 MeV. Neu-
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Figure 5.6: Hit time distribution of a muon trigger (blue) and neutron trigger
(red). The inset graphic is a closer look at the first 30us. The peaks are

neutron captures [85].

trons thermalise with t with 7 ~ 260us, so to veto them there is a veto after
each muon of 2 ms, meaning also after muons crossing just the OD that could

create fast neutrons.
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5.4 Cosmogenic Radioisotopes

Muons not constitute not only a direct source of background. They also
produce cosmogenic radio isotopes via spallation processes on the scintilla-
tor’s carbon nuclei inside the IV. Subsequently, the Isotopes decay via beta
plus/minus decay, generating a background for the various neutrino analyses
of Borexino. The isotope’s lifetimes vary between tens of milliseconds and go
up to about twenty seconds. 11C exceeds this even with a lifetime of 29.3 min
but with a Q value of roughly two MeV is just relevant for lower energies.
The isotopes can be grouped via their respective lifetime. The different veto
strategies for the groups will be presented in the following sections.

Cosmogenic T Q Decay | Fraction Measured Rate
Isotope MeV] > 3 MeV > 3 MeV/[cpd/100 t]

2B 0.03s| 134 | B 0.886 | 1.62 £0.07gtat + 0.06gyst
8He 0.17s | 10.6 6 0.898
9C 0.19s | 16,5 | B* 0.965 (1.7 4+ 0.5)x107!
ILi 0.26s| 136 | (° 0.932
5B L1ls| 180 | p* 0.938
OHe 1.17s | 35 in 0.009 (5.1 4+ 0.7)x107!
8Li 1.21s | 160 | B 0.875
10¢ 278s| 3.6 gt 0.012 | 0.52 £ 0.07(stat)- & (syst)
HBe 199s| 115 | B 0.902 (3.6+3.5)x10 2

Table 5.2: Muon induced background in Borexino with () value and rate
above 3MeV [95, 31].

5.4.1 Fast Isotopes

Most of the cosmogenic radio isotopes are short-lived with live times shorter
than ~1s. The dominant isotope, as can be seen in table 5.2, is 12B with
a lifetime of only 7 = 0.03s. These fast lived isotopes are easily vetoed by
looking for a coincidence with a muon. After each internal muon, i.e. mtb,
mcr ord idf plus the ID triggered, a veto window of 6.5s is issued. The
spectra of the vetoed events is shown in figure 5.7. The plot shows the rate
above 3 MeV after a parenting muon. For a lifetime fit 8He, 9C and 9L are
grouped together as the lifetime for these three isotopes is very close to 0.2 s.
The same is done for ®B, 5He and 3Li with a lifetime close to 1s. Three
exponentials with a free life time are fitted to the data. The found lifetimes
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matches the expected values. The rates are compatible with the ones found
in [85]. This shows that the veto is working and that it catches the correct
events.

The residual cosmogenic rate after the cut is ~ (3.1 4 1.5) - 1073/(d100t).

< 10° — B12
3 first group
g C second group
[} ~ = fit function
el
8
>
w102 —

10—

=

— 1 IIIIIII| 1 1 IIIIII| 1 IIIIIIII 1 IIIIIII| 1 IIIIIII|

10? 10° 10* 10°  10°
time after muon
Figure 5.7: Events after a muon trigger. Three exponentials, representing

12B isotopes with 7 &~ 0.2s and isotopes with 7 &~ 1s. The rates match the
ones found in citequirin

5.4.2 YCarbon Veto

The long lived isotpes survive the 6.5s cut. One of them is 10C (BT decay, T =
27.8s,Q = 3.65 MeV see figure 5.9), which is usually accompanied by at least
one free neutron. The net production is shown in equation (5.1)

pt+12C =10 Cyon 4+ 4t (5.1)

A sufficient veto after each muon would cause a too large dead time. There-
fore also the spallation neutrons are used. The 10C decay is expected to
be at the same position as the neutron capture, since dispersion is neglect
able while the neutron thermalises. So a veto based on a cylinder around
the muon track and a sphere around the neutron capture as shown in 5.8
is feasible [59]. However, muons are high energetic events causing lots of

56



Figure 5.8: Muon in Borexino generating two neutrons plus a 9C isotope.

scintillation light, which can overfill the readout electronics buffer (see sec-
tion 5.3). Hence, the event reconstruction shortly after a muon can suffer,
i.e. also the spatial reconstruction. Therefore, the so called threefold coinci-
dence veto (TFC)[59] between muon, neutron and '°C decay is not used in
this analysis. However, the veto in this analysis is still looking for an internal
muon with an accompanying neutron, which happens with a rate of ~ 68d 1.
After such a coincidence the hole detector is vetoed for 120 to not be reliant
on the spatial position of the neutron. Figure 5.10 shows the events after
a muon+neutron coincidence. An exponential with free decay time plus a
constant is fitted to the data. The decay time converges to the live time of
10¢. That shows that the veto catches the desired isotope. Everytime a muon
together with a cosmic neutron is detected, the whole detector is vetoed for
120's, even though the 10C is expected at the same position as the neutron
capture, since dispersion is neglect able while the neutron thermalises. How-
ever the spatial reconstruction of the neutron capture is very imprecise, since
the the previous neutron causes too much noise. With the muon, neutron
and 10C decay there are three events, so this technique is called the threefold
coincidence [85, 59].
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Figure 5.9: 19C decay scheme acoording to [96]

5.4.3 !1Beryllium Veto

Beryllium-11 undergoes a beta decay with a lifetime of 7 = 19.9s and
Q=11 MeV . It is created by spallation via the following reaction:

2C4+n—"Be+2p (5.2)

It causes a crucial background as the spectral shape and energy regime are
very similar to the 8B neutrinos. As it is shown in equation 5.2 there is no free
neutron created during the production of 'Be. The mean energy deposited
by muons crossing the detector is ~2MeV /cm [85] as they are close to be
minimal ionising. This results in an energy deposit within the IV for a central
muon track of ~1.7GeV. However, muons can also produce showers inside
the detector volume. These events lead to a huge energy deposition and can
create several new particles. Besides several other there are neutrons and
cosmogenic radioisotopes among the created particles. Figure 5.12 shows the
neutron created per muon as recorded by the main Borexino daq and the so
called Princeton Analog System (PAS). The PAS records the analog sum of
all pmt signals which constitutes a reliable and stable secondary system used
for cross checks. It is well suited for high energy events, as it is not saturating
as the main daq. Further information to the system can be found in [97].
Most of the muons namely 65.940.5 % are creating only one muon. However
half of the neutrons are created in high multiplicity events with multiplicities
up to a few hundred neutrons[85].

High multiplicity events are an indicator for shower events and hence for
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Figure 5.10: Events after muon with accompanying neutron. An exponential
fit finds the lifetime of 19C and a rate matching [85]

huge energy deposition in the detector which is accompanied by the formation
of radio isotopes. There is a high chance that HBe ig amongst these isotopes.
So a neutron created in the detector, despite not directly participating in the
production reaction of 1Be, might indicate the presence of a HBe isotope,
as neutrons indicate a high energy deposit. The veto method presented in
section 5.4.1 eliminates all shower events as it is issued if already one neutron
is detected. Thus parts of the lpe decays already are eliminated from the
data set. The remaining event rate in the data will be calculated in the
following.

To analyse the connection of 11Be decays and neutron production, a data set
with all internal muon events and all events inside the IV in a time window
150 s after the muon is created. Internal muons are defined as presented in
section 5.1. The period where water extraction (described in section 3.3) was
performed is excluded. The events after the muon include neutron capture,
cosmogenic radioisotopes und uncorrelated events i.e. neutrino events, beta
decays etc. For each muon the time difference to the following events is cal-
culated. This implies that events can be factored in more than once which
has to be considered when calculating a rate. To remove uncorrelated events
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Figure 5.11: M Be decay sheme from [98]

with 298T1 which decays via beta decay and a q value of Q=5MeV an energy
cut 6 MeV is applied to the data set, with an upper limit of 12MeV. This
also excludes 19C (Q=3.6 MeV) decays where a neutron capture is expected.
The event rate after a muon is dominated by the fast lived 2B that under-
goes a beta decay with 7 = 0.003s and Q=13.4 MeV. To remove it from the
dataset only a time window of 10s to 150s after a muon is analysed. That
also removes two groups of isotopes, one with a lifetime of around 7 ~ 0.2 s,
namely 8He, 6C and ®Li, the second one with a lifetime of 7 ~ 1s, namely
9He and 8Li. In the remaining dataset 1'Be is the sole cosmogenic radio
isotope with a correlation to the muon.

