LEHRSTUHL E15
PHYSIK - DEPARTMENT

Modulations of the Cosmic Muon
Flux & Identification of
Atmospheric Neutrino

Interactions in Borexino

Dissertation
von

DOMINIK JESCHKE

TECHNISCHE UNIVERSITAT
MUNCHEN






TECHNISCHE UNIVERSITAT
MUNCHEN

Physik Department
Lehrstuhl fiir Experimentalphysik und Astroteilchenphysik E15
Prof. Dr. Stefan Schonert

Modulations of the Cosmic Muon Flux & Identification of
Atmospheric Neutrino Interactions in Borexino

Dominik Jeschke

Vollstandiger Abdruck der von der Fakultéat fiir Physik der Technischen Universitat
Miinchen zur Erlangung des akademischen Grades eines

Doktors der Naturwissenschaften (Dr. rer. nat.)

genehmigten Dissertation.

Vorsitzende/-r: apl. Prof. Dr. Norbert Kaiser

Priifende/-r der Dissertation: 1. Prof. Dr. Lothar Oberauer
2. Prof. Dr. Elisa Resconi
3. Prof. Dr. Robert Svoboda

Die Dissertation wurde am 09.05.2018 bei der Technischen Universitat Miinchen
eingereicht und durch die Fakultat fiir Physik am 13.09.2018 angenommen.






Abstract

The liquid scintillator based solar neutrino experiment Borexino has been accu-
mulating data since May 2007. To minimize the background from cosmic muons
and cosmogenic radio-isotopes, the detector is located at the Laboratori Nazionali
del Gran Sasso (LNGS) with a rock coverage of 3,800 meter water equivalent. The
present work encompasses two analyses of data from the Borexino experiment.
In the first part, a measurement of the residual cosmic muon flux and its mod-
ulations using ten years of Borexino data is presented. A mean flux of (3.432 +
0.003) x 107" m~2s~! was observed and the cosmic muon flux was found to be mod-
ulated seasonally in leading order with a period of (366.3 £+ 0.6) d and a relative
amplitude of (1.364+0.4)%. The phase of the seasonal modulation was measured to
be (181.740.4) d, corresponding to a first maximum of the flux at July 1st, 2007.
Using data provided by the European Center for Medium-range Weather Forecast
(ECMWF), the cosmic muon flux is shown to be positively correlated with the
atmospheric temperature. The effective temperature coefficient that quantifies the
correlation was measured to be o = 0.90 &= 0.02. This coefficient can be inter-
preted as an indirect measurement of the atmospheric kaon to pion production
ratio rg /. = O.llfgzé% for primary cosmic ray energies E,, 2 18 TeV.

Besides the seasonal modulation, evidence for a long-term modulation of the cos-
mic muon flux with a period of ~ 3,000d and a maximum in June 2012 was found.
This modulation is not observed in the atmospheric temperature data, but hints
for a correlation to the modulation of the solar activity were noticed.

The production rate of cosmogenic neutrons in spallation processes of cosmic
muons was found to show a seasonal modulation in phase with the cosmic muon
flux but with an increased relative amplitude of (2.6 £ 0.4)%.

In the second part of the present work, neutral current (NC) interactions of atmo-
spheric neutrinos in Borexino are investigated. For an exposure of 1.48kt x yr and
a visible energy range from (7.5—30) MeV, twelve candidate events were observed,
matching the expectation of 11.6 +4.1 events including backgrounds. With a pulse
shape analysis of the candidates, evidence for the observation of atmospheric neu-
trino NC interactions could be obtained, which marks the second observation of
these interactions in liquid scintillator experiments after KamLAND.

For the first time, it could be shown based on data of a running liquid scintil-
lator experiment that the pulses of atmospheric neutrino NC interactions differ
from pulses generated by 7, in the inverse § decay for the investigated visible en-
ergy range. With this proof of principle, pulse shape discrimination techniques are
shown to offer promising prospects to suppress the background from atmospheric
neutrino NC interactions in future experiments aiming for the first observation of
Ve from the Diffuse Supernova Neutrino Background.
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Zusammenfassung

Das auf der Fliissigszintillator-Technik basierende solare Neutrino Experiment
Borexino zeichnet seit Mai 2007 Daten auf. Um den Untergrund von kosmischen
Myonen und kosmogenen Radioisotopen zu minimieren, wird der Detektor in den
Laboratori Nazionali del Gran Sasso (LNGS) mit einer Abschirmung von 3800
Meter Wasserdaquivalent betrieben. Die vorliegende Arbeit umfasst zwei Analysen
von Daten des Borexino Experiments.

Im ersten Teil wurde der Fluss kosmischer Myonen in den LNGS und dessen Mod-
ulationen mit Borexino Daten, die wahrend zehn Jahren gewonnen wurden, be-
stimmt. Ein mittlerer Fluss von (3.43240.003) x 107" m~2s~! wurde gemessen. In
fithrender Ordnung wurde eine saisonale Modulation des Flusses mit einer Periode
von (366.3 &+ 0.6) d und einer relativen Amplitude von (1.36 £ 0.4)% festgestellt.
Die Phase der Modulation wurde zu (181.7 & 0.4) d bestimmt, was einem ersten
Maximum am 1. Juli 2007 entspricht.

Mit Hilfe von Daten des European Center for Medium-range Weather Forecast
(ECMWF) wurde eine positive Korrelation zwischen dem Fluss kosmischer My-
onen und der Atmosphéarentemperatur aufgezeigt. Der effektive Temperaturkoef-
fizient, der diese Korrelation quantifiziert, wurde zu ar = 0.90 £+ 0.02 gemessen.
Dieser Koeffizient kann als indirekte Messung des Produktionsverhaltnisses von
Kaonen zu Pionen in der Atmosphire rg,, = 0.11%0: fiir primére kosmische
Strahlungsenergien £, 2 18 TeV verstanden werden.

Neben der saisonalen Modulation konnte ein Beleg fiir eine langzeitliche Modu-
lation des kosmischen Myonenflusses mit einer Periode von ~ 3000d und einem
Maximum im Juni 2012 gefunden werden. Diese Modulation konnte nicht in der
Atmospharentemperatur beobachtet werden, wohingegen Hinweise fiir eine Korre-
lation mit der Modulation der solaren Aktivitdt festgestellt wurden.

Fiir die Produktionsrate kosmogener Neutronen in Spallationsprozessen kosmischer
Myonen wurde eine saisonale Modulation in Phase mit dem kosmischen Myonen-
fluss aber einer im Vergleich dazu erhéhten relativen Amplitude von (2.6 £+ 0.4)%
beobachtet.

Im zweiten Teil der Arbeit wurden neutrale Strom(NC)-Wechselwirkungen atmo-
spharischer Neutrinos in Borexino untersucht. Fiir eine Exposition von 1.48kt x yr
wurden zwolf Kandidaten mit einer sichtbaren Energie zwischen 7.5MeV und
30MeV gefunden, was mit der Erwartung von 11.6 + 4.1 Ereignissen inklusive
Untergrund-Beitriage gut iibereinstimmt. Durch eine Pulsformanalyse der Kandi-
daten konnte der Beleg fiir die Beobachtung von NC-Wechselwirkungen atmo-
spharischer Neutrinos erbracht werden. Dies ist die zweite Beobachtung solcher
Wechselwirkungen in Fliissigszintillator-Experimenten nach dem KamLAND-Ex-
periment.
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Zum ersten Mal konnte basierend auf Daten eines laufenden Fliissigszintillator-
Experiments gezeigt werden, dass sich die Pulse von NC-Wechselwirkungen at-
mospharischer Neutrinos von Pulsen inverser (-Zerfille im untersuchten Ener-
giebereich zwischen 7.5MeV und 30 MeV unterscheiden. Es wurde gezeigt, dass
diese Unterscheidungsmoglichkeit in zukiinftigen Fliissigszintillator-Experimenten
mit dem Ziel der ersten Beobachtung von 7, des Diffusen Supernova-Neutrino-
Untergrundes von entscheidendem Nutzen sein konnte, um den tiberwaltigenden
Untergrund durch NC-Wechselwirkungen atmospharischer Neutrinos zu unterdrii-
cken.
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Chapter 1

Introduction

The neutrino was first introduced by Wolfgang Pauli in 1930 as a possibility to
conserve energy and spin in the 8 decay of radioactive nuclei [1]. With the first
observation of the neutrino by Cowan and Reines in 1956 [2], a new field of experi-
mental particle physics was established. In succession to the discovery of neutrinos,
many experiments have been built with the goal to detect these particles and in-
vestigate their properties.

Various exotic and unanticipated properties of the neutrino were revealed in the
following decades. Most prominently, the solar neutrino problem [3] describing the
unexpectedly low rate of solar neutrinos observed in terrestrial detectors challenged
the understanding of particle physics and solar physics. While this observation
could eventually be explained by the mechanism of neutrino flavor oscillations [4]
that was also exposed in studies of reactor [5] and atmospheric neutrino data [6],
many properties of the neutrino still remain unknown. Especially, the absolute
mass scale of the neutrino mass eigenstates, their ordering, and the size of the CP
violating phase § of the mixing matrix are still unresolved [7]. Further, the nature
of neutrinos as Dirac or Majorana particles could not be ascertained yet [8], mo-
tivating continuing research in the field of neutrino physics.

Since neutrinos only interact weakly and are neither affected by matter surround-
ing their source nor by electromagnetic fields on their passage towards a detector,
neutrinos are well suited as messenger particles pointing back straight to their ori-
gin. Thus, they carry valuable information on the environment in which they were
created and allow to investigate, e.g., the fusion processes inside the Sun, radiogenic
heat production and element abundances in the Earth’s crust, or the processes oc-
curring during the core collapse of a massive star and the subsequent supernova
explosion. However, due to the low cross sections for neutrino interactions with
matter, huge detector target masses are required and a precise understanding of
the detector and the relevant backgrounds is vital for the detection of neutrinos.
Since May 2007, the Borexino experiment is accumulating data with the main



goal to perform spectroscopic measurements of neutrinos generated in fusion pro-
cesses inside the Sun. Based on the unprecedented radio-purity of its liquid scin-
tillator target, outstanding results were obtained. Precision measurements of the
neutrino fluxes of all solar pp-chain branches but the least abundant hep neutri-
nos [9, 10], the currently best limit on the flux of neutrinos generated in the solar
CNO-cycle [11], and a spectroscopic measurement of geo-neutrinos [12] could be
accomplished. Currently, major efforts are undertaken to realize the first observa-
tion of solar CNO neutrinos.

The present work comprises two separate analyses performed in the scope and
based on data of the Borexino experiment. First, the cosmic muon flux in the Lab-
oratori Nazionali del Gran Sasso (LNGS), where the experiment is situated, was
measured and its modulations were studied using ten years of Borexino data. In a
second analysis, neutral current (NC) interactions of atmospheric neutrinos in the
Borexino detector were investigated. Techniques to identify these interactions are
of special interest also for future experiments aiming for the first observation of the
Diffuse Supernova Neutrino Background (DSNB) since atmospheric neutrino NC
interactions impose the major background in liquid scintillator based detectors.
After introducing the neutrino and its properties as well as several astrophysical
neutrino sources in the present chapter 1, the main techniques applied in real-time
neutrino detectors and the most relevant backgrounds for neutrino analyses are
described in chapter 2. In chapter 3, the experimental setup of the Borexino detec-
tor is illustrated and its physics program is summarized. The subsequent chapters
focus on the results of the analysis of the cosmic muon flux and its modulations. In
chapter 4, the measurement of the cosmic muon flux and its seasonal modulation is
presented. Further, the correlation between this modulation and fluctuations of the
atmospheric temperature as well as a long-term modulation of the cosmic muon
flux are investigated. In chapter 5, the observed correlation is used to explore the
ratio at which kaons and pions are produced in the upper atmosphere. In chapter
6, the seasonal modulation of the cosmogenic neutron production rate in Borexino
is investigated. In chapter 7, the analysis of atmospheric neutrino NC interactions
in the Borexino detector is presented. In chapter 8, the results of the present work
are concluded and an outlook is given.

In the first section 1.1 of the present chapter 1, the description of neutrinos in the
Standard Model of Particle Physics is summarized. Section 1.2 describes the mech-
anism of neutrino oscillations in vacuum, section 1.3 the mechanism of neutrino
oscillations in matter. In section 1.4, an overview of several astrophysical sources
in which neutrinos are generated and of the involved processes is given.



1.1 Neutrinos in the Standard Model

In the Standard Model of Particle Physics (SM), interactions of particles are de-
scribed in an SU(3) x SU(2) x U(1) quantum field theory. In this model, the strong
force is represented by the SU(3), the weak force by the SU(2), and the electro-
magnetic force by the U(1) component [7]. Electromagnetic and weak interactions
can further be combined in an SU(2) x U(1) gauge group, introducing the the-
ory of electroweak interactions [13]. Besides these three fundamental interactions,
gravitation is considered to be a fourth fundamental force that, however, so far
escapes a quantum field theoretical description and could not be included in the
SM yet [14]. Nevertheless, due to the smallness of gravitational effects compared
to effects supplied by the other forces, the SM still provides extremely precise pre-
dictions of particle interactions.

In the scope of the SM, neutrinos are referred to as the mass- and chargeless coun-
terparts of the charged leptons e, i, and 7 and are only affected by the weak SU(2)
interactions. Thus, neutrinos exist in the three flavor states v, v, and v,. Under
SU(2), left-handed fermions transform as doublets while right-handed fermions are
understood as singlets [7] and the leptons are grouped as

Ve v, vy
)02 ) st 2 ) ,er, 4R, TR 1.1
(e )L (“ )L (T )L o i TR (1.1)

The indices L and R denote the left- and right-handed fields, respectively. Af-
ter parity violation in the weak interactions was discovered, Landau [15], Lee and
Young [16], and Salam [17] introduced the two component theory of the neutrino in
which only left-handed neutrinos and right-handed antineutrinos exist. This does
not allow to generate a neutrino mass via the standard Higgs mechanism since the
corresponding Yukawa interactions require both left- and right-handed fields and
cannot be built [18]. Hence, neutrinos are assumed to be massless and eigenstates
of helicity within the SM.

In contrast to those predictions, oscillations between neutrino flavors, a process
that violates lepton family number and is only possible if neutrinos do possess
mass, have been observed in atmospheric [6], solar [19], and reactor neutrino ex-
periments [5] marking physics beyond the SM.

1.2 Vacuum Neutrino Oscillations

The mechanism of neutrino oscillations was first proposed by Pontecorvo in 1957
who considered the possibility of oscillations between neutrinos and antineutri-
nos [20]. After the exclusion of this type of oscillations, oscillations between differ-
ent neutrino flavors were suggested by Maki, Nakagawa, and Sakata in 1962 [21].
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In this model, the weak neutrino eigenstates ve, v, and v, are expressed as linear
superpositions of the orthogonal mass eigenstates vy, 15, and v3 with defined masses
m;, where i€[1,2,3] [22]. The translation between mass and flavor eigenstates is
carried by a unitary matrix U, the so-called PMNS matrix after the founders of
the theory of neutrino oscillations, and

Ve 1%}
v | =U [ ]. (1.2)
Uy V3

Neutrinos are produced and detected in their flavor eigenstates but propagate
as mass eigenstates, which allows the oscillation from one flavor into another.
Similarly to the CKM matrix of the quark sector [23, 24], the PMNS matrix may
be parametrized with three rotation angles ;; and a CP violating phase § [25]:

1 0 0 C13 0 Slge_i6 C12 S12 0
U= 0 Co3 So3 0 1 0 —S12 Ci12 0]. (13)
0 —S923 Co3 —Sl3e_i6 0 C13 0 0 1

In this parametrization, the abbreviations c; and s;; substitute cos6;; and sin 8,
respectively. If neutrinos are found to be Majorana particles, i.e. if neutrinos are
their own antiparticles, two additional CP violating phases have to be included
to describe the oscillations [26]. However, since these Majorana phases do not
influence the oscillation probabilities, they will be neglected in the following con-
siderations. Further, the number of neutrino states is assumed to be n = 3 as in
the SM and possible other states like sterile neutrinos are not taken into account.
Neutrino mixing with such sterile states, i.e. neutrino states that do not interact
via the standard weak force, would require to extend the dimensions of the PMNS
matrix in equation 1.3 by the number of assumed additional states and lead to the
introduction of corresponding mixing angles [27]. To illustrate the mechanism of
vacuum neutrino oscillations, the plane wave approach is used. A more complete
theoretical treatment following the wave packet and quantum field theoretical ap-
proach can be found in [28].