Figure 5.13 shows the time difference of an event to the parent muon, on
the left there was no neutron detected after the muon on the right at least
one neutron was detected. In the case that at least one neutron was de-
tected, an exponential decay is clearly visible. If no neutron was detected,
the distribution is flat and no time dependance is visible.

Figure 5.14 presents the accompanying spectra to figure 5.13. Both spectra
show no sign of an unforeseen contribution. The statistics unfortunately is
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Figure 5.12: Neutrons produced per muon as detected by the main borexino
daq (blue markers) and the Princeton Analog System(green markers)|85]

not high enough to perform a spectral fit.
Both distributions shown in figure 5.13 were fitted with equation 5.3. In a
first step 7 was left as a free parameter. For the case a neutron was present
7 = (14.8 £ 6.6) s is found, which is compatible with the lifetime 7 = 19.9s
of 1Be. On the other hand, for the case where no neutron is present there
is no exponential decay found and 7 is compatible with zero. To test this
statement toy Monte Carlo study was performed to determine how many
HBe events can be hidden in the data until 7 differs from zero. Random
events from an exponential with the decay time of HBe plus random events
from a flat distribution were fitted with equation 5.3. The number of events
taken from the exponential was increased until the fit found a decay time
diverging from zero. The sum of events was kept constant to match the
number in figure 5.14. Unfortunately, just above 1000 events the fit found a
lifetime different from zero. That number exceeds by far the expected rate
of R (HBe) < 0.20(d100t) ! [85]. Hence, the statement that there is no
exponential decay for the case that there was no neutron cannot be trusted.
That implies that just with Borexino data it is not possible to specify the
HBe decay rate.

axer TP, (5.3)

To check if the exponential decay in the neutron case is created by acciden-
tal events, the time window after the muon is shifted by 150s. So events
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150s to 300s after the muon are recorded. In that time window all cosmo-
genic radioisotopes created by muons are decayed, as the lifetimes in table
5.2 suggest. Hence, there are no events in that time window caused by a
parenting muon, meaning a flat spectrum is expected. Figure 5.15 shows
the spectra for the muon with and without neutron case. Both spectra are
flat as expected and show no correlation to the parenting muon. For both
cases the rate is consistent with flat parts of the previous spectra. To extract

n 1Be rate the lifetime in equation 5.3 is fixed to the 1Be lifetime and
fitted to the data. The result is shown in figure 5.16. For the case with no
accompanying neutron, there is again no exponential component found. On
the other hand for the muon plus neutron case 22 events are found. That
number has to be adjusted, as it is possible that events are counted twice. If
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Figure 5.14: Spectrum of 1 Be candidates after muon events left: no coinci-
dent neutron right: at least one coincident neutron.

two muons occur in the time window of 150 s before the event, it will appear
twice. That occurred six times for 123 muons creating an event and thus 129
events fulfilling all criteria.

However in [95] it is shown that it is possible to extrapolate radioisotope
rates from the KAMLAND experiment with the following formula:

E, , @ .
RBorexino (1 1 Be) _ RKamland (1 1 Be) < EEM Borex1no> ) ¢Borex1no (5'4)
ufKamland> PKamland

with the mean muon energy and flux of Borexino <E/kBorexino> = 283 £
19GeV and ¢porexino = (3-432 £ 0.001) - 1074 m 257 1[94], the mean muon
energy and flux of Kamland (E,,_g,mjand) = (260 £4) GeV and ¢gamland =
(1.49 £ 0.11) - 10 3m 257! [99] and a scaling factor o that relates isotope
production for different muon energies which was measured in [100]. That
results in a total expected ' Be rate in Borexino of (3.20.6)-10 3 ¢pd /100 t.
Part of this rate now is contained within the 120s time window. If one
subtracts that rate, a remaining rate of (3.2 & 0.6) - 103 ¢pd/100t of 'Be
decays after cuts is expected.
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Chapter 6
Counting Analysis above 3MeV

In this chapter a counting analysis of the solar ®B neutrino above 3 MeV is
presented is presented. In Borexino these neutrinos are detected via elastic
scattering described in section 3. Combined with the "Be measurement, the
vacuum and the matter dominated regime of the MSW-LMA solution are
measured with the same detector setup.

6.1 Fiducial Volume Cut

As shown in section 4.2 the outer components of the detector constitute a
source for gamma background. Despite the buffer’s shielding capabilities
the gammas penetrate the IV. As the gamma rate decreases exponentially
a radial cut of 3m resulting in a fiducial volume (FV) of 99.5t is very ef-
fective against this background. To define the F'V it is possible to place the
241 Am9Be at x+3, y+3 and z+3. The position is checked via a CCD system
[90]. The neutron-proton-scattering permits to calibrate the reconstructed
position as function of the collected energy up to about 10 MeV.

Figure (6.1) shows the calibration result with Ryec the reconstructed radius
and Rpom the nominal radius determined by the CCD system. A non spher-
ical distribution of live pmts, especially a lack of live pmts in the lower part
of the ID, is responsible for the asymmetric FV.

Despite the 3 MeV threshold and the F'V there is still an external gamma con-
tamination. Figure 6.2 shows the radial distribution of events above 3 MeV.
There are three types of events events in this data: uniformly distributed
events i.e. neutrinos, cosmics and internal background, external events i.e.
gammas that decrease exponentially and surface events caused by the inner
vessel approximated with a gaussian. All three distributions are convoluted
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events  rate [cpd/100 t]

all events 548+23  0.2940.01
208 50.747.1  0.01620.002
HBe 8.1410.8 0.006-£0.008
other cosmogenics 6.3+3.1  0.003%0.002
external 6.8+0.6 0.005
8B-neutrinos 484+24  0.2440.01

Table 6.1: Event rates within a fiducial volume of 3m

with the detector response function and fit to the data set. The fit results in
a remaining gamma rate of (4.3 4 0.3) - 1073 /(d100t).

6.2 °B Spectrum within 3m

Table 6.1 lists the remaining events within 3m. From the cosmogenic back-
ground the long lived 11 Be remains (section 5), from the internal background
the untagable 2Y8T1 beta decays (section 4.1.1) and a small amount of exter-
nal events (section 4.2). If one subtracts the background events, the remain-
ing events are the 8B neutrino events. This results in 484424 neutrino events
corresponding to a rate of 0.2440.01. The rate matches the solar standard
model MSW-LMA solution [101, 25].

The spectral distribution of table 6.1 is shown in figure 6.3. All background
events except some 11Be events are located in the first energy bin. Figure
6.3 shows the spectral distribution. Most of the background is low energetic
with the high energetic 11Be being the exception. Figure 6.3 Most of the
background is located in the first energy bins, so the uncertainties there are
higher compared to the high energy bins.
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Chapter 7

Analysis with the full Detector
Mass

Within a fiducial volume of 3m the 8B-neutrino spectrum is can be extracted
by subtracting the backgrounds statistically. If one expands the fiducial vol-
ume, there are new background sources like the IV and buffer. It is possible
to disentangle the different contributions to the final spectrum via a two di-
mensional fit, utilising the radial and spectral distribution at the same time.
This technique is described in the following sections.

7.1 Spectra Simulation

To study the detector the Borexino Collaboration developed a detailed Monte
Carlo simulation based on Geant4 [102]. With the help of several laboratory
measurements and calibration campaigns as input [90] it reached a high ac-
curacy in reproducing physics events.

The user can choose between several spatial and spectral distribution for the
particle generation. Also, it is possible to choose the detector geometry as it
is not constant over time. In 2009 a leak occurred in the inner vessel (IV)
(see section 2.1.1), which allowed scintillator to flow in buffer region. That
causes a deviation from the spherical shape of the IV. The density of the two
volumes was adjusted and scintillator was added. Therefore, the IV shape
varies over time. The shape is monitored with a weekly update which can
be imported to the monte carlo. Also, the photomultiplier tubes (pmts) are
slowly dying over time. The number of life channels is monitored for each 6 h
run, which can also be imported to the monte carlo. The physics processes
are then handled by the G4Bx package[102], which contains the detector

69



geometry and material properties. Within the material properties, there is
also the light emission mechanism of the different media. A particle that
deposits energy in one of the detector volumes creates the proper amount
of scintillation and Cherenkov light. The monte carlo tracks each of these
photons considering optical interactions i.e. refraction, reflection, absorp-
tion, reemission and scattering. The photons are tracked until they a pmt
cathode or are absorbed without reemission. After the cathode the electron-
ics simulation takes over. It simulates each pmt with its own properties e.g.
time spread, dark noise, after pulses, resolution etc. Afterwards the whole
electronic chain is modelled i.e. trigger, charge integration etc. The output
is identical two the detectors real taken raw data. This output is handled by
the offline reconstruction software. In addition to the reconstructed values,
the true input parameters are saved. Besides this the simulation output is
the same as the real detector’s output.

The Monte Carlo is used to generate radial and spectral probability density
functions (pdfs) for the signal and background components. For each run the
detector conditions i.e. live channels, IV shape, noise etc are loaded. The
simulated events under this conditions are then scaled to the real run time,
so that each run is percental correct represented in the monte carlo data set.
The simulated radial and spectral distributions are converted to pdfs using
the roofit toolkit [103] . An example for 8B neutrinos is shown in figure 7.1

70



5000
« MC events

4000 - — pdf

Events / ( 0.045)

3000

2000

1000

00 05 10 15 20 25 30 35 40 45
radius

— F——T— T """ [ T T T [ T T T T [ T T T T T T T T [ T T T

+ MCevents 7
— pdf E

2000 3000 4000 5000 6000 7000 8000
charge

Figure 7.1: Top: simulated radial 8B-neutrino distribution plus probability

density function (pdf) created from the data Right: spectral 8B-neutrino

distribution plus probability density function (pdf) created from the data,
energy observable is detected charge with 500 charge ~1MeV.

71



E‘ 5: S B B B L BN 2000
N 4F 1800
3 L 1600
2f 1400
E 1200
- 1000
0EF
- 800
- 600
2F 400
3 F 200
4" 0
5 4 -3 2 -4 0 1 2 3 4
x [m]

Figure 7.2: poles

7.2 Pole Background

Figure 7.3 shows a picture taken by the CCD system. It shows the two
vessels surrounded by the pmts. In the pictures center and top the mounting
structure ,that holds the vessels in place and enforces their spherical shape,
is visible. The mountings represents the closest solid material to the sensitive
volume. It is made out of metal and therefore contains isotopes from the 238U
and 232Th decay chains and therefore emits the gamma radiation described
in section 4.2. Figure 7.2 shows a slice of the x-z-plane with 20cm thickness
of all events after cuts. The hotspots at the top and bottom are clearly
visible. It was not possible to match this distribution around the mounting
structure with monte carlo data. Therefore a sphere with 1 m radius around
the mounting structure is excluded from the analysis.

7.3 Background Sources

Using the hole IV volume introduces new background sources. Before in-
tegration the IV contamination was tested to be < 1.7ppt for the 2381
chain[104]. Compared to the liquids a purification after the completion of
the detector is not possible. Hence, close to the IV there is the highest rate
within the detector. Above 3MeV the 208T1 beta decay decay presents the
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Figure 7.3: picture vessel

biggest source of background. Electrons from that decay deposit their energy
within centimeters, hence the vessel should almost look pointlike. However,
the vessel shape is not constant over time, due to the leak. This broadens
also the background distribution. Alpha decays that occur on the vessel are
quenched below 3 MeV. Beyond the vessel comes the buffer. Compared to
the scintillator inside the IV the liquids here were not purified after filling.
Hence, the radiopurity levels are lower. The buffer liquid outside the 5.5 m
vessel is also in contact with the SSS and the pmts which emanate radon.
Therefore the radiopurity is further decreased. Within the buffer 208T1 de-
cays and emits 2.6 MeV gammas which can reach the inside of the IV. Also
the gammas created on the SSS and pmts reach are very relevant close to
the IV. They consist of gammas from 208T1 decay, 214Bi decay and neutron
capture(see section4.2).
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7.4 Results for IV

The following contributions are still in the data:
e solar 8B neutrinos
e internal 203T1 decay
e cosmogenic e decay
o 208T] decay on the IV
e External gammas produced by2%8 Tl decay & 214p4 decay
e external gammas produced by alpha-n-reactions

For each a pdf as described beforehand is created. The pdfs are fitted to
the raw data using the extended likelihood fit provided by the roofit package
[103]. The internal 208T1, cosmogenic 'Be and external gammas caused by
a-n reactions rate are constrained with a gaussian pull term with mean and
width as presented in section 4 and 5, respectively. Figure 7.4,7.5 and 7.6.
The individual contributions are listed in table 7.1. The 8B rate matches
the prediction by the MSW LMA solution. The external gamma rays con-
stitute the largest background. This is due to Borexino’s rather small size
and therefore limited self shielding capabilities. Despite the careful material
selection [104], the IV is second largest source of background. This is due
that for nylon there are not as effective purification methods as for scintilla-
tors [66]. Besides the internal 2%8T1 and cosmogenic 'Be the backgrounds
are dominantly located at larger radii. This shows the great prospects of
future larger detector, where these backgrounds can be neglected due to the
enhanced self shielding.
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events

20371 gammas 2816 + 216
214Bj gammas 7408 + 506
2091 TV 1433 + 35

neutron capture 550 £ 70
HBe 18.9 +27.8

internal 298T] 154 + 10
8B-neutrino 1376 + 70
8B-neutrino [cpd/100t] | 0.24 & 0.01

Table 7.1: Results from a two dimensional extended likelihood fit within the
V.
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Figure 7.4: Radial and spectral distribution in the dataset
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Chapter 8

Searching for Sterile Neutrinos

using the °B Spectrum

8.1 Simulation of Sterile Spectra

The solar neutrino generator was developed to simulate elastic scattering
interactions of all different solar neutrino components such as pp, 7Be7 8B,
pep and CNO neutrinos. The neutrino spectra are based on [105, 106] .
The kinetic energy of the electrons is randomly extracted according to the
differential cross-section which includes first order radiative corrections[107].
The oscillation probability of the electron neutrinos is calculated according
to the LMA-MSW prediction[26]. Sterile neutrinos, as introduced in section
1.7 would change the oscillation. They can move the so called "up-turn”
to lower energies. A derivation of the survival probability is given in [108].
Figure 8.2 shows an example for a modified survival probability. The cal-
culation assumes the (3+1) model with neutrino flavors vy = (vs, Ve, vy, Vr)
mixed in the mass eigenstes v, i = 0,1,2,3. The mixing angle a denotes
the mixing between 0 and 1 and the ratio of the mass squared differences
AR = Am%l/Amgl. The generator was then modified to enable custom
survival probabilities such as in [108] [109]. Figure 8.1 shows an example
for the difference in the spectrum that is caused by a change in the survival
probability. Various 8B spectra with different survival have been simulated
with the same method as shown in section 7.1, i.e. for each used run in the
data its length and detector conditions are taken into account. Examples of
survival probabilities that are used are shown in figure 8.2.
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8.2 Analysis Method & Results

The modified spectra are fitted to the data as shown in section 7.4. The
models are compared via their fit’s likelihood. One example for the radial
and spectral distribution is shown in figure 8.3 and 8.4. table 8.1 sums up
the results.

A R | sin?2a | excluded with c.l. in%
0.08 | 51073 53
1.3 | 51074 48
1.5 | 5104 52

Table 8.1: Sterile neutrino parameter with respective exclusion power

The change in the survival probability causes the largest difference at lower
energies. Therefore this analysis is limited the 3 MeV energy threshold. The
threshold is given by the external gamma rays. Borexino’s self shielding is
not sufficient to suppress them. Borexino’s size is not large enough to use a
fiducial volume that enables a lower threshold.
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Chapter 9

Prospects

Several next generation neutrino detectors like Theia [110], Dune [111] and
Juno [112] are planed or under construction. They will deepen the under-
standing of solar neutrinos. The capabilities of Juno will be presented in this
chapter.