Since the mass eigenstates have to solve the Schrodinger equation [7], the temporal
development of a mass eigenstate |v4(t)) may be expressed as

i(t)) = e |14(0)) (1.4)

with E; being the energy of the mass eigenstate v; and h = ¢ = 1.
Assuming a finite and small neutrino mass, it follows that m; < p; and p; ~ FEi.
This allows to approximate the neutrino energy E; as

m? m?
E, = \/p? 2opi+—~F L 1.5




where E = p is the neutrino energy at m; — 0. The oscillation probability to detect
a neutrino that was produced in the flavor eigenstate « in the flavor eigenstate g
at time ¢ after the creation of the neutrino, with «, 5 € [e, i, 7|, may be derived
via
Pas = [{slva(®) (1.6)
3
with |1, (1)) = > Ua|i(t)) for the mass eigenstates i € [1,2,3]. Thus, the oscilla-

i=1
tion probability may be expressed as

3 2

Z<V5|Vi>eiiEt V1|Va

i=1

Pas = (1.7)

For the contrary situation, the so-called survival probability to observe a neutrino
that was produced in the flavor eigenstate « in the same eigenstate « after a time
t is given by

2 2

3

=12

i=1

a—>a = ai

ZUMU* 5

When oscillations between antineutrinos are considered, U needs to be replaced
by its complex conjugate U* in equations 1.7 and 1.8 [29]. Assuming the ultrarela-
tivistic case, the distance L that has been traveled by the neutrino from its origin
is approximately L ~ ¢ and equations 1.7 and 1.8 may be rewritten as [25]

(1.8)

2

3
Pasp = | UgUze % (1.9)
i=1
and
Posso = wil%e MP‘ (1.10)
with an arbitrary fixed index p and
Am?2 L
.= s — ~ b1
Api = (B = Byt AFE (1.11)

2 2 2
Amg; =mi —m,.
Following these equations, the probability to find a neutrino in its original flavor «
as well as the probability to find the neutrino in a different flavor g oscillate with
a period 7 o< L/E scaled by the mass difference between certain mass eigenstates.
Thus, neutrino oscillations are possible if:



Parameter Value

Am?, (7.37755,) x 1072 eV?

|Am?| (2.50 £ 0.13) x 1072 eV? (NH)

|Am?| (2.467914) x 1073 eV? (IH)
smz(ng) 0.22?93;2;
81n2(623) 0.4370 055 (NH)
sin?(Ha3) 0.569109%% (IH)
sin?(63) 0.0214730552 (NH)
sin?(63) 0.0218" 50059 (IH)

§/m 1.35%05%3 (NH)

§/m 1.324955 (IH)

Table 1.1: Neutrino mixing parameters [31].

1. At least one mass difference between two neutrino mass eigenstates does not
equal zero.

2. U is not diagonal, i.e. the mixing angles ¢;; # 0.

Since 613 is much smaller than the other two mixing angles and since Am?; >
Am?3, [7], equation 1.3 is effectively decoupled and it is often sufficient to consider
oscillations between only two neutrino flavors. Thus, 615 describes the mixing of
solar and f3 the mixing of atmospheric neutrinos [30]. For this two flavor approx-
imation, equation 1.7 simplifies to

2 .2
P = sin?(26) sin? (%L) . (1.12)

The three mixing angles 6;; and the mass differences Am3, and |Amas|? have been
measured in several experiments. The best fit values and the 30 ranges of these
parameters as obtained from a global fit of the current oscillation data [31] are
summarized in table 1.1. The CP violating phase ¢ is given with its 20 allowed
region since no physical values of § are disfavored at 30 at the moment of writing.
While the sign of Am?, has been inferred from solar neutrino experiments [19, 32],
the sign of AmZ, is still unknown. This allows two possible mass orderings of the
neutrino mass eigenstates. In the so-called normal hierarchy (NH), m3 > mg > my,
while in the inverted hierarchy (IH), ma > my > ms. Due to this, the definition of

Am? =m3 — (m3 +m7)/2 (1.13)

is used in table 1.1. This quantity is Am? > 0 for the NH and Am? < 0 for the
IH [7].



Since the unknown CP violating phase § does not affect the survival probability as
can be seen in equation 1.8, it cannot be measured in disappearence experiments.
Such experiments search for a lower neutrino flux than expected under the non-
oscillation hypothesis, exemplarily in the reactor neutrino flux with experiments
built close to reactor cores. Instead, appearance experiments must be performed
to infer the value of 4.

1.3 Neutrino Oscillations in Matter

In ordinary matter, neutrinos may scatter coherently off the weak potential created
by nucleons and electrons. While neutrinos of all flavors can interact with the elec-
trons via neutral current (NC) interactions, only v, may additionally interact via
charged current (CC) interactions. This leads to an enhanced overall cross section
for v, interactions compared to neutrinos of the other flavors and the oscillation
mechanism is altered compared to the vacuum case. The following considerations
on the oscillations of neutrinos in matter mainly follow the explanations in [30].
The enhanced cross section for the interactions of v, leads to an additional poten-
tial for these particles given by

V = V2GEN(T) (1.14)

with G being the Fermi coupling constant and Ne(?) the electron density. Due
to this additional potential, a new mass term that modifies the mixing angles and
mass differences compared to the vacuum situation is introduced in the Hamilto-
nian describing the propagation of the mass eigenstates. Since the mass eigenstate
v3 is effectively decoupled from the first two mass eigenstates and since it is not
affected by terrestrial or solar matter, the v, survival probability may be approxi-
mated as [33]

Pee = C%3P2f(912, Am%Q, C%gV) + Szllg (115)

with Py being the v, survival probability in the two flavor approximation con-
sidering the mixing parameters of the mass eigenstates 1 and 2 and an effective
potential ¢1;V. The mixing angle in matter 65, can be defined via

co3(201m)(V) = cos(2012) — 2BV /Am3, (1.16)
™ V/ (cos(2012) — 2BV /Am3,)? + sin(20;5)

with E being the neutrino energy, 65 the vacuum mixing angle, and Am?2, the
squared vacuum mass difference between the mass eigenstates. This equation leads
to three special scenarios:



o 2EV/Amys < c0s(2612) = cos(2612,m) ~ cos(201):
For low electron densities, the mixing angle is almost not affected (vacuum
region).

[ 2EV/Am12 ~ COS(2012) = ‘912,m ~ 45°:
Maximum mixing between the two neutrino mass eigenstates, independent
of 015 (transition region).

e 2EV/Amyy > cos(2612) = b12.m ~ 90°:
Almost no mixing and ve ~ 15, (matter dominated region).

The last case applies to a neutrino generated in fusion processes in the core of
the Sun. As detailed in section 1.4.1, these neutrinos are produced as electron
neutrinos. Thus, they consist mainly of the mass eigenstate 15, for the given
electron density. The implications of the matter effect during the propagation of
an v, from the core to the surface of the Sun are depicted in figure 1.1.

As the neutrino propagates towards the surface of the Sun, the electron density
decreases, which alters the mixing angle 65 ,,. Due to the small gradient of the
electron density inside the Sun compared to the oscillation length of the neutrino
in matter L, = L%, an adiabatic conversion may occur at a resonance
point leaving the neutrino in the mass eigenstate Vom. This resonant conversion is
known as the Mikheev-Smirnov-Wolfenstein (MSW) effect after its discoverers [22].
Since non-adiabatic corrections to that mechanism are very small [34], they are
neglected in the evaluations given here. When the neutrino reaches the vacuum,
the vacuum PMNS matrix applies and mostly v, which dominantly consist of 15
in the vacuum, remain.

Since the neutrinos are in the mass eigenstate 15, when leaving the Sun, they
do not oscillate on their way to the Earth. Neglecting the so-called Earth-matter
effect, which describes the transition v5,, — 11 1, for neutrinos passing through the
Earth that changes the survival probability of v, produced in the Sun by about
(1 —2)% [33], the v, survival probability is given by

Ve)|? ~ sin?(2615) ~ 30%. (1.17)

Pee - |<V2,m

Considering all possible production points of neutrinos in the Sun and averaging,
the two flavor v, survival probability in the Sun may be expressed as

1
Py = 5 [1+ cos 26012(cos 2612.m)] - (1.18)

Here, (cos2612,,) denotes the average value of cos 260;5,, over all production points
that is given by

Ro
(cos2019m) = / drf(r) cos26y2.m(r) (1.19)
0
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Resonance point No(X)

Figure 1.1: Hlustration of the MSW effect. An v, created in the core of the Sun
(right) propagates through the solar matter with a decreasing electron density
towards the vacuum. If the adiabatic conversion takes place, the v, leaves the Sun
in the mass eigenstate v, that in vacuum basically forms v,. The drawing is based
on the illustration of the MSW effect in [30].

with Re being the radius of the Sun and f(r) the normalized radial distribution
function of the neutrino sources [35]. As can be seen in equation 1.16, (cos 2612 )
depends on the energy and, hence, also the 1, survival probability is energy de-
pendent.

Figure 1.2 shows the 1o range of the survival probability of solar neutrinos as pre-
dicted in the MSW-LMA (large mixing angle) solution of neutrino oscillations as
a magenta band together with results from measurements of the Borexino experi-
ment for different solar neutrino branches [36]. The LMA solution yields the only
combination of Am2, and 6}, consistent with measurements from KamLAND [37]
and Borexino [11]. Thus, it constitutes the favored description of solar neutrino
oscillations.

Two oscillation regimes can be distinguished. While the oscillations of the low-
energetic pp, "Be, and pep neutrinos are vacuum dominated, the oscillations of the
high-energetic B neutrinos are matter dominated. The difference in the survival



o
©

© 0o
N @

206

—
o
)]

e

P(
=
i

o
w

c @
-~ M

1 1 1 1 | - I 1 1 | L1 1 11 I 1 1
0° 10°*
Energy (keV)

o

—
) i\IT|IIII|IIH[|III‘IHI|I JIIIHI|IIII|HH]IIII
[\S]

Figure 1.2: The energy dependent survival probability for v, produced in the
Sun [36]. The magenta band shows the lo range of the survival probability as
theoretically predicted by the MSW-LMA solution. The latest measurements from
Borexino for solar "Be, pep, and pp neutrinos [36] together with the Borexino
result for 8B neutrinos from [38] are shown, all in agreement with the predictions.

probability of v, generated in the two regimes and the agreement of all measure-
ments with the MSW-LMA solution clearly proves the existence of the MSW effect
and, since this effect is only possible for m3 > m? [22], determines the sign of Am?,
to be positive.

Until today, all measurements of the solar v, survival probability have been per-
formed in either the vacuum or the matter dominated region while the transition
region between those two regimes from ~ 2MeV to ~ 5MeV remains mostly
unexplored so far. However, a measurement in this region might yield important
implications since new physics could influence the survival probability at these
energies.

As an example, non-standard neutrino interactions could affect the survival prob-
ability in the transition region. Assuming such interactions, the Fermi coupling
constant can be replaced by AyswGr in a simple general model of non-standard
neutrino interactions [39]. Aysw = 1 describes the SM model case. While for
Avsw < 1, the matter effect is weakened, it is enhanced for Aysw > 1. Thus,
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the survival probability in the transition region is either increased or reduced,
respectively. For current solar neutrino data, Ayisw can be constrained to

Avsw = 147053 (1.20)

with a detection of the upturn of the 8B neutrino spectrum at low energies being a
favored choice to improve the given 1o bounds of this quantity [39]. Besides non-
standard interactions of neutrinos, also the existence of sterile neutrinos could alter
the survival probability of solar v, in the transition region. For a light sterile neu-
trino state v5 mainly consisting of the mass eigenstate my with m; < m4 < my and
for a small mixing angle 6,4, the v, survival probability remains almost unchanged
in the vacuum and matter dominated regions. However, it is strongly affected in
the transition region. In this region, the mixing angle 614, is enhanced and a reso-
nant conversion of v, into vs becomes possible [40]. Hence, even very small mixing
angles 014 may lead to significant reductions of the solar v, survival probability
in the transition region compared to the MSW-LMA prediction, potentially even
dispelling the upturn of the ®B spectrum [40].

1.4 Astrophysical Neutrino Sources

Since neutrinos only interact weakly, matter is largely transparent to these par-
ticles. Hence, they may be used as messenger particles pointing back straight to
their production point, which allows to investigate the processes of their genera-
tion as well as the physical conditions of the source from which they have been
emitted. Further, the investigation of neutrinos coming from astrophysical sources
facilitates to infer intrinsic properties of the neutrino like limits on the absolute
neutrino mass scale [41] or information on the mass ordering [42]. In the following,
the main astrophysical neutrino sources are discussed.

1.4.1 Solar Neutrinos

The Borexino experiment has been built with the main goal to measure and un-
derstand the fluxes of neutrinos generated inside the Sun. In the solar core, energy
is released via the fusion of hydrogen to helium with the net reaction [43]

4p —* He + 2e™ + 2v,. (1.21)

In this reaction, the energy of () = 26.73 MeV is released. The fusion of four hydro-
gen cores to one helium core is realized in two separate reaction chains. Dominant
in the Sun is the pp-chain [43], for which the respective reaction steps are shown in
figure 1.3. Commonly, the neutrinos are labeled by the reaction in which they are

11



p+p- “H+e'v, | | p+p+e > *H+v,

99.8% 0.2%

l

| p+ *H- He+y |

85% | 15% | 107
*He + *He —» *He + 2p | | *He + *He » "Be +y | | *He+p > *He+e* +v, |
l0.016%
| TBete > TLitv, || Be+p- "B+y |
| 7Litpo ‘Het+ *He | |  °Bo %Be’ tettv, |

| 8Be* — “*He + “He |

Figure 1.3: The pp-chain. The five reactions in which neutrinos are produced are
marked in green. The energy spectra of the pp, B, and hep neutrinos are contin-
uous, the "Be and pep neutrinos are monoenergetic due to the kinematics of the
reactions. The reactions and corresponding branching ratios are taken from [44].

produced. In the pp-chain, neutrinos are produced in five reactions generating the
pp, the pep, the "Be, the B, and the hep neutrinos. The corresponding reactions
are marked in green in figure 1.3. Due to the kinematics of the associated fusion
processes, the pp, ®B, and hep neutrinos have continuous energy spectra, while the
"Be and pep neutrinos are monoenergetic.

The second, subdominant chain is the so-called CNO-cycle [45]. This cycle is more
sensitive to the core temperature of a star due to the higher Coulomb barrier of its
reactions compared to the reactions of the pp-chain and depends on the metallicity
of the star, i.e. on the abundance of elements heavier than He. It, thus, constitutes
the primary energy source of heavy stars with high core temperatures. In the Sun,
this fusion cycle, which is depicted in figure 1.4 and in which carbon, nitrogen, and
oxygen act as catalysers, is expected to account for approximately 1.5% of the en-
ergy production [46]. The 3N, 130, and '"F neutrinos generated in the CNO-cycle
all feature continuous energy spectra.

Figure 1.5 taken from [35] depicts the fluxes of the neutrinos produced in the Sun
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Figure 1.4: The CNO-cycle. Each of the 3N, °0O, and !"F neutrinos have contin-
uous energy spectra. The reactions and the branching ratio of the two subcycles
are taken from [44].

as predicted by the Standard Solar Model (SSM) with the theoretical 1o uncer-
tainties of the fluxes. Since most of the energy of the Sun is generated via the
pp-chain, its starting reactions are closely related to the solar luminosity. Since,
further, the branching ratio of the pp and the pep reaction is very well known, the
fluxes of neutrinos produced in these reactions may be predicted very accurately
with low uncertainties. Due to the incomplete knowledge of cross sections and el-
ement abundances in the Sun, the other fluxes may only be predicted with less
accuracy [47]. The "Be neutrinos are generated at two separate mono-energetic
lines since in the production reaction, "Li is formed in an excited state in ~ 10%
of the cases leaving less energy to the neutrino than in the remaining ~ 90%, in
which “Li is formed in its ground state.

Solar neutrinos were first measured with the Homestake experiment. This radio-
chemical experiment used the reaction [3]

Ve +37Cl = e +%7 Ar (1.22)

to determine the solar neutrino flux. A deficit of ~ 2/3 of the predicted v, flux
from the Sun was observed by this experiment giving rise to the so-called solar
neutrino problem. Besides an inaccurate knowledge of the fusion processes inside
the Sun, the mechanism of neutrino oscillations was discussed as a possible ex-
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Figure 1.5: The solar neutrino spectrum as predicted by the SSM [35]. The fluxes
of neutrinos originating from the pp-chain are shown in solid black, the fluxes of
CNO-neutrinos in dashed blue lines. The theoretical uncertainties mainly arise

due to uncertainties of the reaction cross sections and element abundances in the
Sun [47].

planation of the deficit. With the measurement of the real-time Water Cerenkov
experiment SNO that could show that the integral neutrino flux of all flavors from
the Sun matches the expectations from the SSM [48], an unambiguous observa-
tion of neutrino oscillations was accomplished solving the solar neutrino problem.
In succession, several experiments performed precision measurements of the solar
neutrino fluxes. This strongly broadened the understanding of the mechanisms of
energy production in the Sun as well as neutrino oscillation properties with the
Borexino experiment leading the way as described in detail in section 3.2.1.

1.4.2 Supernova Neutrinos

While the Sun does not possess a sufficiently high mass to ignite the subsequent
steps of energy production after the helium burning, heavier stars may continue
to release energy through the fusion of heavier elements. These processes continue
until, ultimately, Fe is formed from Si in stars with masses higher than ~ 8M, [49],
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where M is the solar mass. Since the binding energy reaches its maximum at Fe,
no further energy can be released through fusion and the star becomes unstable
against its own gravitation due to the drop of the radiation pressure. With the
missing radiation pressure and the Fermi pressure of the electrons in the inner-
most Fe core not lasting to balance the gravitational pressure, the core collapses
to a proto-neutron star. When the density of the core reaches nuclear dimensions
of about 3 x 10" g cm™3, repulsive nuclear forces stop the collapse and further in-
falling material bounces off the core. After the bounce, the material propagates as
a shock wave into the outer core. These optically very bright events are described
as Supernovae (SNe) type II [50].