9.1 Juno Detector

subsectionThe Jiangmen Underground Neutrino Observatory The Jiangmen
Underground Neutrino Observatory (JUNO) is a multi purpose liquid scin-
tillator neutrino experiment, that is currently under construction [112]. Its
main goal is to detect antineutrinos created in nearby nuclear power plants.
Therefore a 20 kt fiducial mass and an unmatched energy resolution of 3%/MeV
is planned.

The experiment is located in Jinji town in the Jiangmen province in China.
In ~53km distance of the site there is the Yangjiang nuclear power plant
(NPP) and the Taishan NPP. IN Yiangjiang there are six reactor cores with
2.9 GW each and in Taishan there are two cores with 4.59 GW each, resulting
in a total power of 26.55 GW. Furthermore in ~200 km are the Daya Bay and
Huizhou reactor which contribute ~3% to the anti neutrino flux. To shield
the experiment from cosmic radiation a new underground laboratory is built.
It is covered by 650 m of rock, corresponding to ~1700 m.w.e., resulting in a
muon rate in the central detector of 3.5 Hz with a mean energy of 215 GeV
[113].

The central detector is submerged in a water pool to shield from natural
radiation in the rock and fast neutrons. The tank is equipped with 2000
20" PMTs to detect Cerenkov light and act as an active muon veto and
tracker. A segment of the pool is covered with the Opera muon tracker [114]
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Figure 9.1: Schematic cross section of the Juno detector. The active volume
is submerged in a water pool that is equipped with 2000 pmts to detect
muons. The scintillator is encapsulated by an acrylic vessel with a radius of
17.7m. The light is 18000 20and 25000 3pmts that are mounted on a steel
scaffolding.

to provide a high precision data set to calibrate muon tracks. The 20kt lig-
uid scintillator are contained in a spherical acrylic vessel with 17.7m radius
and a thickness of 12cm. Linear alkylbenzene (LAB) serves as solvent in
the LS.Furthermore, the LS consists of 3 g/l 2,5-diphenyloxazole (PPO) as
the flour and 15mg/1 p-bis-(o-methylstyryl)-benzene (bis-MSB) as the wave-
length shifter. The goal for the attenuation length is a value greater than
20m and for the light yield 1200 photons/MeV. The light emitted by the LS
is detected by 18.000 20” PMTs. For a better timing information they are
complemented by 25.000 37 PMTs. The PMTs are mounted on a stainless
steel scaffolding that surrounds the acrylics. The optical coverage is 77.5%.
A scheme of the setup taken from [113] is shown in figure 9.1.

The main goal of the experiment is to figure out the mass hierarchy. Therefore
it will detect the reactor 7 via the so called inverse beta decay:

Ue+p—e’ +n (9.1)

The positron will annihilate immediately with an electron and provide a
prompt signal. The neutron thermalises within 250 u s and gets captured
on a hydrogen atom, releasing a 2.2 MeV gamma. This coincidence allows
to greatly suppress the background rate. In the survival probability of the
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detected 7, there is a phase term which is positive for normal hierarchy
(NH) and negative for inverted hierarchy (IH). Due to its high light yield
JUNO will be able to resolve this change in the oscillation phase. A more
profound explanation is given in [112]. The JUNO detector will also be
able to detect solar neutrinos via elastic scattering on electrons. For the
low energetic part of the solar neutrino spectrum the internal background is
crucial, while cosmogenic radioisotopes created by muons are neglect able.
For the higher energetic 8B neutrinos it is vice versa.[112]. For the minimal
radiopurity requirements, similar as in the KamLAND solar phase [115], only
a "Be neutrino measurement will be feasible, with a signal to background
ratio of 1:3. However, it will be still challenging as a precise knowledge of
the 219Bi background is needed, which covers the full spectral range of the
"Be neutrinos. Furthermore, the 210Ph, 85Kr, 238U and 40K have to be
handled. If the ideal purity, corresponding Borexino Phase-I [10] levels, can
be reached, also a measurement of CNO neutrinos maybe feasible. JUNO’s
energy resolution broadens the window between the endpoint of the "Be
shoulder and the starting of the ¢ gpectrum compared to Borexino [116,
68]. In this region the signal to background ratio is the most favorable for a
CNO measurement, which may allow JUNO to determine the CNO rate. A
pp neutrino measurement will be very challenging due to the overwhelming
¢ background. It creates pile up events that dominate the energy region of
pp neutrinos [116]. Only a reduction of the pile up rate through a waveform
analysis or a scintillator with a low 14¢ rate would allow a pp neutrino
measurement. The high "Be interaction rate enables a search for oscillations
in its rate. So far two sources for a rate oscillation are known: the day
night effect (caused by interactions of the neutrinos and the earth) and the
seasonal modulation (caused by the earth’s elliptical orbit) [66]. So called
solar g-modes could be a further source. They cause density fluctuations
in the solar which affects the solar neutrino rate. So far this oscillation
has not been detected in the neutrino rate. Juno will be sensitive to up to
0.2% change in the amplitude of the solar neutrino rate, depending on the
background model[116].

9.2 3B Neutrinos in Juno

Juno will also be able to measure solar 8B neutrinos [117]. Its size is grant-
ing some benefits, while its shallow depth is a drawback. The acrylics, the
steel scaffolding and the pmt cathodes will be a major source for external
gamma ray background. It is created by 298T1 and 214Bi beta decays and
a-n reactions. The gamma energies ranges up to ~ 9MeV, with the lower
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energies created by the beta decays, mainly 2.4 MeV and 2.6 MeV and the
higher by neutron captures in the steel. The sheer size of the detector allows
very stringent fiducial volume cuts to suppress this background. As the rate
for the lower energies is higher a monte carlo study showed that an energy
dependant fiducial volume is the most efficient [117]. The steps are:

o 2<k<3 MeV r<13m, 7.9kt target mass
e 3<E<5SMeV, r <15m, 12.2kt target mass
e E>5MeV, r<16.5m, 7.9kt target mass

Within these volumes the external background is negligible. There will be
major efforts to reduce the internal background. Before the scintillator will
be filled to the detector it will undergo three cleaning steps: distillation,
water extraction and gas stripping[118]. The monitor the contamination
of 238U, 2327} and Radon during the filling process the predector OSIRIS
[119] is built. A feasible background scenario is 10 17g/g 238U and 232Th
which is comparable to Borexino after filling[66]. The 214Bi,212Bi, 21 Po
and 212Po can be tagged and removed by their respective fast Bi-Po co-
incidence as shown in chapter 4. The remaining internal background is 208T1
(Q=5.0MeV, 7 /9 = 3 min). It is not distinguishable from a neutrino signal.

However, its rate may be measured indirectly via the branching of 212Bj as
shown in chapter 4. After determining the rate, it can be subtracted sta-
tistically. The most critical background is cosmogenic background due to
Juno’s shallow overburden of 1700 m.w.e. This leads to a cosmic muon rate
of 0.0037 Hz/m2 with a mean energy of ~ 290 GeV. This flux causes a rate
of 3.6 Hz of muons crossing the scintillator. The muons create radio isotopes
through spallation on the scintillator’s carbon. The same isotopes as de-
scribed in chapter 5 are created. The radio isotope rate is proportional to
E?™ and can be scaled from Borexino results[95]. Table 9.1 shows the scaled
rates. The massive 11C rate dictates the 2MeV threshold in the Juno 8B
neutrino analysis. Due to the long life time a veto strategy is not possible for
this isotope. For the other isotopes a veto strategy is possible. A study was
carried out that showed a possible veto strategy that reduces the radioisotope
rate slightly below the neutrino [117]. The proposed veto strategy is:

e veto the whole detector for:
2ms if a muon crosses the water pool or scintillator

1 after muons with failed track reconstruction

84



Cosmogenic Isotope T Q[MeV] | Decay | Scaled Rate
12 0.03s 134 B 2282
8He 0.17s 10.6 iR 2185
e 0.19s 16.5 gt 160
ILi 0.26s 13.6 in 649
5B 1.11s 18.0 Chs 35
6He 1.17s 3.5 i 526
8Li 1.21s 16.0 im 725
10¢ 27.85 3.6 A 816
HBe 19.9s 11.5 iR 59
g 29.4min | 1.98 laa 11811

Table 9.1: Muon induced background in Juno with decay mode, rates scaled
from Borexino[95].

e cylindrical vetos with distance d around the muon track:
d<1 for 5s
Im<d<3m for 4s
3m<d<4m for 2s
4m<d<bm for 0.2s

e veto a 2m sphere around a spallation neutron for 160 s.

This veto introduces a dead time of 48%. The spectral distribution of the
scaled events is shown in figure 9.2. The 11C decay rate dictates the threshold
at 2MeV. A toy monte carlo study based on chapter 7 and 8 was performed.
It showed that Juno is still limited in search for sterile neutrinos by its shallow
depth. The veto strategy against cosmogenic radio isotopes demands a huge
deadtime, while still events remain after cuts. A more refined veto strategy
based on a likelihood approach as demonstrated in [120] may improve the
situation in the future.
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Figure 9.2: 8B neutrino spectrum in the Juno detector, with background
rates as shown in table 9.1
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Chapter 10

The Double Chooz Experiment

The Double Chooz Experiment is a liquid scintillator based reactor anti neu-
trino experiment and the successor of the Chooz experiment [121]. Its main
focus is the determination of the mixing angle 613. However a search for
sterile neutrinos is also possible. For both analyses the proton number is
crucial value to determine the expected rate. In this chapter a brief over
of the set up, the latest physics result and the determination of the proton
number will be given.

10.1 The Experimental Set Up

The Double Chooz experiment is located at the Chooz B nuclear power plant
in the french Ardennes. The power plant consists of two pressurised water
reactors of the N4 plant series with 4.25 GW thermal power each. The ex-
periment is made of two identical detectors, the near (ND) and far (FD)
detector, based on the liquid scintillator technique. The FD is built in a
distance of 1050 m to the reactor, corresponding to the minimum in the os-
cillation. The ND has an average distance of 400 m to the cores, as its purpose
is to measure the unoscillated spectrum. The relative locations are shown
in figure 10.1. Both detectors are placed underground to shield cosmogenic
background. The FD could use the experimental hall of the Chooz with an
overburden of 300 m.w.e.. For the ND a new lab was constructed with a
shallower depth of 120 m.w.e. The detectors are constructed in an onion like
structure consisting of four interlaced cylindrical volumes. The three inner-
most volumes are optically separated from the fourth and make up the inner
detector (ID). The outermost volume is the so called inner veto (IV). The
detector is surrounded by 15 cm of steel to shield gamma rays. On top of the
detector is the outer veto (OV) to close the gap caused by central chimney
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which is needed to access the detector. In the following each detector part
will be described briefly for more details see [122]

Outer Veto The Outer Veto consists of two orthogonal layers of plastic
scintillator read out by PMTs. It is placed on of the IV overspreading
an area of 13m x 7m. The chimney causes a gap of 1.1m x 0.3. To
close this gap another pair of layers is placed ~ 4m above.

Inner Veto The Inner Veto consists of a hollow cylinder with 50 thickness
and a volume of 90 m?3. The walls are made of stainless steel, therefore
the IV is optically separated from the other detector parts. The IV
acts as active veto for cosmic muons and fast neutrons created in the
surrounding rock. It is equipped with 78 8 inch pmts with locations
optimised for muon detection. In case of the ND the whole IV is covered
in reflective foil (VM2000), for the FD for the inner wall reflective paint
is used and for the outer wall reflective foil.

Buffer The Buffer consists of 100 m?3 transparent non-scintillating oil. With
a thickness of 105cm it acts as a passive shielding for the scintillating
detector parts in the center from gammas and fast neutrons created in
the rock and the outer detector parts. The buffer’s outer wall is made
of stainless steel with 390 10 inch PMTs mounted on it, that detect the
scintillation light from the two inner detector parts.

Gamma Catcher The Gamma Catcher is a Volume with 55m?3 and 55 thickness
that surrounds the Neutrino Target. The two volumes are separated by
a 12mm thin acrylic vessel. The GC contains non-doped liquid scintil-
lator with a light yield matched to the target scintillator to achieve a
homogenous detector response. The GC is built to catch gammas cre-
ated by inverse decays in the neutrino target, that escaped the target.

Neutrino Target The Neutrino Target is located in the very center of the
Double Chooz detector. It contains 10.3m? liquid scintillator loaded
with Gd with a concentration of1 g/1. Gd is added as it features a high
cross section for neutron capture and therefor is ideal for IBD detection.
The scintillator is a mixture of PXE (phenyl xylyl ethane, C1gH1g) and
dodecane(C19Hog)

The density of the liquids in the four subdetectors was matched to 0.804 g/ cm?

to avoid buoyancy forces. The radiopurity for the Target (GC) was found to
be 0.4 (1.2)-10 M g/g u and 27.3 (1.8)-10 14 g/g Th, which lies well within
the specifications [123]. The PMTs are read are read out by a 8 bit flash ADC
system. A trigger is issued when the energy in the ID exceeds 350keV or
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10 MeV in the IV. For each trigger, every PMT is read out. For Calibration
the target is reachable via the Chimney. Various radioactive sources were
deployed along the z axis. For the GC there is a guide tube system to insert
sources. The PMTs and electrons is calibrated via an LED fiber system.
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Figure 10.1: Cross section of the Double Chooz detectors. Also the respective

distance to the reactor cores are shown, that result in an iso-flux configuration
[124]
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10.2 Neutrino Detection by Total Neutron
Capture

For reactor neutrino experiments the inverse beta decay:
Ve +p—ntet (10.1)

is time-proven, as it delivers a significantly higher cross section than neutrino
electron scattering. The cross section is deducted in [126] as:

(10.2)

Ey,
EV )a( ) . 10743 Cm22
MeV MeV

oy(Ey) =~ peFe (

with the momentum of the electron p, and
a(Ey) = —0.07056 + 0.02018 In(E, /MeV) — 0.001953 In3(E,, /MeV)

The detected signal is a convolution of the cross section and the reactor
neutrino spectrum. Figure 10.3 depicts the three parts, where the detected
signal ranges from 1.8 MeV up to ~ 10 MeV with a maximum at 4 MeV.
The coincidence of the inverse beta decay enables background suppression.
The positron thereby forms the prompt signal and the neutron the delayed
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Figure 10.3: Detected reactor anti neutrino spectrum, which is a convolution
of the inverse beta decay cross section and the reactor anti neutrino spectrum
[127]

signal with a capture time of ~ 200 us for organic scintillators. In Double
Chooz Gadolinium is added to the NT to increase the neutron capture cross
section, which also drives down the capture time to ~ 200 us. Gd also shifts
the capture gamma’s energy from 2.2 MeV to ~8 MeV. Double Chooz now
is the first A13 oscillation experiment that managed not only to use the Gd
gammas but also the gammas generated by neutron capture on hydrogen.
This allows to also use the GC as sensitive volume increasing the volume
roughly by a factor of three.

Uncertainty (%) SD MD
Proton Number  0.65 0.39
IBD Selection 0.33FD /0.12ND .27
Boundary Effect 0.20 -
Vetoes Efficiency <0.005 <0.005

Table 10.1: Systematics for the 613 in Double Chooz [124].