While the shock propagates through the outer core, nuclei are dissociated into nu-
cleons and a huge number of v, is generated behind the shock front via the electron
capture process e~ + p — n + .. Due to the high densities at the core, the v, are
effectively trapped since their diffusion time is much longer than the one of the
shock propagation. When the shock approaches the so-called neutrinosphere that
is defined by the radius at which neutrinos decouple from matter, the neutrinos
start propagating ahead of the shock in a so-called neutronization burst. Even
though the peak luminosity of the neutronization burst exceeds 10°% ergs™!, the
total energy released through this effect is only of the order 10°! erg due to the
short duration timescale that is related to the shock propagation and, thus, less
than ~ 20 ms as can be seen in figure 1.6 [50].

Some part of the outer core accretes to the proto-neutron star and the gravitational
energy is converted into thermal energy. Through thermal processes, neutrinos of
all flavors are produced for a timescale of ~ 1s. Finally, the proto-neutron star
deleptonizes and a neutron star is built. In this phase, it mainly cools through the
emission of thermally produced neutrinos of all flavors since the ultra-dense core
is opaque to all other kinds of radiation. The total energy of the neutrinos emit-
ted in the cooling phase approximately equals the binding energy of the produced

2
neutron star of ~ 3 x 10° erg (11‘([4—1\1@8> <_1}%1§:1

duration of ~ 10s [50], the timescale of the neutrino diffusion.

Besides this neutrino cooling of the star, neutrinos are assumed to be essential for
the eventual explosion of a SN [51]. Several SN models predict a neutrino heat-
ing process that can enforce explosions that would otherwise stall. In principle,
the shock stalls due to iron peak nuclei dissociation and v, production via elec-
tron capture on the recently liberated protons after the nucleon dissociation. Only
milliseconds after the shock stalled, a quasi-hydrostatic equilibrium between the
proto-neutron star and the stalled accretion shock is established. However, in the
hot and dense core of the proto-neutron star, high-energetic neutrinos of all flavors
are produced and the energy transfer of these neutrinos to matter near the stalled
shock can be large enough to realize the explosion.

) and the neutrinos are emitted for a
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Figure 1.6: SN neutrino luminosities as a function of time [50]. The peak in the
V. luminosity related to the neutronization burst is clearly visible. Afterwards,
the cooling of the neutron star via v emission that lasts for about 10s leads to
increased fluxes of all neutrino flavors.

The neutrinos emerge out of the neutrinosphere when they decouple from matter
and their energy distribution is determined by the temperature at which they de-
couple. While the thermalized v, and v, as well as the respective antineutrinos
only interact via NC reactions with ordinary matter, v, and 7, are also affected by
CC reactions. Due to the high neutron density in and around the proto-neutron
star, the surrounding matter is, further, more opaque to v, than to 7,. Thus, a
temperature hierarchy of the decoupling of T,, < 15, < T, , where vy denotes v, ,
and 7, ,, evolves [52].

In a first approximation, the neutrinos of each species may be expected to fol-
low a Fermi-Dirac distribution with zero chemical potential [53]. However, since
the cross sections of the interactions of neutrinos with matter rise with energy,
lower-energetic neutrinos may be emitted at higher densities and the correspond-
ing neutrinospheres have smaller radii than for high-energetic neutrinos of the same
flavor. This effect leads to a pinched shape of the energy distribution compared to
the Fermi-Dirac assumption [50]. Monte Carlo simulations taking this into account
as the ones performed by Thompson, Burrows, and Pinto (TBP) [54] and by Keil,
Raffelt, and Janka (KRJ) [55] yield energy distributions for each individual flavor
that can be parametrized as [56]

» Bv
dNI/ _ (1 + /By)l+ﬂ Ll/ El/ 6_(1+6U)El//(El/> (123)
dE, D1+ B,)(E,)? \(E,)
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Mass | (E,.) (E,.)
Model [Mo] | [MeV]  [MeV] | 8, B,
LL [57] 20 15.4 21.6 3.8 1.8
TBP [54] 11 11.4 14.1 3.7 2.2
15 114 14.1 3.7 2.2
20 11.9 14.4 3.6 2.2
KRJ[55] | — | 15.4 157 |42 25

Table 1.2: Parameters of SN neutrino energy spectra obtained by models from three
different groups as summarized in [56]. The mean energies (E,) for 7, and v, with
x representing p and 7 type neutrinos and antineutrinos as well as the pinching
factors at varying progenitor masses are listed. The pinching factor accounts for
a different shape of the neutrino energy spectra compared to the Fermi-Dirac
assumption due to the finite width of the neutrinosphere of a certain flavor.

with N, being the number of neutrinos, F, the neutrino energy, (FE,) the average
neutrino energy, and L, the expected luminosity of the respective flavor. 3, is a
so-called pinching factor that accounts for the effect of the spatial extension of the
neutrinospheres. Due to the origin of the neutrinos in thermal pair production, the
totally released binding energy of the star is expected to be equally distributed to
the luminosities of the three neutrino flavors. Table 1.2 lists (FE,) and 3, as the
parameters defining the shape of the energy distributions for 7, and vy, where x
represents all © and 7 type neutrinos and antineutrinos for the two mentioned SN
simulations. Further, results from a third simulation performed by the Lawrence-
Livermore National Laboratory group (LL) [57] that does not consider the effects
of an extended neutrinosphere but, in contrast to the other two simulations men-
tioned, could be continued long enough to produce an explosion is included.

For terrestrial detectors like Water Cerenkov and liquid scintillator detectors as
Borexino, most of the neutrino signal from SNe is obtained from 7, via the inverse
B decay (IBD) [56] that is described in section 2.2.2. To obtain the SN 7, spectrum
at Earth, the general mixing of 7, and 7, as well as the impact of the matter poten-
tial caused by the proto-neutron star and the surroundings need to be considered.
Due to the mixing of 7, and 7, about 30% of the neutrinos arriving as 7, were
originally produced as 7. As can be seen in table 1.2, the v, spectra are usually
harder than the 7, spectra due to their higher mean energy. Thus, the 7, spectra
observed at Earth will be hardened compared to the 77, production spectra.

In case of the inverted mass hierarchy being realized in nature, an adiabatic con-
version of 7, into 7 via the mixing angle ;3 is possible for SN neutrinos [58].
Because of the large matter potential at the production site, 7, are created in the,
for inverted hierarchy, lightest mass eigenstate v3. Analogously to the MSW effect
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for solar neutrinos as described in section 1.3, a resonance point exists due to the
decreasing density on the neutrino’s way to the surface of the stellar envelope. For
the current best fit value of sin®(6;3) = 0.0218739959 [31], the resonance would be
completely adiabatic [59], such that 7, are bound to enter the vacuum as 5. This
would lead to the observed 7, spectrum corresponding approximately to the vy
production spectrum [56].

Neutrinos emitted by a SN explosion were first observed at terrestrial detectors
in 1987 with a neutrino signal from SN1987A, a SN that occurred in the Large
Magellanic Cloud at a distance of ~ 50 kpc. The two Water Cerenkov experiments
IMB [60] and Kamiokande [61] observed a total of 19 7, events. While this num-
ber is in rough agreement with theoretical predictions, the mean energy of the
observed neutrinos was rather low. Nowadays, many experiments are running that
would be able to observe a neutrino signal from a SN. For instance, a core collapse
SN at the galactic center at about 10kpc distance would generate 180-190 regis-
tered neutrino events in the Borexino detector [62]. In 2009, Borexino joined the
SuperNova Early Warning System (SNEWS), a collaboration that further consists
of, e.g., Super-Kamiokande [63], LVD [64], and IceCube [65]. In case of a SN, as-
tronomers can be prepared for and pointed towards the imminent optical event
through the coincident neutrino burst signals in several of those detectors. The
position of the SN may be determined by the track reconstruction capabilities as
well as the relative timing of the detectors. Further, the extensive neutrino signal
of a galactic SN would provide a strong test of SN models, allow to infer neutrino
mass limits, and, possibly, the neutrino mass hierarchy. With the predicted SN rate
in our galaxy being between zero and three per century [50], it is very probable
that such an event will be observed in the nearer future, thus, widely extending
our understanding of the physics of core collapse SNe and the nature of neutrinos.

1.4.3 The Diffuse Supernova Neutrino Background

The cumulative neutrino emission of all SNe throughout the Universe forms a cos-
mic background of neutrinos that is predicted to be of the order of 102 cm =2 s~ [56,
66]. The weakness of this Diffuse Supernova Neutrino Background (DSNB) to-
gether with the fact that the energy of neutrinos coming from far away SNe is
redshifted inhibited its detection up to the moment of writing. The best limit has
been achieved by the Super-Kamiokande experiment with an upper bound on the
v, flux of 1.2ecm™2s™! above 19.3MeV [67], which is about a factor of ~ 3 above
theoretical expectations. However, future experiments like the Jiangmen Under-
ground Neutrino Observatory (JUNO) [68] and the gadolinium enhaced Super-
Kamiokande [69] experiment will offer sufficiently large target masses to possibly
achieve the first observation of neutrinos from the DSNB.

The flux of the DSNB can be derived by combining the SN neutrino spectrum
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42 (F,) with the redshift dependent SN rate Rgn(2) as [56]

dE,
dF, ¢ [Fo AN, (E") dz
= — Ren(z 1.24

dE, Ho/o AT ) V(L + 2) + Q4 (1.24)

with Hy = 70kms~' Mpc~! being the Hubble constant, Q,, ~ 0.3 and Q ~ 0.7
the contribution of matter to the total density of the Universe and the cosmic
constant, respectively, ¢ the speed of light, E/, = E,(1 + z) the redshift corrected
neutrino energy, and jg: (E,) the average SN neutrino energy spectrum as derived
in section 1.4.2. The first SNe are expected to occur at redshift z,., ~ 5 and the
factor 1/Hy\/Qum(1 4 2)? + Qa accounts for the expansion of the Universe. Since
most of the signal in Water Cerenkov and liquid scintillator experiments will be
observed via the inverse § decay (IBD) described in section 2.2.2, the implications
of neutrino oscillations need to be considered also for the DSNB spectrum.

Under the assumption that every star with a mass m > 8M, ends in a core
collapse SN, the SN rate Rgn(z) can be derived from optical information on the
star formation rate R.(z) and the initial mass function (IMF) of stars in the
Universe. Using the standard Salpeter IMF of W(M) oc M 23 [70], the relation

between Rgn(z) and R.(z) can be expressed as [56]

e wnan

12507
IOM@G\IIM YdM

Rsx(z2) = R.(z) = 0.0122M_ "' R.(2). (1.25)

However, this result strongly depends on the applied IMF and calculations with
modified IMFs yield values of —25% to +8% difference [71, 72]. With the param-
etrization of the star formation rate as in [56, 73], the SN rate is given by

e342 \/Q +23—|—QA

R = 3.9 x 1072 fsxh ~!Mpc™? 1.26
sn(2) X JsN 038 1 45 (1+z)3/2 yr pc,  ( )

where h;o = 1 for a Hubble constant Hy = 70kms~' Mpc~! and where fgy is a
factor of order unity accounting for the uncertainty of the star formation rate.

Using the three SN Monte Carlo models mentioned in section 1.4.2 and combining
them with the SN rate described by equation 1.26, the resulting DSNB neutrino
flux was calculated for each model in [74]. Figure 1.7 displays the obtained total
fluxes on the left side and the flux as obtained for the LL model divided into
the contributions from different redshift regions. In addition, the indistinguishable
background from atmospheric 7, [75, 76] is also shown on the left side. The DSNB
flux peaks at ~ 5MeV, where the TBP model yields the largest fluxes. However,
this model predicts lower fluxes at higher energies compared to the other two mod-
els. The spectrum obtained from the LL model shows a much higher flux towards
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Figure 1.7: DSNB spectra as predicted assuming different SN models. Left: The
DSNB neutrino spectra for different SN models as calculated in [74] are shown.
Due to a higher average 7y energy in the LL model, the DSNB neutrino flux is
enhanced at high energies for this model. Right: The contributions of different
redshift regions to the DSNB neutrino flux using the LL model are shown. The
figure is taken from [56].

the high energy tail that is mainly contributed by the harder 7, component. As
can be seen in table 1.2, the average energy of the 7, is much higher in this model
resulting in an enhanced flux at high energies. Further, the high-energetic part of
the DSNB spectrum is found to be populated mainly by SNe occurring at redshifts
of z S 2.

With the expected DSNB neutrino rate in the currently constructed JUNO and
gadolinium enhanced Super-Kamiokande detectors of a few events per year, a
detection of neutrinos from the DSNB in the following ~ 10 — 15 years seems
achievable. However, both experiments will have to overcome major experimental
challenges as described in section 2.4.2 for the case of the JUNO experiment. While
the absence of a DSNB signal if sensitivities corresponding to current theoretical
estimations of this neutrino flux can be reached in future experiments would re-
quire the description of new physics and strongly provoke our understanding of the
mechanism of core collapse SNe, a measurement would carry huge astrophysical
implications.

Besides a general understanding of the mechanism of SNe and the physical condi-
tions in which the neutrinos are produced, several uncertainties affect the expected
DSNB spectrum at the Earth [66]. The expected SN rate and, thus, also the flux
of DSNB neutrinos are calculated via the star formation rate and the IMF. The
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detectable DSNB neutrino flux mainly originates from SNe occurring at redshifts
z < 1 — 2 since the energies of neutrinos produced in farther SNe are too far
red-shifted to significantly contribute to the signal. Even though optical measure-
ments of the SN rate are relatively robust in this redshift region and agree well
with the predictions [66], the expected SN rate based on these measurements is
still uncertain and might especially be underestimated due to dark or extremely
faint SNe not being registered by experiments. Due to this, the measured SN rates
partly rather constitute a lower limit and the DSNB neutrino flux could be higher
than currently expected [69]. Further, also the minimum mass required for a SN
to happen that has been assumed to be m > 8M, is quite uncertain. With an
experimental determination of the DSNB neutrino flux, thus, conclusions on the
SN and overall star formation rate as well as the IMF could be drawn.

The spectrum of the DSNB neutrinos describes the average, red-shifted SN neu-
trino emission spectrum. It carries imprints of the neutrino production processes
and the equation of state of nuclear matter as well as the matter accretion rate of
the proto-neutron star [77]. Further, not all SNe terminate in the formation of a
neutron star as described in section 1.4.2 but a fraction of O(10%) is thought to
collapse into a black hole, especially for extremely massive progenitors [78]. These
so-called failed SNe are optically not visible since no explosion occurs and, thus,
contribute to the uncertainty of the measured SN rate. Additionally, it has been
shown that in case of a collapse into a black hole, the more rapid contraction of
the proto-neutron star leads to a slightly larger neutrino emission at significantly
higher energies compared to the neutron star termination [77]. However, since the
fraction of black hole formation and the progenitor masses for which this scenario
is possible are quite uncertain [78], the impact on the DSNB spectrum is difficult
to predict. Since especially the high-energetic part of the DSNB spectrum is of in-
terest for the experiments aiming for a detection due to overwhelming backgrounds
at low energies [68], upcoming experiments would clearly benefit from the harder
DSNB spectrum and the increased flux for a significant fraction of SNe terminat-
ing as black holes. However, due to the limited statistics that can be acquired by
the currently constructed experiments, only farer future experiments offering even
larger target masses might be able to perform clear spectroscopic measurements
of the DSNB neutrinos and, thus, probe the fraction of SNe terminating as black
holes or even black hole properties.

1.4.4 Atmospheric Neutrinos

Primary cosmic radiation, which is composed to 90% of protons, 9% of « particles,
and 1% of heavier nuclei, hits the Earth’s atmosphere at a rate of ~ 1,000m 25 1.
Most of this radiation is of galactic origin and the lower-energetic part even origi-
nates in solar processes, while the high energy tail of the distribution is generated
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in processes outside the galaxy [79]. The energy spectrum of primary cosmic rays
can be described by a power law as

d_N —(v+1)

15 & E (1.27)

with the spectral index v changing its value depending on the energy region. For
low energies, v ~ 1.7 is found [80]. At ~ (10 — 10'3)eV, a so-called knee is
registered in the spectrum where it steepens with v = 2 [81] before 7 decreases
again at ~ 3 x 10" eV [82], the so-called ankle. A strong cut in the spectrum is
observed at ~ 4 x 10 eV, which is consistent with the expectations based on the
Greisen-Zatsepin-Kuz'min effect [83, 84].
When the primary cosmic radiation impinges on the atoms of the atmosphere,
hadronic showers that consist to a large extend of unstable mesons are produced.
At a typical height of 15km, the generated charged pions and kaons decay into
muons and the corresponding neutrinos via

O O 4 @) (1.28)
and
K — ) 4+ ), (1.29)

Up to an energy of ~ 1 GeV, these muons are expected to further decay on their
way to the Earth into electrons via

O 5 O 4 @) 4 @) (1.30)

Thus, a ratio of muon type neutrinos to electron type neutrinos of R ~ 2 is ex-
pected at low energies. For higher energies, this ratio quickly decreases since the
decay length of the muons becomes larger than the distance between their pro-
duction point at typically 15km height and the Earth’s surface due to the time
dilation [79].

Atmospheric neutrinos range up to energies of ~ 100 TeV and their spectral shape
closely resembles the one of the primary cosmic radiation [85]. However, the prop-
agation of a primary cosmic ray nucleus is affected by the geomagnetic field. Thus,
low-energetic primary particles at low geomagnetic latitudes cannot reach the at-
mosphere to produce the secondary mesons that decay into neutrinos due to their
magnetic rigidity. This results in a latitude dependence of the atmospheric neu-
trino flux and the mean atmospheric neutrino energy at the Earth’s surface [86].
For a more detailed derivation of the atmospheric neutrino spectrum, refer to sec-
tion 7.1.

Theoretical estimations of the ratio R of atmospheric muon type neutrinos and at-
mospheric electron type neutrinos agree within 5% since they mainly depend on the
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well calculable energy dependent in-flight decay probability of cosmic muons [87].
Thus, the estimation of this ratio is decoupled from the major sources of uncer-
tainties of the cosmic ray fluxes and spectra.

Through CC interactions, the Water Cerenkov experiment Kamiokande was able to
compare the observed ratio of atmospheric muon type neutrinos and atmospheric
electron type neutrinos to a Monte Carlo prediction and obtained a result of [87]

R ata
R(pje) = R];; 0.60997 (stat.) 4 0.05(syst.), (1.31)
formulating the atmospheric neutrino problem. Several experiments like IMB [88]
or Soudan 2 [89] found similar values for this quantity. In 1998, the Super-Kamio-
kande experiment measured this ratio with much higher statistics finding [6]

R(p1/e) = 0.65 & 0.05,a = 0.084ys. (1.32)

As an explanation of the observed v, deficit, evidence for neutrino oscillations
could be found in the data. While for downward traveling neutrinos, the covered
distance between the production point and the detection is only ~ 15km, it is
significantly enhanced to ~ 13,000 km for neutrinos that cross through the Earth
before being detected. Thus, the zenith angle distribution of muon and electron
type events in the detector can be used to investigate neutrino oscillations.
While the zenith angles of electron like events observed by the Super-Kamiokande
experiment were symmetrically distributed, the distribution for muon type events
clearly showed that the deficit in the ratio was caused by events coming from below
the horizon. With this observation, the deficit could be unambiguously explained
to be caused by neutrino oscillations with the two flavor oscillation hypothesis
of v, — v, transitions mediated by the mixing angle 63 perfectly fitting the
data. Oscillations between v, and v, could be rejected at 3.40 [6] since such a
transition would generate an asymmetry also in the electron type events with
more v, registered as traveling upwards due to a CC matter effect in the Earth.
The hypothesis of oscillations of v, into sterile neutrinos was rejected at 99%
confidence level [90] due to the absence of any matter effect during the passage of
the neutrinos through the Earth.
Further, these results allow to infer the mixing angle A3 and the squared mass
difference Am2,. An analysis of 328kton X yr of Super-Kamiokande data yields
for the NH [91]

Am3, = 2471030 x 1073 eV? (1.33)

and
sin a3 = 0.58470 0% (1.34)
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With these results revealing the existence of neutrino oscillations in the atmo-
spheric sector and determining the applying oscillation parameters, a major con-

tribution to the understanding of the neutrino and its properties could be accom-
plished.
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Chapter 2

Real-Time Neutrino Experiments

The first solar neutrino experiment Homestake Chlorine [92] as well as the subse-
quent GALLEX [93], SAGE [94], and GNO [95] experiments were radiochemical
detectors. These detectors discovered the deficit of solar v, and formulated the so-
lar neutrino problem. Due to the low energy threshold, the experiments were able
to measure the entire spectrum of solar neutrinos, including the low-energetic pp
neutrinos. However, only the integral neutrino flux arriving from the Sun could be
measured by these experiments. To perform spectroscopic measurements of solar
neutrinos as well as neutrinos from other sources and to provide flavor identifica-
tion, real-time neutrino detectors had to be developed.

Real-time neutrino detectors first emerged as Water Cerenkov detectors. In these
detectors, neutrino interactions can be registered by utilizing the Cerenkov light
emitted in the water by secondary charged particles that are generated in the
interactions. The energy and direction dependent Cerenkov light emission allows
to identify neutrinos from different production mechanisms and locate the source
from which they originate [80].

Besides Water Cerenkov detectors, liquid scintillator based experiments with high
energy resolutions and low energy thresholds were built. At first, these were mainly
constructed next to nuclear power plants and used to analyze the disappearance
of nuclear reactor 7, [80].

The operation of real-time experiments eventually led to immensely important
results with the discoveries of neutrino oscillations in the atmospheric sector by
Super-Kamiokande [6], in the solar sector by SNO [4], and in the reactor neutrino
sector by KamLAND [5].

In succession to these observations, the fluxes of neutrinos from various sources
were investigated in precision measurements. In the reactor neutrino sector, es-
pecially the Daya Bay [96], Double Chooz [97], and RENO [98] experiments that
are based on the liquid scintillator technique deeply explored the neutrino mixing
angle #13. Besides the mentioned Super-Kamiokande experiment [6], the IceCube
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detector [99] obtained major results on atmospheric neutrinos and accomplished
the observation of high-energetic astrophysical neutrino sources. This detector uses
chains of PMT's deployed in the ice at the South Pole and detects the Cerenkov light
emitted by charged particles after a neutrino interaction in this naturally abundant
target material. Thus, a cubic-kilometer-scale detector can be operated. Similarly,
the ANTARES detector [100] uses the Cerenkov light generated by charged parti-
cles in the Mediterranean Sea to detect high-energetic astrophysical neutrinos.
With respect to the spectroscopy of solar neutrinos, the liquid scintillator experi-
ment Borexino led the way and performed highly precise measurements of the solar
neutrino fluxes that culminated in the first real-time measurements of the solar
pp neutrinos [9, 10]. A distinct chapter 3 will be devoted to the Borexino detector
and its physics program since the work presented in this thesis was performed in
the scope of this experiment.

Carrying the technique of liquid scintillators further, the Jiangmen Underground
Neutrino Observatory (JUNO) [68] is currently under construction. This liquid
scintillator experiment with a planned target mass of 20kt is designed mainly to
explore and clarify the neutrino mass hierarchy from reactor neutrino data. It will
strongly benefit from and be built on the experiences obtained in former liquid
scintillator experiments with collaboration overlaps to, e.g., the Daya Bay [96],
Double Chooz [97], LENA [101], and Borexino [9] collaborations. With respect
to Borexino, especially the developments on scintillator purity and detector con-
struction that led to the unprecedentedly high radio-purity of its liquid scintillator
target may be of great value to achieve the ambitious physics goals in JUNO. With
its large target volume and the anticipated resolution capabilities, this detector is
expected to constitute a new benchmark liquid scintillator experiment allowing
the investigation of many neutrino sources and their properties like supernova
(SN) neutrinos or the observation of the Diffuse Supernova Neutrino Background
(DSNB).

In this chapter, an overview on the technique and experimental challenges of real-
time neutrino detectors is given. In section 2.1, the detection principle of real-time
neutrino detectors is described. The focus is set on liquid scintillators since this is
the main neutrino target of the Borexino detector in the scope of which the present
work was performed. Nevertheless, also the detection principle of Water Cerenkov
detectors is presented due to the huge impact on neutrino physics and the usage of
an active Water Cerenkov muon veto in Borexino. In section 2.2, the reactions via
which neutrinos may deposit energy in the liquid scintillator and, thus, can be de-
tected are summarized. In section 2.3, possible background sources for a neutrino
detection in liquid scintillators are described. The chapter closes with a description
of the JUNO project as a future state of the art liquid scintillator experiment in
section 2.4.
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2.1 Detection Principle

Water Cerenkov and liquid scintillator detectors both allow to explore neutrinos
and their energy spectra in real-time. This facilitates, for instance, to disentangle
neutrinos originating in the different reactions of the solar pp-chain as described
in section 1.4.1. For both detector principles, the neutrinos are detected via en-
ergy depositions of secondary charged particles that are produced in interactions
of neutrinos in the target material. In turn, the scintillation or Cerenkov light pro-
duced by these secondary particles is collected by photomultiplier tubes (PMTs)
distributed on the embedding of the detector. Based on the amount of photons
registered by the PMTs and their respective arrival time, energy and position of
the interaction can be reconstructed.

Since neutrinos only interact weakly and the interaction cross sections are very
small, real-time neutrino detectors must compensate this by offering a huge target
mass of the order of several tons to even kilotons with a huge amount of potential
interaction partners. Further, long exposure times are usually necessary to acquire
significant signals in these rare event searches. This requires a stable and reliable
detector behavior over the time scale of several years. Especially for weak neutrino
sources like the DSNB, long exposure times are indispensable.

Both detector materials, water and liquid scintillators, are well suited for these
requirements since both materials are relatively cheap and allow the construc-
tion of even kiloton scale detectors. Water Cerenkov detectors clearly benefit from
the possibility to most cheaply build extremely large detectors like the proposed
Hyper-Kamiokande experiment [102] and the possibility to reconstruct the direc-
tion of the incoming neutrino. The usage of liquid scintillators, however, allows to
achieve unprecedentedly low energy thresholds for real-time experiments and low
background levels, enabling the precise spectroscopy of neutrinos at even lowest
energies [9].

2.1.1 Water Cerenkov Detectors

When a charged particle travels with superluminous velocity through a medium, it
emits light known as Cerenkov radiation [103]. This radiation manifests as a light
front with the shape of a spherical cone through the interference of spherical waves
emitted along the charged particle’s track. Figure 2.1 shows an illustration of the
Cerenkov effect. The opening angle « of the light cone depends on the refractive
index n of the material through which the particle is passing and its velocity
B = v/c. Usually, Cerenkov radiation is characterized by the angle at which the
radiation impinges on a surface perpendicular to the particle track. This angle is

given by ac = 90° — «, where « is the opening angle of the light cone, and may
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Figure 2.1: Illustration of the Cerenkov radiation created by an ultrarelativistic
charged particle with § = v/c ~ 1 passing through a medium with a refractive
index n > 1 [103]. The interference of the spherical light waves emitted along
the particle’s track causes the conical shape of the radiation. The opening angle
a depends on the refractive index of the material and the actual velocity of the
particle.

be derived via [103]
1

pn’
In the ultrarelativistic case of 3 ~ 1, o reaches a maximum defined by o max =
acos(%). Further, a minimum energy of the charged particle is required to produce

cos ag = (2.1)

Cerenkov radiation since its velocity must be at least § > % This implies a

threshold energy of

1
Eipr = ymy = ——==my, (2.2)

with v = 1/4/1 — 52 and my the rest mass of the charged particle.

For the refractive index of water nw ~ 1.33 [104], the corresponding values are
QCmax = 41.4° and Ey, = 1.52my. Thus, a particle needs to possess at least a
kinetic energy of half its rest mass to generate Cerenkov radiation in water. In this
medium, Cerenkov radiation is mostly emitted in the ultraviolet (UV) region and
in the blue part of the visible spectrum. The usual light yield is approximately 200
photons per MeV [80].
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Water Cerenkov detectors captivate especially to produce immensely large tar-
get volumes at low costs. Through purification processes, attenuation lengths as
high as = 100m at 400 nm wavelength for the proposed Hyper-Kamiokande ex-
periment [105] may be achievable and guaranty a huge detection efficiency. While
hydrogen and oxygen already offer a huge variety of interaction channels for neutri-
nos, the detection efficiency for 7, can be significantly improved by adding elements
that feature large neutron capture cross sections like gadolinium to the detector
target [106]. The addition of such elements strongly enhances the signature of the
inverse  decay (IBD) described in section 2.2.2, which is the main interaction
channel for 7, and supernova (SN) neutrinos or neutrinos from the Diffuse Super-
nova Neutrino Background (DSNB) in terrestrial detectors [56].

A strong benefit of Water Cerenkov detectors is the possibility to use the orien-
tation of the Cerenkov cone to determine the direction of the charged particle
emitting the radiation. For neutrino-electron scattering, the accordance between
the direction of the electron and the direction of the neutrino increases with the
neutrino’s energy since forward scattering becomes more probable for higher ener-
gies. As shown by the Super-Kamiokande experiment, the correlation between the
directions of the neutrinos and the electrons can be already used at energies of the
solar ®B neutrinos to strongly reduce the background [107].

Further, due to a differing distortion of the ring as which the Cerenkov cone arrives
at the PMTs, a discrimination between muon and electron like events is possible.
This feature was used for the determination of the atmospheric v, to v, ratio and
the observation of neutrino oscillations in the atmospheric neutrino sector by the
Super-Kamiokande experiment [6] as detailed in section 1.4.4.

In the Borexino detector, an outer Water Cerenkov detector is used as an active
muon veto. Besides guarantying a highly efficient identification of cosmic muons,
the arrival time and distribution of the Cerenkov radiation is used to obtain an

information on the muon’s track if it also crosses the inner liquid scintillator target
volume [108].

2.1.2 Liquid Scintillator Detectors

In liquid scintillator based neutrino detectors like Borexino [109], KamLAND [5],
Double Chooz [97], Daya Bay [96], or the currently constructed JUNO [68] experi-
ment, organic solvents are used both as the target and the active detector material
emitting the light that can be detected. These solvents are based on conjugated
aromatic molecules usually featuring one or two benzene rings that consist of six
carbon atoms. Due to the altered configuration of the electronic structure of car-
bon atoms in chemical bonds, six fully delocalized, so-called m-orbitals with weakly
bound electrons and three additional bonds are formed [110].

Charged particles passing through the scintillator excite or ionize these weakly
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bound electrons. Upon their deexcitation, photons in the near UV region are emit-
ted isotropically. The electrons are excited from the ground state to excited states.
These exist as singlet states, for which the spins of the two electrons in a w-bond
are antiparallel, and as triplet states, for which the spins are parallel. Additionally,
vibrational modes exist for each of the excited states and the ground state that
broaden the energy range of the emitted photons [111].

For the singlet states, states above the first excited state have a lifetime of ~ 107! s
and they rapidly deexcite to the first excited state through radiationless internal
conversion of adjacent electronic states [110]. After the thermalization of the vi-
brational substates that have a lifetime of ~ 107'2s, the molecule deexcites into
its ground state with a lifetime of 107%s to 1078s. The relative intensities for
the deexcitation into the respective vibrational modes of the ground state are re-
lated to the overlap of the vibrational wavefunctions and can be described by the
Franck-Condon factors [112, 113]. This radiation emission from the singlet states
constitutes the fast component of the luminescence of liquid scintillators and is
referred to as fluorescence [111].

Due to the necessary spin flip of one of the electrons in the m-bond, the first excited
triplet state cannot be populated directly from the ground state. However, through
the process of the so-called inter-system crossing, which causes a spin flip via the
spin orbit coupling, a population of this state from the first excited singlet state is
possible [110]. More efficiently, triplet states are populated if the organic molecule
has been ionized before. Ionized molecules mainly recombine with an electron in
one of the excited states and since ~ 75% of the available excited states are triplet
states, the population of a triplet state is favored in such a scenario [110]. Simi-
larly to the singlet case, higher excited triplet states quickly deexcite via internal
conversion and quick thermalization of the vibrational states into the first excited
triplet state. Since the radiative transition from this state into the ground state
is strongly forbidden, the lifetime of the first excited triplet state is comparably
long with ~ 10~*s and the longer phosphorescence component of the light emis-
sion arises [111]. Besides this deexcitation via phosphorescence, the triplet state
may, under certain conditions, gather sufficient thermal energy to return to the
first excited singlet state and decay into the ground state. Also an interaction of
two excited triplet states into one excited singlet state and one ground state is
possible. Both processes result in the emission of a delayed fluorescence light with
a lifetime of ~ 107"s to 107%s [111].

Commonly, organic liquid scintillators are composed of a solvent that constitutes
the major target for neutrino interactions and one or two solutes added at small
concentrations. Since the emission and absorption spectra of the molecules of the
solvent strongly overlap [111], the detectable amount of photons would be strongly
reduced due to self absorption if only the solvent was used. Through the insertion
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of small amounts of a second organic substance with an absorption band close to
the emission band of the solvent but with a lower energy gap for radiative deex-
citation from the first excited state to the ground state, the scintillation photons
can be shifted to larger wavelengths. Due to the small abundances of these so-
called wavelength shifters in the scintillator of typically ~ (1 — 10) g/l or < 1%
of mass fraction, self absorption of the solute can usually be neglected except for
immensely large detectors. In principle, a second wavelength shifter can be added
at even lower concentrations to further reduce the effect of self absorption.

In some cases, also diluters that do not scintillate and lower the light output
are added to the scintillator. For example, diluters may be used to increase the
transparency and to prevent background from the surroundings of the detector to
overpower the signal in a shielded central scintillator target [111].