The systematics are summarised in table 10.1, with SD being the phase where
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just the FD took data and MD the phase where both detectors where run-
ning. The uncertainty on the proton number in the detection volume causes
the largest contribution to the uncertainty on 613. The proton number un-
certainty is dominated by the GC with an uncertainty of 1.1% compared to
0.3% for the NT. During filling it was not expected that the GC can be used
as sensitive Volume, so just the scintillator going in the N'T was weighed.
For the GC the mass going in the GC was just monitored via a flow me-
ter. During emptying the detector the scintillator could be weighed, with
details given in the next chapter. Background events have to mimic the

Rate (d 1) FD SD

IBD Candidates 112 816
Breakdown

Accidental 4.1340.02 3.110+0.004
Fast-Neutron 2.5040.05 20.8540.31
i 2.6240.27 14.524+1.48
ILi +p tag 3.0140.60 12.324-2.01
Stopped p <0.19 (98% CL) <0.21 (98% CL)
Others (2B, Bipo) <0.01 0.0440.01
Total

S -Exclusive 9.340.3 38.54+1.5
Inclusive 9.840.9 39.6+2.5
Signal to BG 11.0 20.2

Table 10.2: Background rates for the 013 measurement in Double Chooz
[124].

IBD signal, so it can be events directly causing two events in the detector
or a coincidence of two single events. Due to the low overburden cosmogenic
background is dominating in Double Chooz, meaning fast neutrons and cos-
mogenic radioisotopes. Fast neutrons are recreating the IBD signal by first
recoiling on a hydrogen atom followed by a neutron capture. 9Li is created
via spallation on 12C and undergoes a S-n decay. After each tagged muon a
veto of 1.25ms is issued. This is mainly to reject fast neutrons and stopped
muons. To veto 9Li and 2B events an artificial neural network was devel-
oped (ANN). The ANN uses information from the ID, IV and OV. The ANN
is also used to suppress accidental coincidences. The remaining background
rates after cuts are given in table 10.2. 9Li was carefully studied in time win-
dows when both reactors were not running totalling to 17 days. However, it
still is the dominant background systematic. Other background models could
also be checked during this time period, which is a unique characteristic of
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the Double Chooz experiment.
The 013 measurement is done comparing the detected rate+shape of the IBD
signals to the model predictions given by

P(e — V) =~ 1 sin?263sin?(1.267Am2,L/Ez,) (10.3)

where L is the baseline distance between each reactor detector pair, E,, (MeV)
is the neutrino energy obtained from the prompt energy deposition or visible
energy (Ey, ~ E.+ +0.78 MeV). Amge is the pertinent ve-weighted average
of AmZ; and Am3,, where |[Am2,| = (2.484 £ 0.036) - 10 3eV? is used as
input to the fit. Three single detector (SD) fits, namely FD-I, FD-II and
ND, are performed simultaneously. The fit outputs are given to the final
fit. The SD fits are constraint by inter detector correlations, like the back-
ground shape, detection rate and spectral shape. Therefore, the ND acts as
an unoscillated rate+shape reference. Correlations to FD-I and FD-II cancel
systematic uncertainties, where the iso-flux FD-II benefits more. Figure 10.4
(middle) shows an excess around 5 MeV with a still unknown origin. Figure
10.4 (bottom) shows the inter detector ratio fit, where the excess could suc-
cessfully be suppressed. Finally, the best fit value is sin2913 = 0.105+0.014,
with a statistical portion of the uncertainty of 0.005. Hence, the systematics
are clearly dominant. As FD-I still represents a large amount of the analysed
data, the reactor flux uncertainty for this period are the largest contribution
to the final result. However FD-II already improved the uncertainty com-
pared to single detector operation. Once the full data set is released the
impact of FD-I will be minimised. Figure 10.5 compares the DC value for
613 to other experiments and shows that the DC value is up to ~ 50% higher.
Although the significance of this deviation is below 20.
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Figure 10.5: Comparison of the Double Chooz results with Daya Bay[128],
RENO[129] and T2K [130]
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10.3 Measurement of the Proton Number for
the Gamma Catcher Liquid

The two detector phase began with the start of the data taking of the ND at
the end of 2014 and lasted for three years until the end of 2017 where both
detectors stopped taking physics data. It is agreed with EDF, the operator
of the power plant, that the equipment in the lab has to be fully dismantled.
During the dismantling of the ND the opportunity to measure the GC mass
arises. How it was done will be described in the following.

For an accurate measurement the acrylic walls have to be intact also during
emptying the detector, i.e. no cracks are allowed to form. Therefore the liquid
levels have to be as precisely monitored as during the filling period described
in [122] and controlled in a way that the maximal liquid level difference does
not exceed 1cm. The level measurement system described in [122] could be
reactivated partly. The system is run by a RaspberryPie with several sensors
connected to it. A web server is running on the RaspberryPie to grant
access to the data. The hydrostatic pressure sensors (HPS) for each volume
could be fixed and were fully operational again. The other sensors were not
deemed necessary and were not fixed. A TruSense S310[131] infrared laser
was installed at the chimney opening. In contrast to the former laser level
measurement system, that laser does not need a reflective swimmer in the
liquid. Therefore access through the chimney was sufficient to monitor the
target level with that new laser with a precision of 1 mm. The XRS system
[132] was also installed to provide an independent system. It is made of
tubes that are submerged in all four liquids that are connected at the top. A
common under pressure can be applied that rises the levels to the XRS panel
above the detector. The system does not provide an absolute measurement
but shows the difference of the four levels. An example measurement from
the start of the unfilling is shown in figure 10.6

Part of the filling system could be reused for emptying the detector. The
NT and GC filling pipes were suitable for emptying. For the BF and MV
new connections had to be installed. For both ptfe tubes were inserted in
the loris tubes, as the laser level measurement system was not in use and as
they go all the way to the bottom of the volumes. The NT and GC were
connected to the filling pumping stations. The stations are equipped with
small membrane pumps[122] that run on nitrogen. As these two volumes are
the smallest of the four, small pumps were sufficient to not be limited by
them. The BF and MV tubes were connected to membrane pumps run by
compressed air. During operation they showed to be not reliable probably
caused by the high humidity in the lab. Therefore, they were replaced by
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Figure 10.6: Croos reference system (XRS). It is connected to the four de-

tector volumes. The liquids can be sucked up and the fill heights can be
relatively compared.

the Mega 960 pumps [132] from the liquid storage area run by nitrogen. All
the pump outlets were connected to intermediate bulk container (IBC) with
a volume of 1m? each. Ten IBC were solely used to store the target liquid,
while for the other three volumes 48 IBCs were in use. The IBCs that were
connected to the NT and GC were put on scales (see fig 10.9 for GC). For
each the empty IBC was weighed, the scale tared and the weight after filling
the IBC measured. Around 30 IBCs could be stored in the lab simultaneously
and were arranged in rows of two as depicted partly in figure 10.7. Full IBCs
were at all time stored in retention pits as shown in figure 10.7. Once full,
the IBCs were brought up to the storage areal by a telescopic handler. (figure
10.8). The full IBCs in the storage were emptied by a tank truck. The trucks
were equipped with their own pump and sucked the liquid from the IBC’s
manhole. In total seven trucks were needed to transport the liquid. Further
disposal of the liquids was handled by the GVS [133] company.

Figure 10.10 shows the data aquired by the level measurement system. Fill
height differences between the volumes could be held within the safety mar-
gin. No hint of the position of the leak from the NT to the GC[124] is visible
in the data. Especially, during the time of no pumping were all levels are
constant. Table 10.3 sums up the individual measurement of the GC IBCs.

Ltarred area at the entrance of the tunnel
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Figure 10.7: Overview of the emptying operation. XRS, IBCs and pumps
are visible.

The total mass is (17845.6 + 3.5)kg where the error is defined by the used
scale. From geometric calculations of the volume 18200 kg are expected[123].
Upon further dismantling the bottom of the GC volume can be checked for
leftover liquid and if necessary the liquid can be taken into account. The
proton fraction in the GC liquid was measured to be f = (14.53 £+ 0.15)%
using combustion analysis [123]. This gives a proton number of the extracted
liquid of (1.451 = 0.010) - 103,
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Figure 10.8: left: Full IBCs in the storage area.right: Liquid transfer from
the IBCs to a truck.