Neutrinos are detected via the scintillation light generated by the secondary charged
particles that are emitted in the interactions of the neutrinos with the scintilla-
tor target. Minimum ionizing particles that cross the scintillator lose only about
2MeV /cm [7] and create primary excitations and ionizations several molecule dis-
tances apart. Since the probability of interactions between the excited or ionized
molecules and non-radiative energy loss is, thus, rather small, the light output L
per distance x traveled by such a particle in the scintillator depends linearly on
the energy loss 9 of the particle. Hence [110],

dL  dE

de " dzx
with S being the absolute scintillation light yield. For a scintillator composed of a
solvent doped with one solute, the absolute scintillation light yield depends mainly
on the primary excitation efficiency, the quantum efficiency of the transfer of the
excitation energy from the solvent to the solute, and the fraction of the mean
excitation energy contributing to fluorescence transitions [111]. For organic liquid
scintillators, huge light outputs of the order of 10* photons per MeV of deposited
energy can be achieved. Thus, even considering the limited optical coverage pro-
vided by the PMTs in large detectors, yields of hundreds of photoelectrons per
MeV can be realized allowing to reconstruct energy depositions with significantly
better resolution compared to Water Cerenkov detectors [80]. Also, a low energy
threshold of a few hundreds of keV for the neutrino detection can be achieved
in liquid scintillators if the intrinsic background contamination can be kept at a
sufficiently small level. Due to the isotropic light emission, the arrival times of
the photon hits can be used to infer the interaction point via a time of flight cal-
culation. However, no information on the direction of the interacting particle is
obtained, which marks the major technical disadvantage of liquid scintillator de-
tectors compared to Water Cerenkov detectors. Only for very high-energetic events
like muons, a track may be reconstructed due to the deformation of the sphericity

(2.3)
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of the light output. Additionally, the organic liquids used as scintillators are often
toxic and easily flammable, which requires more extensive care in the dealing with
those substances than for water [80].

For particles with stronger ionization capabilities like protons or « particles at
energies usually relevant for liquid scintillator based neutrino experiments, the en-
ergy loss % in the scintillator is larger than for minimum ionizing particles. Thus,
higher densities of excited and especially ionized molecules result and non-radiative
deexcitation in reactions between these molecules becomes relevant. Further, the
ionized molecules preferably recombine with electrons to an excited triplet state,
which lowers the quantum efficiency for the excitation energy transfer from the
solvent to the solute. Due to this, the fluorescence light yield is reduced for in-
teractions of these particles, an effect called ionization quenching that causes a
non-linear dependence of the light output on the particle‘s energy loss [111]. This
non-linear behavior is described by a semi-empirical model, the so-called Birk’s

formula [110], that is given by

dL S4E
— = (2.4)
with B % the specific density of excited and ionized molecules along the track and
k a factor accounting for the strength of the quenching effect. The factors k and B
are nowadays often combined to the so-called kB- or Birk’s factor. Typical values
of the kB-factor for liquid scintillators are of the order of ~ 0.01 cm/MeV. Thus,
the light emission for heavy particles like protons is reduced by a factor 2 — 3
compared to electrons of the same energy [111].

To accomplish the necessary low background rates for rare event neutrino searches,
liquid scintillators may be purified from internal radioactive contaminations by
techniques like distillation, water extraction, gas stripping, and filtration [114].
By removing organic impurities, a high light transparency of the order of 2 20 m
attenuation length [68] may be achievable in liquid scintillators. Further, neu-
trino detectors are usually built in laboratories deep underground to shield them
against cosmic radiation and the cosmogenic radioactive isotopes produced by cos-
mic muons in spallation processes. The introduction of diluters to the scintillator
allows to define a fiducial volume and to use the self-shielding of outer layers to
suppress background contaminations.

In liquid scintillators, spatial and temporal coincidences of events may be used to
distinguish background events from the signal. For example, the IBD as described
in section 2.2.2 results in a clear signature that allows to identify CC interactions
of ,. The fast coincidence of a 2*Bi 3 decay and the subsequent 2'*Po « decay
may be used to identify those isotopes. The combination of temporal and spatial
information has further been used to identify decays of 'C via the coincidence of
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the incoming muon, a produced neutron, and the actual "' C decay [9].

To discriminate between energy depositions of different particle types in a liquid
scintillator, the temporal shape of the pulse of the photon hits registered at the
PMTs may be utilized. The scintillation time decay may be approximated by a
sum of several exponential decays accounting for the population of different excited
states that lead to different decay times as [115, 116]

N(ty=Y Ni-e . (2.5)

Here, N(t) describes the number of excited states at a time ¢ after the interac-
tion, /V; the number of excited molecules in the state i at time ¢t = 0, and 7, the
scintillation decay time of the respective state. While the shape of the fast and
slow component of the scintillation light is found to be almost independent of %,
the amplitudes of the respective components strongly depend on the particle type
since energy depositions of heavier ionizing particles result in a stronger popu-
lation of the slowly decaying triplet states [110]. These effects allow to identify
particles based on their normalized pulse shape with an enhanced slow component
hinting the scintillation light emission being caused by heavier particles. Using
the differences of the pulses for distinct particle interactions, several pulse shape
parameters may be constructed. Common examples are the tail-to-total parame-
ter [111], which compares the ratio of hits registered in the tail of the pulse to all
registered hits, or the Gatti parameter [117], which compares the pulse of an event
to reference pulses and estimates the agreement.

In Borexino, pulse shape discrimination techniques have been successfully applied
to suppress the background from « decaying isotopes in the solar neutrino analy-
ses [9]. Besides the identification of heavier ionizing particles via the slower decay
of the scintillation light emission, pulse shape discrimination can also be utilized
to suppress backgrounds from ST emitters in liquid scintillators. Positrons may
form the bound state of positronium in the scintillator. Since positronium is po-
tentially produced in the spin state of orthopositronium with a lifetime of ~ 3 ns,
the scintillation light emission of positron interactions may slightly differ from the
signal for electron interactions [118]. Harnessing these differences in the recon-
structed pulses, a suppression of the cosmogenically produced A+ emitter 'C as
a background for solar neutrino measurements could be achieved in Borexino [9)].
However, the usage of pulse shape discrimination techniques has been limited to
the low visible energy region relevant for solar neutrino analyses so far except for
their application in the identification of cosmic muons. In the scope of this thesis,
these techniques were applied for the first time at comparably high visible ener-
gies to identify interactions of atmospheric neutrinos in the Borexino detector as
described in chapter 7.
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2.2 Energy Deposition

Neutrinos transfer energy to the solvent of a liquid scintillator or the water of a
Water Cerenkov detector via CC or NC weak interactions. Since liquid scintilla-
tors are based on hydrocarbons, the electrons, the free and the bound protons,
and the neutrons of the carbon nuclei constitute the possible interaction partners
of the neutrinos. Water Cerenkov detectors feature the same detection reactions
except for reactions on carbon. However, very similar reactions on oxygen are

provided [80].

2.2.1 Elastic Scattering

For several solar neutrino experiments including Borexino, the elastic scattering
of v, off electrons in the target constitutes the major detection channel. While
all neutrino species may interact with the electrons via NC reactions, v, may
further interact via CC reactions to the same final state. This enhances the cross
section for this neutrino species as summarized in table 2.1. Table 2.1 lists the
reactions through which neutrinos may be detected in liquid scintillator based
experiments with the applying weak current, the energy threshold of the reaction,
and the respective cross section. Additionally, eventual follow-up reactions are
given with the corresponding decay or capture times. Since the elastic scattering
process closely resembles the Compton effect of «y rays, the maximum energy Ee max
that can be transferred by a neutrino of the energy E, to an electron is given by

22
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with the electron rest mass m, and c the speed of light. Since the elastic neutrino-
electron scattering has no intrinsic energy threshold, the detection of low-energetic
neutrinos via this detection channel solely depends on the experimental energy
threshold and the background level. Due to the energy depositing particle being an
electron as in 8~ decays, a discrimination of neutrino interactions from radioactive
[~ decays on an event-by-event basis cannot be provided for this detection channel.
Besides the scattering off electrons, also the scattering of neutrinos off protons is
possible. However, due to the larger mass of the proton and the quenching effect,
these neutrino interactions result in a strongly reduced visible energy output in the
detector and a signal just above the possibly low experimental threshold of a few
hundreds of keV translates to several MeV of energy transferred to a proton. Thus,
this reaction contributes only very little to the detection of solar neutrinos [80].
However, it would be very helpful to investigate SN neutrinos. The event number
resulting from the higher-energetic v -proton scattering is expected to be similar
to the event number from the inverse [ decay, the main detection channel for

34



Reaction Current | Threshold Cross section
[MeV] [107% cm?]
Vete —vo+e NC/CC - 0.92- E,/MeV
Ue+e —Det+e” NC - 0.38 - E,/MeV
vy e = te NC - 0.16 - E,/MeV
Uy +e” — Uy +e” NC - 0.13- E,/MeV
Vp+p—=v,+Dp NC - 0.32- (E,/MeV)?
UVe+p—n+et CcC 1.8 9.5(E, — 1.29MeV)?
n+p—d+7v(2.2MeV),
T >~ 250 s
Ve +12C — e + 2N CcC 17.34 28.7 at 20 MeV
12N: g+, 7 = 11.0ms
v+ 12C — et + B CC 13.37 71.1 at 20 MeV
2B: 3=, 7 = 20.2ms
v+ 2C - v+ 2C7 NC 15.11 30.2 at 20 MeV
v+ 12C - v+ 1207 NC 15.11 27.9 at 20 MeV
120* Ly
Ve +BC — e + BN CcC 2.22 85.7 at (Esp)
I3N: B, 7 = 8625
v+ 1BC — v+ BC NC 3.68 11.5 at (FEsg)
Bo* . ol

Table 2.1: Cross sections of neutrino detection channels in liquid scintillators with
applying weak current, energy threshold, and possible follow-up reactions. All en-
ergies are given in MeV. The index x represents both p and 7 type neutrinos.
In the reaction column, 7 denotes the decay time of a follow-up reaction and
the neutron capture time in case of the inverse 3 decay. (Esg) refers to the re-
spective cross section averaged over the ®B neutrino spectrum. Values are taken
from [80, 119, 120, 121, 122].

SN neutrinos. Thus, the elastic scattering off protons offers a possibility to deeply
explore the SN vy spectra [121].

2.2.2 Inverse 8 Decay

The inverse 3 decay (IBD)
Vo+p—et+n (2.7)

is the main detection channel for 7, in liquid scintillators due to its comparably
large cross section at low energies as listed in table 2.1. It further provides a distinct
signature allowing an unambiguous identification of 7, signals.

35



Due to the kinematics of the IBD, the positron receives almost the entire energy
of the 7, and the neutron’s kinetic energy is negligible in most of the cases [123].
Thus, the kinetic energy of the positron is closely linked to the energy of the initial
V. and may be approximated as

Eyin(e™) = E, — Qb (2.8)

with Qsp = 1.8 MeV the energy threshold of the IBD. After depositing its kinetic
energy, the positron is stopped and annihilates with an electron under the emission
of two 511keV ~ rays. Since these two ~ rays add to the scintillation light output
of the positron thermalization, the eventually visible energy of the positron and
the 7, energy are connected as [124]

E, = Eys + 0.782MeV. (2.9)

While the positron deposits its energy promptly, the neutron is thermalized in
scattering interactions off protons and carbon nuclei. However, due to the, usually,
low energy of the neutron and the quenching of the proton signals, the thermaliza-
tion of the neutron is mostly not recognizable in the detector. After a scintillator
dependent capture time of ~ 250 us, the neutron is captured in ~ 99% of the cases
on a free proton for a typical scintillator mixture [62]. The capture is followed by
the release of the deuteron binding energy in form of a 2.2 MeV ~ ray. In ~ 1% of
the cases, the neutron is captured on ?C and in the deexcitation of the 3C nu-
cleus, a total v ray energy of 4.95MeV is released [62]. This temporal and spatial
coincidence between the prompt signal and the delayed 2.2MeV or 4.95MeV ~
ray signal offers a clear signature and a strong facility of background suppression.
Due to the relatively low energy of the v ray released after a neutron capture on
hydrogen that is below the experimental threshold of the currently running Water
Cerenkov detectors, this signature cannot be used at this type of detectors up to
now. Lowering the experimental threshold with an increased optical coverage or
adding atoms with a high neutron capture cross section followed by a higher energy
emission in the deexcitation process may be possibilities to harness this interac-
tion channel also in Water Cerenkov detectors. A proclaimed candidate for such
a neutron catcher is gadolinium in the deexcitation of which a ~ ray cascade with
a total energy of 8 MeV may be observed [125, 126]. These neutron catchers and
especially gadolinium can also be used in liquid scintillator detectors to enhance
the IBD detection efficiency [127].

Since the positron is usually emitted in the forward direction, the IBD provides an
information on the direction of the neutrino that can be extracted by the defor-
mation of the Cerenkov cone in Water Cerenkov detectors. For liquid scintillators,
the direction cannot be analyzed on an event-by-event basis. However, the relative
positions of the promptly annihilating positrons and the captured neutrons still
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offer the possibility to obtain an information on the position of a source causing a
sufficient amount of 7, events in the detector.

As the main channel of 7, detection, the IBD is especially used to explore reactor
neutrinos [128], SN neutrinos [56], and geo-neutrinos [124].

2.2.3 Reactions on Carbon

As shown in table 2.1, 12C offers two CC and one NC channel for neutrino interac-
tions that provide accessible signatures. Since the thresholds of the reactions are
mostly around 15 MeV, these channels only play a minor role for the detection of
low-energetic neutrinos but may be used for the observation of higher-energetic
neutrinos like SN or atmospheric neutrinos.

Especially the two CC reactions, via which only v, and 7, can interact, provide
clear coincidences after the neutrino capture that initiates a prompt e*/~ signal.
This is followed by a delayed g decay of the produced unstable daughter nuclei.
However, due to the endpoints of the 2N 3T decay and the 2B 3~ decay and
their respective decay times of 11.0 ms and 20.2 ms being very close to each other,
it is experimentally very challenging to disentangle both contributions and obtain
an information on the initial neutrino type. The NC reaction that is possible for
all neutrino flavors, inelastic scattering of a neutrino off a 12C nucleus, leads to an
excited 12C nucleus that deexcites via the emission of a 15.11 MeV ~ ray. Besides
this signature of the reaction having occurred, no spectroscopic or flavor informa-
tion may be obtained.

Also BC offers a CC and a NC neutrino interaction channel. With a natural abun-
dance of 1.1% of 3C, the interaction rate in liquid scintillators is very small,
though [80]. However, due to the small energy thresholds of 2.2 MeV for the v,
CC reaction and 3.7 MeV for the inelastic NC neutrino scattering as well as the
delayed coincidence with the subsequent 3N ST decay for the CC reaction, these
reactions still offer possibilities for the solar B and SN v, detection, especially in
extremely large detectors [122].

Besides these reactions, several elastic scattering NC reactions of high-energetic
neutrinos on 2C exist in which one or more neutrons are liberated from the nucleus.
Since these neutrons may fake an IBD signal, such NC reactions of atmospheric
neutrinos impose a major background for the DSNB detection in liquid scintillators
as detailed in chapter 7.

2.3 Background Sources

Due to the small cross sections of neutrino interactions, the expected signal in
searches for these particles is very weak. Hence, a low background level is essential
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for a successful observation. This requires to suppress the residual radioactivity in
the surroundings of the detector, in the supporting structure in which the detector
is built, in the PMTs, and in the target material itself to a minimum level. As has
been mentioned, techniques like distillation, water extraction, gas stripping, and
filtration allow to purify liquid scintillators and remove contaminations [114].

To minimize backgrounds caused by cosmic radiation, neutrino detectors are usu-
ally built deep underground. While the electromagnetic component of cosmic show-
ers is already absorbed in the rock coverage for the relevant depths at which neu-
trino detectors are usually constructed, high-energetic muons may still reach the
detectors. These cosmic muons may either cause a background signal themselves
or, which is even more challenging to suppress, produce potentially long-lived ra-
dioactive isotopes in spallation processes inside the liquid scintillator. Further,
muons passing through the surroundings of a detector may produce fast neutrons
that can enter the detector and mimic an IBD interaction without the possibility
to correlate them to the undetected muon.

2.3.1 Intrinsic Background

With the composition of liquid scintillators as hydrocarbons, long-lived radioactive
carbon or hydrogen isotopes constitute a source of background intrinsic to even
extremely pure scintillators without any ulterior contamination. The only isotope
to consider is the atmospherically produced *C with an endpoint of 156 keV and
a half-life of 5,730yr [129]. Due to its production in the atmosphere, it is only
integrated in living materials and the abundance of this isotope is significantly
lower in petroleum, which is developed naturally in processes taking much longer
than the *C decay time. With the usage of petroleum derivates as the solvents
of liquid scintillators, this background can be kept at a minimum. However, due
to the large target masses necessary for neutrino detectors, the *C 5~ decay will
still dominate the event rate and preclude the detection of neutrinos with energies
below the endpoint of the decay [9].