Figure 10.9: IBC on scale for the GC mass measurement.
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Figure 10.10: Fill heights during emptying. No hint for the position of the
leak is visible, especially during times with no pumping all fill heights are
constant.
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IBC number | mass[kg|
IBC1 760.6
IBC2 768.1
IBC3 763.9
IBC4 761.5
IBC5H 762.2
IBC6 760.6
IBC7 763.5
IBC8 761.9
IBC9 758.6
IBC10 761.6
IBC11 763.9
IBC12 746.2
IBC13 747.3

IBC14 7474
IBC15 747.1
IBC16 747.1
IBC17 747.1
IBC18 742.6
IBC19 742.8
IBC20 741.7
IBC21 750.5
IBC22 749.8
IBC23 750.9
IBC24 498.7
total 17845.6
expected 18200

Table 10.3: Weight measurement of individual IBCs for the gamma catcher
weight measurement
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10.4 Sterile Neutrinos in Double Chooz

For the given baseline of the Double Chooz experiment and the energy of
reactor neutrinos, the experiment should be sensitive for sterile neutrinos in
the mass range of 5 - 10 3eV2 < Amgﬂ < 3-103eV? and mixing angles of
sin2614 > 0.02. How the analysis is performed will shortly be described in
the following with a deeper explanation in [125].

For the present analysis one sterile neutrino is introduced, i.e. the mixing
matrix is extended to 4x4 with the new mixing angles 014, 024, 034, the new
mass state my and an additional CP violating phase. For Double Chooz’s
baseline and small mixing, just the relevant parameters are 614 and the
difference of squared masses Am?ﬂ = m?fm% This leads to an approximation
of the survival probability of:

MeV AmgeL)
eVZim E
MeV Am§1L>

- 2 2
—sin“(2614)s 1.267———
in”(2014)sin ( eV2m E

Py s5o(E, L) ~ 1 - sin?(263)sin’ <1.267
(10.4)

with the neutrino energy E and the baseline L. and the first term being
the standard mixing for the standard three neutrino case and the second
describing the mixing due to the sterile neutrino. For Double Chooz this
would lead to an additional disappearance superimposed to the three flavour
mixing. The effect is shown in figure 10.2 with the for the 613 measure-
ment optimised baselines of 400 and 1050 m and reactor neutrino energies
roughly between 1 and 8 MeV. That leads to a sensitive range of L/E, for
the additional disappearance, of 50 m/MeV to 1000 m/MeV. The analysis
is done via a profile likelihood ratio that uses the parameters sin?26;4 and
Amil. To test a oscillation signal, the best fit standard 3 flavor model i.e.
sin226,4 = Amgﬂ = O(null hypothesis) is compared to the best fit 341 model
that maximises the likelihood for the dataset using the test statistics:

£ (517 €
o <X|n f> = 2AIn(L) (10.5)

e (579

AMX, 7)) =-2-1n

with vecx being the dataset, 77 the model parameters sin®2614 and Amgﬂ

and 5 additional parameters i.e. background, reactor flux etc. described
in the following. Data between 1 MeV to 20 MeV is used, where the region
1-8 MeV is dominated by the signal and the region 8-20 MeV dominated by
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background. The higher energy region is used to constrain the backgrounds.
The fit handles several systematic uncertainties. The normalisation of the
reactor flux in each bin is a free fit parameter with constraints given by 3x41
reactor flux parameters. Sin2913 and Amege are free parameters, with Amee
given the global best fit value as starting parameter. The shape of the radio
cosmogenic ?Li is assumed to be the same for the FD and ND while rate
is different du to the different overburden. The shape was studied in [40]
with the help of a high energy muon subsample and is modelled with 38
parameters. The total rate is not constrained. Accidental backgrounds are
studied with randomised events and considered uncorrelated between data
sets. Fast neutrons and stopping muons are described via:

R(E)=Rp(a-E+b-exp(-A-E)) (10.6)

with the total rate Ry and the three shape parameters A\,a and b. The shape
is again the same for ND and FD with different rates for the detectors.

The expected reactor anti neutrino spectrum plus the backgrounds are com-
pared to the data in figure 10.11. For #14 = 0 the fit has been thoroughly
tested and compared to the DC standard analysis. A good agreement be-
tween the two has been found. To find the global minimal likelihood the
phase space of (014, Amil) is scanned, where at each point the signal param-
eters are fitted. Using the test statistics A one can compare each point to the
null hypothesis i.e. the standard three neutrino case.

Figure 10.12 shows the result of the scan, where the 95% percent curve
equals A > 3.84. The area on the right of the curve can be excluded. The
best fit value is at sin®2014 = 0.043 and A?n = 0.028eV?2 with a p-value
of (24.7£2.2)%. Therefore it is fully compatible with the standard three
neutrino case and no sterile neutrino is found within the Double Chooz data.
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Chapter 11

Current Situation of Sterile

Neutrinos

Several experiments released data on sterile neutrinos. Some exclude part
of the parameter space of the anomalies, while other favor a signal. So the
situation is a bit diffuse. A brief overview will be given in the following.
A combined analysis of the reactor experiments NEOS [134] and DANSS
[135] gives a best fit value of sin?(20) = 0.049 and Am? = 1.29¢V? with
a significance of 3.7 ¢, which is dominated by the DANSS data [136]. This
mixing is smaller than predicted by the reactor rate anomaly (RRA) and the
Gallium anomaly, generating a tension of ~ 20 [137] The combined data of
DANSS, NEOS, Bugey-3 [138] and PROSPECT [139] results in a best fit
value of sin?(26) = 0.026 and Am? = 1.29e¢V? with a significance of 1.8 ¢
[140]. Figure 11.1 depicts the corresponding confidence zones.

Neutrino-4 also found a signal with a best fit value of sin?(26) ~ 0.26 and
Am? ~ 1.29¢V? with a significance at the 3o level [141]. This result is not
seen favorably by the community as can be seen e.g. in [142]. The result is not
consistent wit DANNS, PROSPECT and solar neutrino data [143]. Figure
11.1 depicts the tension with other experiments. MiniBooNE presented new
results where the combination of neutrino and anti neutrino data leads to an
increased excess of 4.8 o with a best fit value of sin?(20) = 0.807 and Am? =
0.043eV2 [144]. IceCube released an analysis based on v, /7, disappearance
which disfavors the three neutrino and (3+1) relative to the unstable neutrino
neutrino model with p- values of 2.5% and 0.81%, respectively. This analysis
excludes the by short baselines experiments preferred parameter space with
90% C.L. A new global analysis [152] reduced the allowed parameter space
compared to the original anomalies and shifted the mixing angle to smaller
values. The best fit values are sin%(20) = 0.0.053 and Am? = 1.32¢V? for
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Figure 11.1: Summary of current sterile neutrino experiments. The green
line depicts the RAA-Galium anomaly [145]. Included are short baseline
experiments [146, 147, 148, 125, 149], constraints from Ovf3f as grey band
[150] and results based on the tritium spectrum [151]. Plot taken from [151]

the (3+1) model and favors the sterile hypothesis with more than 5¢. The
tension between the appearance and disappearance experiments still exists
at a 4.50 level. The tension is mainly created by Minos&Minos+ [153] and
the IceCube[154] experiment. Several different models that could reduce
this tension are studied. In the (3+2) model the tension still exists. The
(34+1+4decay) model where the fourth mass state is unstable reduces the
tension to 3.2 0[152]. Such a model is also more consistent with cosmological
data which disfavors ev-scale sterile neutrinos. Nege the number of relativistic
neutrinos is consistent with three and the total mass of relativistic neutrinos
is my < 0.1eV. The cosmological model assumes that that the sterile and
active neutrinos are in thermal equilibrium during decoupling. Hence, models
that avoid this reduce this tension [137, 152]. Alongside sterile neutrinos
different models beyond the standard are investigated, see [155, 156, 157,
158, 159].

Besides that, also the anomalies are reassessed. The Gallium anomaly was
recalculated with an updated cross sections, which decreased it to 2.3 o [160].
The excess at around 5MeV in reactor experiments, mentioned in section
10.2 and also measured by RENO [161] and Daya Bay [162] rises doubts on
the RAA as it deviates from the used Huber-Mueller[51] flux by ~ 10 %.
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Furthermore the burn up of the nuclear fuel was not considered in the RAA,
which affects the neutrino rate. A reanalysis using an updated flux prediction
[163, 164] results in a significance ranging from 0.9 to 2.8¢[165]. The
MiniBooNE excess is also seen critically as it just shows up in the lowest
energy bins and is not compatible with the (3+1) model [166]. Backgrounds
that could mimic the excess are thoroughly studied by the collaboration. So
far none could explain the excess [144].
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Chapter 12
Conclusion

In the past decades several liquid scintillator based neutrino neutrino exper-
iments were realised and increased our understanding of the neutrinos and
their sources. Their target mass is usually enormous to counteract the small
cross sections of the neutrino interactions. Most of the experiments are build
in underground laboratories to shield the cosmic radiation.

The Borexino experiment is located in the Laboratori Nationali del Gran
Sasso (LNGS) in Italy with a rock overburden of ~ 3800 meter water equiv-
alent (m.w.e.). It started data taking in May 2007. Its main purpose is the
spectroscopy of solar neutrinos. It reached an unprecedentedly high radiopu-
rity and an energy resolution of ~ 5% at 1 MeV which enabled it to perform
a wide-ranging physics program. One of the highlights that is the first ex-
periment to measure each solar neutrino branch.

The first part of this work focuses on the detection of 8B neutrinos of the pp
chain with Borexino. As these are rare events, the detector and backgrounds
have to be well understood. Borexino detects solar neutrinos through elastic
scattering on electrons where the cross section for electron neutrinos is about
a factor of six higher. The initial neutrino energy is lost in this channel, also
there is no directionality information. To achieve its purity Borexino per-
formed a severe purification campaign using the water extraction technique.
During this operation Radon and its daughter nuclides were introduced to
the scintillator. Therefore the data during the operation until five days after
the end is excluded. However, the operation was successful and decreased the
impurities by another order of magnitude. The success is visible in the inter-
nal background rate. The fast coincidences 214p; 214p, and the 212Bi-212pPo
of a beta and alpha decay, respectively, are tagable on an event-to-event ba-
sis and show a huge decrease after purification. The 212Bi-212Po coincidence
is also used to determine the 298T1 rate as the branching of 212Bi to 212Po
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and 212Bi to 298T1 is known. In this way it was determined that 50.7+7.1
208T] are within a radius of 3m. Another major background is made up of
cosmic muons. They were identified with with muon trigger board (MTB), a
hardware trigger and the muon clustering (MCR), a software trigger. Both
use the outer detector (OD). The inner detector is optically separated from
the ID and as the muons deposit energy on a track, identify them via pulse
shape. It was shown that the muon identification efficiency is well above the
design goal of 99.992%. The muons not only constitute direct background,
but can via spallation processes on 12C of the scintillator create cosmogenic
radioisotopes. It was shown that a veto after a muon of 6.5s after a muon is
effective against the lived isotopes. The found rates are compatible with [95].
To veto the longer lived 19 a veto of 120s after a muon with an accompanying
neutron is issued. The production of Be is not accompanied with a neu-
tron. However, neutrons indicate a large energy deposition in the detector.
Hence, it was determined that a large fraction of the UBe rate is covered by
the 120s window with a remaining rate of (3.2 + 0.6) - 10 3 ¢pd/100t. The
stainless steel sphere (SSS) and the cathodes also contribute to the back-
ground, as they are contaminated with 208T1 and 21Bi. They both undergo
beta decays where 208T1 emits a 2.6 MeV gamma and 214Bi several gammas
with energies up to 3.2MeV. It was shown that these gammas even reach
a fiducial volume(fv) with a radius of 3 m with a rate of 0.005cpd/100t.
The threshold is defined with an AmBe source that can be lowered into the
detector. it is a neutron emitter and through neutron capture it can emit
gammas from 2.2MeV up to ~10MeV. Another source of external gamma
background are neutron captures, where the neutron is produced through
alpha-n reactions. The neutrons get captured on the SSS and produce gam-
mas up to ~10MeV. Their contribution is visible in the radial distribution of
events above 6 where besides them just homogenous distributed events are
expected.

Inside a fv of 3m a counting analysis is possible. The known background
rates are subtracted from the total event number. This results in 484424 de-
tected neutrino events. A second analysis was performed where to goal is to
use the hole detector volume. This introduces the background caused by the
inner vessel (IV). 298T1 sits on it which undergoes a beta decay. Moreover,
the external background gets more dominant closer to the IV. For each sig-
nal and background component events were simulated under the respective
detector conditions for each run used in the dataset. The simulated num-
bers were scaled to the respective run length. From these events spectral
and radial probability density functions are generated (pdf). These pdf’s
are fitted to the 2.54kt years of accumulated data resulting in 1376458 8B
neutrino events in the data. This allows to study the spectral shape of the
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8B neutrinos, especially to look for sterile neutrinos. Sterile neutrinos are
non interacting through the weak interaction, however can couple through
oscillation to the standard neutrinos. Several experiments hint to their exis-
tence citeLSND:2001aii,Gariazzo:2015rra,PhysRevC.83.054615. They would
also change the survival probability of solar neutrinos [108]. For several ster-
ile neutrino parameters events were simulated in the same way as for the
standard three neutrino case and pdfs were extracted. They were also fitted
to the data. Through a comparison of the likelihoods no hints for a sterile
neutrino could be found.

The Jiangmen Underground Neutrino Observatory (JUNO) is a multi pur-
pose liquid scintillator neutrino experiment, that is currently under construc-
tion [112]. Its main goal is to detect antineutrinos created in nearby nuclear
power plants. Therefore a 20kt fiducial mass and an unmatched energy res-
olution of 3%/MeV is planned and a shielding of ~1700 m.w.e.. The main
physics goal is the determination of the mass hierarchy. Apart from this it is
also sensitive to solar neutrinos. Especially to the lower energetic part of the
solar as cosmic background is not crucial there. The high interaction rate
of "Be even allows to study timely variations in the signal amplitude down
to 0.2% of the amplitude [116]. It will also be sensitive to ®B neutrinos. To
combat the high radioisotope rate caused the 3.6 Hz muon rate a stringent
veto proposed. A cylinder around a muon track is vetoed, with longer veto
times closer to the track. This introduces a dead time of 48%. It is not
possible to tag the cosmogenic 11C decays which then define the 2 threshold
of the analysis. External background can be handled with a stringent fv
thanks to JUNOs sheer size and can be neglected inside the fv. A toy monte
carlo was set up were the were the cosmogenic radioisotopes were scaled from
Borexino. Again pdfs for radial and spectral distribution were constructed.
It showed that JUNOs high muon rate limits its search for sterile neutrinos.
The Double Chooz Experiment is a liquid scintillator based reactor anti neu-
trino experiment and the successor of the Chooz experiment [121]. It’s main
focus is the determination of the mixing angle 613.The Double Chooz ex-
periment is located at the Chooz B nuclear power plant, consisting of two
4.25 GW reactor cores, in the french Ardennes. It is made up of two similar
detectors the near detector (400 m baseline and of 120m.w.e. overburden)
and the far detector (1050 m baseline and 300 m.w.e. overburden). The re-
actor neutrinos are detected via the inverse beta decays. The background is
mainly caused by muons and their secondary particles, where 9Li is domi-
nant. The 613 measurement is done comparing the detected rate+shape of
the IBD signals to the model predictions. The data of the two detectors is
fitted simultaneously. Double Chooz is the first experiment not use not only
the neutron capture on Gadolinium for this analysis, but also the ones from
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capture on hydrogen. The analysis revealed an excess around 5MeV with
a still unknown origin. The the best fit value is sin®f13 = 0.105 + 0.014.
A large contribution is due to the uncertainty of the proton number in the
Gamma Catcher. During decommissioning of the near detector the mass of
the gamma catcher was carefully measured. This reduced the uncertainty of
the proton number roughly a factor of two. The Double Chooz experiment is
also sensitive to sterile neutrinos. The analysis is done via a profile likelihood
ratio that uses the parameters sin2614 and Am?n. The best fit standard 3
flavor model is compared to the best fit 3+1 model that maximises the like-
lihood for the dataset. To find the global minimal likelihood the phase space
of (014, Amil) was scanned. The result is fully compatible with the stan-
dard three neutrino case and a large part of the parameter space for a sterile
neutrino could be excluded.
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