Besides this background intrinsic even to a perfectly produced scintillator, radioac-
tive contaminations may enter the scintillator during its production, transport, or
storage. While the production processes can usually be kept very clean, surface
contaminations of the transport, filling, or storage utilities that are very hard to
avoid completely can enter the scintillator via diffusion and, mainly, convection.
These surface contaminants may be the initial 2**U and 232Th nuclides of the
uranium and thorium chains with extremely long half-lifes of 4.468 x 10° yr and
1.405 x 1019 yr [129], respectively, or long-lived radio-isotopes being produced later
in the decay chains like 2'Pb or 2'°Po. The major intrinsic background compo-
nents with their respective half-lifes, decay modes, and endpoint energies as given
in [129] are listed in table 2.2.
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Isotope Ty/o Decay Mode FEoax
[keV]

1c 5,730yr | B~ 157
40K 1.3Gyr | 87 (89%) 1,311
BT (11%) 1,505

85Kr 10.8yr | B~ 687
222Rn 3.8d |« 5,590

210pp 22.3yr | B~ 64
210B;4 5.0d B~ 1,162
20po 138.4d | « 5,408
2871 | 3.1min | B~ 5,001
22Bi | 60.6 min | 37 (64%) 2,254
a (36%) 6,207
212pg 03us |« 8,954
2P} | 26.8min | B~ 1,024
24Bi | 19.9min | /- 3,272
Hipo | 164.3 s | « 7,833

Table 2.2: Intrinsic radioactive background components in liquid scintillators to-
gether with their half-lifes, decay modes, and endpoint energies. The « particles
are emitted at fixed energies. Values are taken from [129].

Even while great care is taken during the transport and filling of the scintillator
and the storage structure is kept extremely clean, small amounts of radioactivity
cannot be prevented from entering the scintillator liquid. However, fast coinci-
dences of subsequent decays and the pulse shape discrimination method still offer
possibilities to suppress a part of this background. Since « particles are emitted
at a distinct energy for a given a decaying nucleus, they are clearly visible as
prominent lines in the energy spectrum. Even though these particles are emitted
at energies of several MeV, they are detected at visible energies corresponding
to low energy neutrino interactions due to the quenching effect. Thus, a decays
constitute a major background for analyses of low-energetic neutrinos. However,
since « particles are heavier ionizing than electrons at the relevant energies, the
population of triplet states in the excited molecules is preferred as described in
section 2.1.2. This leads to a stronger contribution of the slow component of the
luminescence allowing to distinguish the a pulses from electron pulses. Addition-
ally, the o decays allow to suppress some of the § emitters if they occur in a decay
chain as in the case of the fast 2*Bi-?“Po coincidence. The temporal and spatial
coincidence of an energy deposition and a following deposition at the quenched
a energy together with the pulse shape information allow to suppress both back-
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ground contributions. However, the half-life of the o emitter needs to be small to
make the coincidence unambiguous.

Besides the contaminations from surfaces in contact with the scintillator, radioac-
tive noble gases like radon or krypton may diffuse into the scintillator. To prevent
this, liquid scintillators are usually kept in airtight closures and tanks are prefilled
with nitrogen before the scintillator enters. However, air leaks or impurities of
the utilized nitrogen may cause contaminations. While radon quickly decays into
longer-living nuclei of the U/Th decay chains like Po, Bi, and Pb that partly can
be discriminated, the only possibility to identify krypton decays is via fast § —
coincidences at low energies. However, due to the small branching ratio for this
coincidence of B = 0.43%, the suppression of this background is extremely chal-
lenging [9].

Apart from the radioactive nuclei integrated in the scintillator liquid, also radioac-
tive contaminations of the surroundings may enter the scintillator and cause a
signal. Especially v rays as uncharged particles may penetrate several meters of
the scintillator liquid before being absorbed and can induce multiple energy depo-
sitions via Compton scatterings on their path. “°K that is contained in the glass
of PMTs constitutes a major source of this external background, which may be
suppressed by shielding layers of Z rich materials, water, or scintillators doped
with diluters around a fiducial volume.

2.3.2 Cosmic Muons

As has been mentioned in section 1.4.4, charged pions and kaons that are part of the
hadronic showers produced in interactions between the primary cosmic radiation
and nuclei of the atmosphere decay into muons via

a5 O 4 @) (2.10)

and
K — ) 4+ @), (2.11)

Due to the relatively long lifetime of these muons of 7 = 2.2 us, the time dilation,
and the small cross sections for interactions with matter, cosmic muons reach the
Earth at a rate of (180 & 20) m™2s™! [130]. The energy spectrum resembles the
power law spectrum of the primary cosmic rays described by equation 1.27 since
the energy of the produced muon is closely related to the energy of the initial
primary cosmic ray particle. The spectral index of the muon energy spectrum has
been measured by the LVD experiment to be v, = 1.78 £ 0.05 [131].

For neutrino detectors located deep underground, the hadronic and electromag-
netic components of the cosmic radiation are absorbed in the rock overburden.
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Figure 2.2: Depth dependent residual cosmic muon flux. Due to the higher rock
coverage, more muons get absorbed and the intensity decreases with depth. The
inlet shows measurements in ice. The figure is taken from [7], data points from
references therein.

However, muons possessing sufficient energy may penetrate the rock and even-
tually reach the detectors due to the small ionization loss of ~ (2p) MeV/cm
in a material of the density p in g/cm?® [132] and a residual muon flux may be
observed. For muons above a threshold energy of ¢ = 500 GeV, the constant ion-
ization loss becomes subdominant to losses via fluctuating radiation processes like
pair production, bremsstrahlung, and nuclear interactions [79]. As has been shown
by Monte Carlo simulations, a cosmic muon flux may still be observed at 10* me-
ters water equivalent (mwe) [133]. Figure 2.2, taken from [7], shows the depth
dependent muon intensity in m~2s~'sr~!. With increasing depth, more muons are
absorbed in the overburden of a detector and the flux of cosmic muons decreases.
Eventually, for depths 2 10 km we, the muon intensity reaches a plateau and only
muons produced in CC interactions of atmospheric v, may be observed while all
cosmic muons are absorbed. The inlet of figure 2.2 shows data from measurements
in ice. For a more detailed derivation of the muon spectrum and the intensity un-
derground, refer to section 4.1.1.

Besides the flux, also the energy spectrum of cosmic muons changes with depth.
Due to the linear energy loss caused by ionization, the low-energetic part of the
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muons is absorbed already at smaller depths. Thus, the mean muon energy rises
continuously with the depth as long as it remains smaller than the critical energy
€. Muons with higher energies than e lose high amounts of energy via radiative
processes and the high-energetic part of the initial muon spectrum is depopulated
during the passage through matter. Thus, the mean energy of the muons will rise
with increasing depth and converge towards the critical energy € [79].

A cosmic muon passing through a liquid scintillator deep underground deposits a
huge amount of energy due to the ionization loss. Thus, the background arising
directly from prompt muon signals does usually not influence analyses of neutri-
nos at low energies. However, in case the muon only grazes the scintillator or only
crosses a part of the scintillator that is doped with a diluter such that the scintilla-
tion light output is reduced, visible energies similar to neutrino interactions might
result. Further, muons may create radioactive isotopes with decay products in the
energy range of usual neutrino searches via spallation processes in the scintillator.
Since the identification of these background events often requires their correlation
to the parent muon, many neutrino detectors use active muon vetos to enhance
the muon identification efficiency.

Also the angular distribution of cosmic muons arriving at an underground detector
depends on the depth and the shape of the rock coverage. While the zenith angle
distribution of muons at the surface follows a cos?() dependence, muons arriving
from angles that correspond to increased rock coverages are stronger suppressed
at underground sites. Thus, for a flat overburden, most of the muons arrive from
vertically above following the shortest path through the rock. Since the Borexino
detector is located at the Laboratori Nazionali del Gran Sasso (LNGS) under a
mountain ridge, the coverage of 3,800 m we for muons arriving from straight above
is reduced for higher zenith angles due to the steep mountain flanks and significant
contributions to the muon flux from non-vertical directions result. This leads to
an increased flux compared to an experimental site of the same vertical depth but
with a flat coverage. As presented in section 4.2, the cosmic muon flux at the LNGS
was measured to be (3.43240.001) x 10~ m~2?s~! using ten years of Borexino data.
The mean muon energy at the LNGS was measured as (270 & 34at £ 184yst) GeV
by the MACRO experiment [134]. Further, the topology of the mountain ridge is
mirrored in the azimuth angle distribution of cosmic muons [80].

2.3.3 Cosmogenic Radio-Isotopes

Besides the direct signal muons create in the scintillator, radioactive isotopes may
be produced in spallation processes of cosmic muons. In these processes, one or
several nucleons are liberated from a nucleus of the scintillator material and unsta-
ble isotopes may be generated. Additionally, particle showers may emerge that can
produce further radioactive isotopes. Due to their production by cosmic muons,
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these radio-isotopes are referred to as cosmogenic.

The production rate R of a certain cosmogenic radio-isotope is determined by the
energy dependent cross section for its production o(FE), the energy and depth de-
pendent flux of cosmic muons ®,(E, D), and the number of target nuclei V. Since
liquid scintillators are composed of hydrocarbons, the target basically consists of
carbon nuclei with the most abundant isotope being 2C. N, thus, refers to the
number of 2C nuclei in the target. Since the energy of the muons may be approx-
imated by their depth dependent mean energy (E,)(D) [135], the dependence of
the muon flux reduces to the depth and the cross section may be evaluated at the
corresponding mean muon energy. Thus, also the production rate reduces to the
solely depth dependent expression

R(D) = ®,(D)Nio ((E,) (D)) = ©,(D)Nyoo [(E,)(D)]". (2.12)

On the right side of this equation, the depth dependence of the production cross
section is expressed as an exponential of the mean muon energy with an expo-
nent « multiplied with a constant cross section oy. The values of a have been
determined for different radio-isotopes at the NA54 experiment at CERN [136]. In
this experiment, a liquid scintillator sample has been placed in a muon beam and
the cross section for the production of different nuclei was measured. To explore
the depth dependence of the production rate, the energy of the muon beam was
altered. Table 2.3 lists the isotopes that were analyzed in [136] together with their
half-lifes, decay modes, maximum decay energies, the rate calculated in [136] for
the depth of the LNGS, and the measured value of «. This value also allows to
extrapolate the rate to different depths and other underground laboratories.

The most dangerous cosmogenic isotopes for neutrino searches are the 51 emit-
ters 1°C and 'C due to their relatively long lifetimes and high production rates.
Further, the S — n emitters ?Li and 8He can mimic an IBD signal and impose an
important background for 7, spectroscopy. Besides the isotopes listed in table 2.3,
several short-lived radio-isotopes may be produced cosmogenically [137]. However,
due to their short lifetimes, they may easily be vetoed by blinding the detector
for several half-lifes after the passage of a muon without introducing an inaccept-
able deadtime. To rely on this technique, a highly efficient identification of cosmic
muons is mandatory to any neutrino experiment.

Since 1°C and ' C are both 8 emitters, the energy of the positron annihilation
adds to the visible energy deposition. Thus, the 1'C decay results in an energy
deposition equivalent to neutrino interactions of (1 —2) MeV and it becomes the
main background for solar pep and CNO neutrino measurements. In the case of
190, also a 0.72MeV deexcitation v ray needs to be considered and the visible
energy ranges from 1.7 MeV up to 3.6 MeV, interfering with a part of the solar B
neutrino spectrum [80].

Since most of these cosmogenic carbon isotopes are produced by muons knocking
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Isotope I Decay Mode Eoax Rate «
[MeV] [d=1100t71]

"Be 53.3d gt 0.48 0.34+0.04 | 0.934+0.23
10¢C 19.3s By 2.9 +0.72 2.04+0.2 0.62 £0.22
HBe 13.8s B~ 11.5 < 0.034

e 20.4 min Bt 1.98 14.5+£1.5 0.70 + 0.16
SHe 0.12s 5™ n 10.7

0.034 £ 0.007
ILi 0.18s 5™ n 13.6

Table 2.3: Production rates of cosmogenic radio-isotopes in interactions between
cosmic muons and nuclei of the liquid scintillator target. The respective half-lifes,
decay modes, maximum energies of the decays, and the measured exponent a of
the energy dependent production cross section as defined by equation 2.12 are
listed additionally [136]. While the given values of the production rates refer to
the depth of the LNGS where the Borexino experiment is situated, the exponent «
allows to extrapolate the result to different depths and underground laboratories.

out one or two neutrons of a >C nucleus, the coincidence between the actual decay,
the passage of a cosmic muon, and the neutron capture on hydrogen accompanied
by the release of the deuteron binding energy of 2.2MeV may be used to par-
tially suppress this background. Due to the cosmic muon rate at typical depths of
neutrino detectors being small compared to the neutron capture time of ~ 250 us
in liquid scintillators [62], the association of the neutron capture to a muon is
mostly unambiguous. Besides the temporal correlation, also the spatial correlation
between the muon, the carbon decay, and the neutron capture may be used. The
carbon isotopes are produced on the muon track and the neutron travels only a
short distance before being captured. The background arising from those isotopes
may be reduced significantly by vetoing the intersection of a sphere around the
neutron capture point and a cylinder around the muon track for several half-lifes
of the relevant isotopes. The radius of the sphere around the neutron capture
point needs to be defined considering the neutron’s mean free path. This so-called
Threefold Coincidence technique [138], thus, also relies on the muon identification
efficiency and tracking capabilities of the detector as well as a sufficiently good
position reconstruction of the neutron capture events. The deadtime induced by
this veto can be kept at a minimum by applying appropriate radii to the cylinder
around the muon track and the sphere around the neutron capture point and only
vetoing the relevant intersection region [80].

Besides the knock-out of neutrons, also protons may be knocked out of the 2C nu-
cleus producing neutron rich radio-isotopes that decay via 8~ decays. For °Li and
8He, the decay may lead to an excited state of the daughter nucleus that deexcites

44



via neutron emission. Since the deexcitation is mediated by strong interactions,
the neutron is emitted instantaneously but thermalizes without leaving a visible
signal due to its low energy. Only the v ray emitted after the neutron capture may
be registered. The coincidence of the first = decay and the neutron capture may
mistakenly be considered as an IBD event caused by the interaction of an 7, [124].
In case of the population of an excited state, the endpoints of the 5 decays of the
cosmogenic radio-isotopes are reduced to 7.4MeV and 11.2MeV for ®He and 9Li,
respectively. In principle, this background may be strongly suppressed by applying
a ~ 1s veto to the detector after the passage of a muon in 7, analyses. However,
depending on the rate of cosmic muons, this approach potentially introduces a
large deadtime, such that it is advisable to only veto a certain part of the detector
around a muon track if a muon tracking can be provided [80].

2.3.4 Fast Neutrons

A significant amount of the energy of cosmic muons may be transferred to neu-
trons that are knocked out of nuclei. Due to the high kinetic energy up to ~GeV
and the lack of electromagnetic charge, these neutrons may travel several meters
before interacting or being stopped [135]. Thus, such so-called fast neutrons may
even reach the detector when they are produced in the surrounding rock where the
detection of the parent muon is not possible. Even though the production of fast
neutrons is often accompanied by the evolution of hadronic showers and the neu-
tron itself can produce charged particles that can be detected in an active muon
veto, it is still possible that fast neutrons enter the scintillator liquid without be-
ing recognized before. Through the transfer of its kinetic energy to recoil protons,
the fast neutron may produce a prompt signal and with the release of the delayed
2.2MeV 7 ray following the eventual capture of the neutron on hydrogen, the IBD
signature is mimicked. Thus, fast neutrons may constitute a background for 7,
analyses at various energies.

2.4 The Jiangmen Underground Neutrino Ob-
servatory

The Jiangmen Underground Neutrino Observatory (JUNO) is a multipurpose neu-
trino oscillation experiment currently under construction. With a large target mass
of 20 kt, it is mainly designed to perform a high statistics measurement of reactor
U, generated at the near by nuclear power plants Yangjiang and Taishan to reveal
the neutrino mass hierarchy. The large target mass and the aimed at unprece-
dented energy resolution of 3% at a visible energy of 1 MeV are expected to seek
this experiment as a new state of the art liquid scintillator neutrino experiment.
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Figure 2.3: Conceptional drawing of the JUNO detector based on [68].

In the construction and operation of the experiment, the experiences and techni-
cal developments obtained at the Borexino detector and further currently running
liquid scintillator experiments may be bundled to enable a rich physics program.
Besides revealing the mass hierarchy, precision measurements of solar neutrinos
and the detection of the DSNB are planned to be accomplished with this detector.

2.4.1 Detector Concept

The JUNO experiment will be constructed in Jiangmin, Kaiping, in southern China
with a baseline of ~ 52km to the two nuclear power plants Yangjiang and Taishan
that generate 7, in ten nuclear cores with a total thermal power of ~ 36 GW [139].
Futher, a non-negligible contribution of 7, from the Daya Bay and Huizhou reactor
cores at a distance of about 200 km needs to be considered [140]. To reduce the
backgrounds arising from cosmic muons, the JUNO detector is constructed in a
newly built underground laboratory with a total rock overburden of ~ 700 m cor-
responding to ~ 1,900 mwe. This leaves an expected muon rate of 0.003 Hz m 2
with a mean energy of 215 GeV at the experimental site [68].

Figure 2.3 shows a conceptional drawing of the JUNO detector based on [68]. The
20kt of liquid scintillator will be contained in an acrylic sphere with a diameter of
35.4m and a thickness of 120 mm. As the scintillator solvent, linear alkylbenzene
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Experiment Daya Bay | Borexino | KamLAND JUNO
Liquid scintillator mass 20t ~ 300t ~ 1kt 20 kt
Optical coverage ~ 12% ~ 34% ~ 34% ~ 80%
. 7.5% ~5% ~6% ~3%
Energy resolution VE [MeV] VE [MeV] VE [MeV] VE [MeV]
Light yield ~ 160355 | ~ 500555 | ~ 250555 | ~ 1200555

Table 2.4: Comparison of technical parameters of JUNO to current liquid scintil-
lator experiments [140].

(LAB) is chosen due to its good transparency, high flash point, low chemical re-
activity, and excellent light yield. Two solutes will be added to the scintillator as
wavelength shifters, 2,5-Dyphenyloxazole (PPO) at a concentration of 3 g/l and p-
bis(O-methylstyril)-benzene (bis-MSB) at a concentration of 15mg/1. The acrylic
sphere will be surrounded by a spherical stainless steel supporting structure with
a diameter of 39m. On this structure, 17,000 20" PMTs and 25,000 additional
3" PMTs are planned to be mounted. This double calorimetry structure guaran-
tees an excellent event reconstruction due to an optical coverage of ~ 80%. The
PMTs are aimed to provide a high quantum efficiency of ~ 30%. With the design
goal of ~ 1,200 photoelectrons per MeV, the unprecedented energy resolution
of ~ 3%/+/E [MeV] is feasible [140]. To achieve the necessary light attenuation
length of > 20m and to avoid radioactive contaminations in the target volume,
the scintillator will have to be cleaned in several steps. Table 2.4 lists the main
technical parameters of the JUNO design compared to current state of the art
liquid scintillator neutrino detectors [140]. As can be seen, huge advancements
concerning the detector performance are planned to be achieved in JUNO.

The central JUNO detector will be encompassed by a cylindrical water tank such
that at least 2m of water protect the scintillator target from radioactivity of the
surrounding rock. Instrumented with ~ 1,600 20” PMTs, the water tank will be
used as an active Water Cerenkov muon veto with an expected efficiency sim-
ilar to the Daya Bay Water Cerenkov detector of 99.8% [68]. Further, a muon
tracker composed of plastic scintillator strips decommisioned from the OPERA
experiment [141] will be placed on top of the water tank to increase the muon
identification efficiency and provide a precise tracking of penetrating muons. The
start of data taking is scheduled for 2021.

2.4.2 Physics Program

With the huge technical advancements planned for the JUNO experiment, a broad
physics program is feasible. Besides the main goal of the determination of the neu-
trino mass hierarchy, results on solar neutrinos, SN neutrinos, the first observation
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of DSNB neutrinos, and a measurement of geo-neutrinos are planned.

Determination of the Neutrino Mass Hierarchy and Oscillation Param-
eters

To determine the neutrino mass hierarchy, oscillations of the reactor v, arriving
from the two nuclear power plants Yangjiang and Taishan will be analyzed. The 7,
will be detected via the IBD as described in section 2.2.2 with the neutron capture
mainly occurring on hydrogen after a mean capture time of ~ 200 us [68].

The 7, survival probability can be expressed as [140]

Am2,L
P = 1 — cos*(013) sin?(26;5) sin® ( Mo )

4F
: o ((Am3, L , .o [(AmZ,L
— sin®(26,3) (0052(912) sin (4—;’71) + sin?(6;5) sin? (4—;72>) (2.13)

Am3 L
= 1 — cos*(#13) sin?(2615) sin® < Z%l ) — Pun.

Here, Pyy denotes a mass hierarchy dependent term contributing to the survival
probability that can be expanded as

1 ' . X Am2 L AmgeL
Py = 5 31112(2913) (1 — \/1 — Sln2(2912) sin? ( 4E2'1 > CcOos (2 ‘—4E ‘ + Qb))

(2.14)
with Am2, = cos?(f12)Am2, + sin®(615) Am2,. The phase ¢ depends on the mass
and mixing parameters of the first two mass eigenstates with details on the calcu-
lation given in [68]. Since this phase has a positive sign for normal hierarchy (NH)
and a negative sign for inverted hierarchy (IH), the actual neutrino mass hierar-
chy influences the phase of the measured neutrino survival probability. Figure 2.4
shows the expected 7, spectrum without oscillations at the JUNO detector in red
and the oscillated spectra for NH in blue and TH in green taken from [142]. The
unoscillated 7, spectrum gets firstly suppressed due to the mixing of the first two
neutrino mass eigenstates. Further, the spectrum is overlaid by smaller oscillations
due to the mixing angle #,3 and the effect of the phase difference depending on the
mass hierarchy is visible.

Backgrounds to the determination of the mass hierarchy arise due to events mim-
icking the IBD coincidence signature. These are mainly accidental coincidences,
cosmogenically produced ®He and ?Li as described in section 2.3.3, fast neutrons
as described in section 2.3.4, 3C(a,n)*0 reactions, and geo-neutrino IBD inter-
actions. In order to suppress these backgrounds, the temporal and spatial cuts
between a prompt and a delayed signal must be tuned and the detector should
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Figure 2.4: Expected 7, spectrum at JUNO. The spectrum without oscillations is
depicted in red, the oscillated spectrum for NH in blue, and the oscillated spectrum
for TH in green.

be vetoed for several lifetimes of the neutron unstable cosmogenic radio-isotopes
around a muon track. After the application of such cuts, 60 IBD events per day
of which 3.8 are caused by backgrounds are expected in JUNO [68]. Performing a
Fourier analysis of the reactor 7, spectrum, the neutrino mass hierarchy is expected
be measured with a ~ 30 accuracy after acquiring data for six years [68]. Thus,
especially through the combination of the JUNO results with complementary mea-
surements of, e.g., the PINGU experiment [143] that may investigate the neutrino
mass hierarchy using atmospheric neutrino data, this fundamental parameter of
neutrino physics will be precisely determined in the near future.

Besides this, the excellent energy resolution of the JUNO detector will allow to
significantly improve the precision of Am?2,, Am2,, and sin?#;, to the sub-percent
level, which requires knowledge of the mass hierarchy in the case of Am2,. Together
with the expected improved measurement of sin? 615 to 4% accuracy by the Daya
Bay experiment, the unitarity of the neutrino mixing matrix can be tested at the
1% level [144]. Any deviation from unitarity is considered to be a hint towards new
physics, such as the existence of more than three light neutrinos [145]. Further,
combining the JUNO results with results from long baseline accelerator neutrino
experiments will allow to evaluate all neutrino mixing parameters including the
CP-violating phase § [146].
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Solar Neutrinos

With its large target mass and the unprecedented energy resolution, JUNO may
also study neutrinos originating from the Sun via the elastic neutrino-electron scat-
tering as described in section 2.2.1. Of major interest, JUNO could provide a high
statistics measurement of the solar ®B neutrinos. However, a successful measure-
ment especially of lower-energetic solar neutrinos deeply depends on the actual
intrinsic background level [68]. Also the relatively high rate of cosmic muons of
~ 3 Hz exacerbates the solar neutrino measurements.

For the minimum requirement of purity that corresponds to a signal to background
ratio of approximately 3:1 as in the solar phase of the KamLAND experiment [147],
only the "Be neutrinos can be observed in the JUNO experiment with respect to the
low-energetic part of the solar neutrino spectrum [68]. However, the measurement
is still challenging since especially the 2'°Bi background needs to be determined
precisely and also the decays of $Kr, 28U, and “°K contribute non-negligibly in
the solar "Be neutrino range. Despite the comparably high rate of cosmic muons,
cosmogenic 1 C does not affect the measurement since its 3+ decay at the minimum
produces a 1.022 MeV energy deposition in the detector that can be separated well
from the "Be neutrinos with a maximum visible energy of Ey.x = 665keV.

For a purity level similar to that of Borexino phase I [9], also the pp neutrinos
could potentially be observed [68]. In this case, the *'°Bi background would be
small enough that the pp neutrino flux dominates the energy spectrum between
approximately 160keV and 230keV. Only the excellent resolution of the JUNO
detector would allow to discriminate this signal from the overwhelming *C back-
ground that reaches up to 156 keV. Nevertheless, a good pulse shape discrimination
of highly quenched « particles, a clean removal of pile-up events, and a good un-
derstanding of low-energetic noise are still mandatory but very challenging. The
observation of solar pep and CNO neutrinos is supposed to be extremely difficult
with the JUNO detector since the 2'°Bi decays at low energies and the cosmogenic
1 decays at high energies are expected to strongly overwhelm the neutrino sig-
nals [68].

Besides the mentioned prospects for low-energetic solar neutrinos, JUNO will be
able to measure the 8B neutrino flux with unprecedented statistics and even with
a lowered energy threshold compared to former measurements due to the enlarged
photoelectron yield [68]. The main component of intrinsic background for this
measurement is caused by the decay of 2Tl with a Q-value of 5MeV. While
this background can in principle be estimated via the coincidence of 2'2Bi —2!2 Po
decays, it is still mandatory to keep the internal #*Th contamination at a level
below 10717 g/g to enable an analysis threshold significantly smaller than 5 MeV.
The external background will be dominated by 2.6 MeV ~ rays of 2°T1 decays in
the PMTs. However, this background may be easily reduced by applying a fidu-
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cial volume cut. Since at least a 5m cut will be necessary [148], this will demand
a reduction of the fiducial mass by more than 50%, though. Above 5MeV, the
most relevant background sources are cosmogenic radio-isotopes such as ®Li, N,
11C, 19C, and, most importantly, "' Be [68, 140]. While the shorter-lived isotopes
may be suppressed by vetoing a certain volume around a muon track as long as
excellent muon identification and tracking are guaranteed, the spectra and rates
of the longer-lived isotopes must be measured accurately and subtracted from
the accumulated data. Besides the neutrino-electron elastic scattering, also the
Ve +13C — e~ 4 13N reaction with a threshold of 2.2 MeV may be used to study
the solar ®B neutrino flux [140].

With a high statistics measurement, the JUNO experiment could possibly ex-
plore the transition region between the vacuum and matter dominated oscillation
regimes and probe the stability of the MSW-LMA solution. As mentioned in sec-
tion 1.3, probing the survival probability in this energy region allows to investigate
many potential hints of new physics. Besides, a precise determination of the solar
8B neutrino flux facilitates to further disentangle the low and high Z Standard
Solar Models [140].

Supernova Burst Neutrinos

As described in section 1.4.2, an immense neutrino burst accompanies the core
collapse of massive stars. These neutrinos carry valuable information on the envi-
ronment in which they have been produced and allow to approach many charac-
teristic properties of these particles themselves.

With its large target mass and excellent energy resolution, the JUNO experiment
may acquire a high statistics measurement of neutrinos originating from a SN.
Table 2.5 lists the expected number of SN neutrino interactions for different de-
tection channels and mean SN neutrino energies for a hypothetical core collapse
SN at a distance of 10kpc [68]. Approximately 5,000 events in the IBD chan-
nel, 2,000 events of elastic neutrino-proton scattering, and 300 events of elastic
neutrino-electron scattering can be expected within 10s.

With the exploration of the time evolution of the neutrino signal, the energy
spectrum, and the flavor composition, the neutrino-driven explosion mechanism
described in section 1.4.2 may be probed. Further, the separation between the
prompt and the delayed signal of the IBD reaction allows to statistically deter-
mine the direction of the incoming neutrinos. For the estimated number of 5, 000
neutrino signals in this channel, an accuracy of 9° may be achieved and astronomers
may be pointed to the imminent optical event. This accuracy may be increased
by adding the information of additional neutrino detectors [68]. Also a possible
correlation between the SN neutrino signal and a gravitational wave may be in-
vestigated and used to combine the complementary information of both signals.
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Channel Type | (E,) =12MeV | (E,) = 14MeV | (E,) = 16 MeV
Ue+p—et +n CcC 4.3 x 103 5.0 x 10° 5.7 x 10
v+p—v+p NC 0.6 x 103 1.2 x 103 2.0 x 103
v4+e—vte ES 3.6 x 102 3.6 x 102 3.6 x 102
v+12C—>v+2C* | NC 1.7 x 10? 3.2 x 102 5.2 x 102
Ve +12C s e  +2N | CC 0.5 x 102 0.9 x 10? 1.6 x 102
Ue+2C et +12B | CC 0.6 x 102 1.1 x 102 1.6 x 102

Table 2.5: Expected neutrino signal in JUNO for a core collapse SN at 10 kpc
distance for different detection channels and mean SN neutrino energies [68]. The
applying current of the interaction is also listed. v collectively denotes neutrinos
and antineutrinos of all flavors, the same mean energy for all flavors is assumed, and
neutrino flavor conversions are neglected. A threshold of 0.2 MeV for the proton
recoil is chosen in the elastic neutrino-proton scattering.

Further, information on the SN nucleosynthesis may be gained by extracting time
averaged spectra of different neutrino emission channels through the detection and
identification of significant numbers of neutrinos of different flavors.

Besides these astrophysical implications, the detection of SN neutrinos would give
significant insights on the properties of the neutrino as a particle itself. Thus, the
time delay between arriving neutrinos may be used to extract a bound on the
absolute neutrino mass scale and the estimated statistics are in principle sufficient
to investigate the neutrino mass ordering through the shape of the 7, spectrum
as described in section 1.4.2. Further, the rate of neutrino-electron scattering is
affected by the mass ordering, which may also be determined via a comparison of
the IBD and elastic neutrino-proton scattering rates. Finally, new physics like the
production of exotic weakly interacting particles during a core collapse SN can be
significantly constrained by a measurement of SN neutrinos in JUNO [68].

The Diffuse Supernova Neutrino Background

The DSNB neutrino flux is known to be the dominating source of 7, for energies
of F, 2 10MeV. Further, the main IBD detection channel is not affected by solar
neutrinos and with 1.2 x 103* protons in a fiducial volume of 17kt, a detectable
signal of 1.5 to 2.9 events per year is expected in the JUNO detector, depending
on the assumed mean SN neutrino spectrum [68].

The major background for a DSNB neutrino measurement at low energies arises
due to the vicinity to the reactor cores and the resulting 7, flux effectively impedes
a detection of the DSNB below an energy of 10 MeV. Since, potentially, the high
energy tail of the reactor 7, spectrum might reach up to 13MeV [149], the low
visible energy threshold for a DSNB analysis will have to be set to 11 MeV [68].
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Further backgrounds arise due to the cosmogenic 3—n emitters 8He and ?Li as well
as CC interactions of atmospheric neutrinos. While the contribution of the cos-
mogenic isotopes may savely be neglected due to their endpoints being effectively
below the required energy threshold, indistinguishable CC interactions of atmo-
spheric 7, start to dominate the DSNB flux above ~ 30 MeV. Up to this energy,
the atmospheric 7, CC background is relatively low and a DSNB measurement
is feasible. The background rate of CC interactions from atmospheric v, and v,
may be strongly suppressed by the identification of the final state muon via the
coincidence of the Michel electron and the characteristic muon pulse shape [68].
Also fast neutrons produced by cosmic muons impose an important background.
Due to the relatively low depth, 20 fast neutron background events per year are
expected in the target volume. However, because of the low mean free path of
neutrons and the possibilities of pulse shape discrimination, this background is
expected to be suppressable to a negligible rate by the application of a fiducial
volume cut [68].

The most challenging background is caused by NC reactions of high-energetic at-
mospheric neutrinos in which one or more neutrons are knocked out of a carbon
nucleus. These neutrons produce a prompt signal due to proton recoils and a de-
layed signal is generated by the v ray emitted after the neutron has been captured
on hydrogen. The event rate of these interactions is assumed to be more than one
order of magnitude above the DSNB rate, thus, making the DSNB detection ex-
tremely challenging and a suppression of this background vital. Simulations have
shown that this background could be reduced to a rate comparable to the DSNB
signal via the coincidence of a delayed 'C decay and, especially, pulse shape dis-
crimination techniques [148]. Figure 2.5 taken from [68] shows the expected DSNB
signal and background rates in JUNO. On the left side, the expected rates be-
fore the application of pulse shape discrimination, on the right side, the expected
rates after the application of the cuts are shown. These estimations are based on
a simulation of the proposed LENA detector [148] assuming a similar pulse shape
discrimination performance for JUNO. The application of the cuts evaluated for
LENA would open a window between ~ 11 MeV and ~ 20 MeV in which the DSNB
dominates the signal, eventually enabling a detection. However, the required back-
ground reduction by a factor ~ 50 clearly marks the challenging character of a
DSNB measurement. For a detailed study of atmospheric neutrino NC interac-
tions and the discriminability of these events based on Borexino data, refer to
chapter 7.

Geo-Neutrinos

Geo-neutrinos are emitted in the decays of radioactive isotopes of the 23¥U and
232Th chains naturally abundant in the Earth. The observation of these 7, and the
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Figure 2.5: Expected DSNB signal and background rates on the left side before
and on the right side after the application of pulse shape discrimination in JUNO.

determination of the contribution of radioactive heat to the total thermal power
of the Earth allows to infer information on the Earth’s composition, discriminate
between different geodynamical models, and give an insight into the structure
of the mantle and the nature of mantle convection [140]. So far, geo-neutrinos
have been observed by the KamLAND [150, 151] and the Borexino [12, 124, 152]
experiment.

The reaction channel for the detection of geo-neutrinos is the IBD. Due to the
anticipated radiopurity and the huge target mass, the JUNO detector should detect
between 300 and 500 events caused by geo-neutrinos in the first year of data
taking. Thus, already higher statistics than the other experiments that observed
geo-neutrinos so far would be acquired. Even though the geo-neutrino signal in
JUNO is immensely overpowered by the reactor 7, flux, an observation of geo-

neutrinos is expected to be feasible allowing to perform neutrino geoscience with
JUNO [68].
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Chapter 3

The Borexino Experiment

The Borexino experiment is built mainly with the purpose to perform real-time
spectroscopy of solar neutrinos. After having been proposed in 1986 [153], the
following 20 years were used to accomplish the world record level of radio purity
required to reach the necessary low energy threshold. Since May 2007, the detector
is accumulating solar neutrino data.

Already a few months after the start of data taking, the primary goal of the first
real-time measurement of the solar “Be neutrinos could be achieved [154]. In the
following years, Borexino published a precision measurement of the solar "Be neu-
trino flux [155], a measurement of the solar ®B neutrinos above a record low energy
threshold of 3 MeV [38], and obtained the first evidence of the solar pep neutrinos
accompanied by the currently best limit on the CNO neutrino flux [11]. Further,
the absence of a day-night asymmetry in the solar "Be neutrino flux could be
revealed [156] and the observation as well as a spectroscopic measurement of geo-
neutrinos could be fulfilled [12, 124, 152].

After a huge purification campaign in 2010 and 2011, the yet further reduction
of the intrinsic background level allowed to accomplish the first real-time mea-
surement of neutrinos generated in the low-energetic main pp branch of the solar
pp-chain [10], the first simultaneous spectroscopic measurement of the solar pp,
pep, and “Be neutrinos [36], and an improved measurement of the solar ®B neutrino
flux [157]. In the future, the main effort will be centered around the CNO neutrino
flux with the goal of a more stringent limit or even the first observation, which
would constitute the final capstone of Borexino’s rich solar neutrino program.

In the first section 3.1 of this chapter, the design of the Borexino detector is pre-
sented while in section 3.2, the major physics results are summarized.
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Inner / outer surface:
2212/ 154 PMTs
Volume: 1350m?

Carbon Steel Plates < Floor: 54 PMTs
Volume: 2100m?

Figure 3.1: Design of the Borexino detector. On the left side, sections and di-
mensions of the detector are depicted. The white dots on the inner surface of the
Stainless Steel Sphere (SSS) represent 2,212 PMTs that detect the light emitted
in neutrino interactions in the liquid scintillator filled Inner Detector. On the right
side, the positions of the PMTs registering events in the water tank, which acts
as the Outer Detector and active muon veto, are shown. Of these 208 PMTs, 154
are mounted in eight circles on the outer surface of the SSS that separates the
two subdetectors. Additional 54 PMTs are mounted in five concentric rings on the
floor of the water tank [109].

3.1 Detector Design

The Borexino detector is situated in Hall C of the Laboratori Nazionali del Gran
Sasso (LNGS), an underground laboratory that is reachable via a 10 km highway
tunnel through the Gran Sasso mountain massif, which shields the laboratory
from cosmic radiation. Due to the shape of the mountain site, the depth of the
laboratory reaches from ~ 3,200 m we to ~ 3,800 m we depending on the direction
of incoming radiation.

The design of the Borexino detector is depicted in figure 3.1. The detector is
divided into two subdetectors that are independent in terms of light propagation
by a Stainless Steel Sphere (SSS) with a radius of 6.82m. The Inner Detector
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(ID) containing the liquid scintillator target is encompassed by a steel dome of
18 m diameter and 16.9 m height filled with ultra pure water that acts as an active
Water Cerenkov muon veto, the Outer Detector (OD). 2,212 PMTs are mounted
on the inner surface of the SSS to detect the light emitted by neutrino interactions
in the liquid scintillator target. To identify cosmic muons passing through the
detector, 154 PMTs are mounted on the outer surface of the SSS to detect the
emitted Cerenkov light. Additionally, 54 PMTs are placed at the floor of the water
tank.

To achieve the necessary low radioactivity level of the innermost liquid scintillator
target, the principle of gradual shielding is applied. Thus, an onion-like structure
evolves in which the radio-purity of the materials increases towards the center and
the central target region is shielded from external backgrounds. In the following,
the very detailed descriptions of the design of the Borexino detector given in [109]
are summarized.

3.1.1 Inner Detector

The ID contains the central liquid scintillator target of ~ 280t with a density of
p = 0.88t/m3. The organic solvent pseudocumene (PC, 1,2 4-trimethylbenzene,
CgH3(CHg)3) is used as the base of the scintillator mixture and doped with the
solute PPO (2,5-diphenyloxazole, C;5H;1NO) at a concentration of 1.5g/1. This
solute acts as a wavelength shifter as described in section 2.1.2. After the exci-
tation energy has been transferred to the PPO molecules, photons with a peak
wavelength of ~ 360 nm are radiated with a fluorescence decay time of ~ 3 ns. The
chosen mixture provides a high light yield of ~ 10* photons per MeV of deposited
energy and the attenuation length of ~ 8 m guarantees that a huge number of the
photons reaches the PMTs on the SSS.

To ensure the necessary high radio purity of the scintillator, it was purified on-
site before the filling. The contaminations from dust (***U, 232Th, 1°K), air (*Ar,
8Kr), and cosmogenically produced “Be were reduced and extremely low uranium
and thorium concentrations of (5.3 £0.5) x 107'® g/g and (3.8 £ 0.8) x 1078 g/g,
respectively, could be accomplished. These values even exceed the design goal of a
contamination of < 1071%g/g and could further be reduced to < 9.4 x 107 g /g
for 238U and < 5.7 x 10719¢/g for #2Th at 95% confidence level each after the
purification campaign in 2010 and 2011 [36].

The innermost target is contained in a 125 pym thick nylon membrane with a radius
of 4.25m. This so-called Inner Vessel (IV) was constructed off-site under clean
room conditions to minimize radioactive contaminations. Being attached to the
lower part of the SSS with nylon strings, it centers the target volume by balancing
small buoyant forces caused by density variations. Since nylon features approxi-
mately the same refractive index as PPO and is optically very clear, the optical
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properties of the system are not affected in a relevant way by the insertion of the
vessel. Further, the IV constitutes a barrier against radon (**?Rn).

The spherical shell of 2.4 m thickness between the IV and the SSS is filled with a
mixture of PC and DMP (dimethylphthalate) at an initial concentration of 5 g/l
To minimize small density differences between this so-called buffer region and the
innermost scintillator target after a small leak in the IV was discovered in 2009,
the DMP concentration was reduced to 2g/l to prevent scintillator liquid leav-
ing the IV [9]. This mixture adds 1,024t of buffer liquid as a shielding against
external v radiation from the construction materials. Due to the DMP, the light
output in this region is quenched by a factor of ~ 20 and signals from the buffer
region are strongly suppressed. The liquid closely matches the density and refrac-
tive index of the target scintillator such that buoyant forces and optical distortions
are prevented. The buffer region is further divided by a second nylon membrane,
the so-called Outer Vessel (OV), at a radius of 5.50m. This vessel has the same
thickness as the IV and acts as an additional shielding against radon emanating
from the glass of the PMTs mounted on the SSS.

The SSS has a radius of 6.82m and separates the ID from the OD, thus, creating
two independent detectors in terms of light propagation. On the inner surface,
2,212 inward facing 8" ETL 9351 PMTs are mounted to detect the light emitted
due to neutrino interactions in the scintillator target. To increase the effective op-
tical coverage of the IV to 30%, 1, 828 of these PMTs have been equipped with alu-
minium light concentrators around the photocathodes. Since these Winston cones
limit the light collection to the IV, the remaining 384 PMTs are kept with a larger
field of view to enable background studies in the buffer liquid. The chosen PMTs
provide a quantum efficiency of 21% and a photoelectron yield of ~ 500 p.e./MeV
is achieved [38]. Via optical fibers, laser pulses may be fed to the PMTs in order
to check their status and properties. At the moment of writing, 1,315 PMTs are
still operational [158].

3.1.2 Outer Detector

The OD contains 2.4kt of deionized water encompassed by a steel dome of 18 m
diameter and 16.9m height. It acts as an active Water Cerenkov muon veto and
shields the ID from external v radiation as well as fast neutrons produced by cos-
mic muons in the surrounding rock. The Cerenkov light emitted by muons passing
through the detector is registered by 208 PMTs. While 154 of these PMTs are
mounted in 8 circles on the upper 3/4 of the outer surface of the SSS, 54 PMTs
are arranged in five concentric rings at the floor of the water tank. This config-
uration has been shown by Monte Carlo simulations to most efficiently identify
penetrating cosmic muons. The PMTs are of the same type as the ones used in
the ID but additionally embedded in a cone shaped encapsulation to protect them
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against the water and the larger pressure. Also the OD PMTs are connected with
optical fibers to enable their calibration with LED pulses. In addition to the mere
identification of muon events, the photon arrival times may also be used to obtain
an information on the muon track for muons entering the ID [80].

The majority of the OD surfaces is covered with highly reflective Tyvek foil that
redirects the Cerenkov light to increase the muon detection efficiency. It is further
used to divide the OD into two subregions at the equator of the SSS. However,
since only 2/3 of the interspace between the SSS and the surface of the steel dome
are blocked, the two regions are not fully optically decoupled. While the aimed for
improvement of the muon detection efficiency could be achieved by the application
of the Tyvek foil, the resulting distortion of the light cones aggravates the muon
tracking [80].

To stabilize the thermal detector conditions and prevent radioactive isotopes, es-
pecially 21°Po, from entering the fiducial volume via convective motions in the ID,
a passive and an active thermal insulation were installed starting in December
2015. Thus, the water tank was envelopped with a double layer of mineral wool
material of 20 cm thickness covering the full surface. The exterior layer of this
material consists of a reflective aluminized film and additionally, an active gra-
dient stabilization system was installed. This system consists of twelve 18 m long
independent water loop cycles to maximize the positive thermal gradient between
the top and the bottom of the detector and prevent motions of the scintillator.
The temperature development is closely monitored with a latitudinal tempera-
ture probe system that consists of 28 internal probes around the SSS, 20 external
probes on the outer surface of the water tank, six external probes under the floor
of the water tank in a pit, and six probes located in the upper dome of the water
tank [159].

3.2 Physics Program and Results

With the main focus set on the detection of low-energetic solar neutrinos, the
record high radio-purity and energy resolution allow a rich physics program. Af-
ter the first real-time measurement of the solar "Be neutrino flux [154], Borexino
surpassed this design goal and led the way in experimental solar neutrino physics
by a precision measurement of this flux [155], the measurement of the solar *B
neutrino flux above an unprecedentedly low electron recoil energy threshold of
3MeV [38], and the first detection of solar pep neutrinos together with the cur-
rently strictest limit on the CNO neutrino flux [11]. After an intense purification
campaign in 2010 and 2011 during which the intrinsic background contamination
could be even further reduced, a second phase of the Borexino experiment started
and the first real-time measurement of the low-energetic solar pp-neutrinos could
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be achieved [10]. Besides, the first evidence of geo-neutrinos at 3o confidence level
was found and a spectroscopic measurement could be performed [12, 124, 152]. In
the following, the main results of the Borexino experiment are presented.

3.2.1 Solar Neutrinos
"Be Neutrinos

"Be neutrinos are emitted mono-energetically at 862keV and may be observed as
a Compton like electron recoil spectrum in the liquid scintillator. While a pre-
cise measurement of the solar “Be neutrino flux firstly constitutes a probe of the
Standard Solar Model (SSM), it also gives insights into the vacuum dominated
regime of neutrino oscillations since the MSW effect does not alter the v, survival
probability at such low energies. Further, a possible day-night asymmetry of the
flux through the regeneration of v, during the passage through terrestrial matter
allows to investigate the neutrino oscillation parameter space without antineutrino
data, i.e. without the constraint of CP symmetry.

After the first real-time measurement of solar "Be neutrinos in 2008 [154], Borex-
ino reported a precision measurement of the solar “Be neutrino flux based on an
exposure of 178t X yr in September 2011. By averaging a Monte Carlo based fit
and a fit based on an analytical description of the detector response that is shown
on the left side in figure 3.2, an interaction rate of (46.0 & 1.5 (stat.)™;? (syst.))
(d100t)~! could be obtained [155]. In both fitting methods, the weights for the
"Be neutrino rate and the radioactive background components 8°Kr, 210Po, 210Bi,
and 1 C were left as free parameters, while the pp, pep, CNO, and ®B neutrino
rates were fixed to the values predicted by the SSM. The impact of the fixing
was included as a systematic uncertainty. To reduce the contribution of 2'°Po «
decays, pulse shape discrimination and statistical subtraction were applied. As-
suming MSW-LMA solar neutrino oscillations, this measurement corresponds to a
solar "Be neutrino flux of

®("Be) = (4.48 £ 0.24) x 10 cm %571, (3.1)

matching the prediction of the SSM under the assumption of neutrino oscillations.
By comparing the measured rate to the expectation from the SSM assuming no
oscillations, an v, survival probability of P,, = 0.51 + 0.07 at 862keV is found.
In November 2011, Borexino could announce the absence of a day-night asymmetry
in the solar “Be neutrino rate [156]. The reported asymmetry was

Rx — Rp

Apny =2 ————— = 0.001 £ 0.01244¢ £ 0.0074yst, 3.2
DN Bx + Rp tat yst ( )

where Ry is the "Be neutrino rate at night and Rp at day. With this measurement
of an asymmetry consistent with zero, the low Am? (LOW) solution of the solar
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Figure 3.2: Analytical fit in the “Be neutrino energy region of interest and solar
neutrino oscillation parameter space. On the left side, an analytical fit of the "Be
neutrino signal and several background components is shown. The mono-energetic
"Be neutrinos manifest as a clear Compton like edge [155]. On the right side, the
solar neutrino oscillation parameter space is shown. The hatched red region on the
right pattern is excluded at 99.73% confidence level by the Borexino measurement
of the "Be day-night asymmetry excluding the LOW neutrino oscillation parameter
region at 8.50. The LMA parameter region represented with 68.27% (blue), 95.45%
(green), and 99.73% (brown) confidence levels is not constrained by the measure-
ment. The left pattern shows the allowed parameter space before the inclusion of
the Borexino result with the LOW region still being untouched [156].

neutrino problem could be excluded at 8.50 as shown in figure 3.2 on the right.
For the MSW-LMA solution, no constraints are imposed by this measurement.

Using data taken between December 2011 and December 2015 from the second
phase of the solar neutrino program after the purification campaign in 2010 and
2011, Borexino could measure a seasonal modulation of the solar "Be neutrino
rate and exclude the absence of this modulation at 99.99% confidence level [160].
Besides an analytical fit to the event rate, also a Lomb-Scargle analysis and the
Empirical Mode Decomposition technique have been applied, all returning results
for phase, period, and amplitude consistent with the solar origin. Best fit values of
an amplitude of (7.1+£1.9)%, a period of (367 £+ 10) d, and a phase of (—18+24)d
were observed. This measurement strongly improves the former evidences for an
annual modulation reported especially by SNO [161] and Super-Kamiokande [32].

8B Neutrinos

The solar 8B neutrinos allow to probe the MSW-LMA paradigm mainly in the
matter dominated region. However, a measurement of the low-energetic part of
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the spectrum would be of special interest. In this transition region between the
matter and vacuum dominated oscillation regimes, hypothetical non-standard neu-
trino interactions or additional neutrino states could significantly influence the v,
survival probability. A very precise measurement of the solar 8B neutrino flux
would further give hints on the Sun’s metallicity and, thus, test several solar mod-
els.

Benefiting from its immense radio-purity and the high light yield, Borexino could
measure the B neutrino flux in the matter dominated oscillation region above an
electron recoil energy of 3 MeV [38]. This threshold energy undercuts the thresholds
of the Water Cerenkov detectors SNO and Super-Kamiokande, which had measured
the ®B neutrino flux formerly above 3.5 MeV and 5MeV, respectively [162, 163].
Above the energy of the 2.6 MeV v rays emitted in decays of 2°T1 mainly on the
SSS and the PMTs, cosmogenically produced radio-isotopes constitute the major
background of the ®B analysis. While the short-lived isotopes with a lifetime be-
low 2s can be easily rejected by a 6.5s veto after each muon passing the ID at
the cost of 29.2% livetime loss, the long-lived 5+ emitter '°C with a lifetime of
27.8s and a Q-value of 3.65MeV could be suppressed at a livetime loss of only
0.16% using the Threefold Coincidence technique. As described in section 2.3.3,
the triple coincidence in space and time between the actual °C decay, the passing
muon, and the capture of the neutron that accompanies the production of °C in
~ 90% of all cases allows to identify these decays. Due to the lack of additionally
produced neutrons, the cosmogenically produced S~ emitter 'Be with a lifetime
of 19.9s and a Q-value of 11.5MeV had to be considered statistically by scaling
the 'Be rate as measured by the KamLAND experiment [164] to the dimensions
and depth of Borexino.

Based on 488 live days of data taking, Borexino reported in 2010 an elastic *B
neutrino-electron scattering rate of (0.22 £ 0.044¢ £ 0.015) (d100t)~ above a
threshold of 3MeV electron recoil energy [38]. This translates to an unoscillated
8B neutrino flux of

Bsp = (2.4 & 0.4g4a1 & 0.1gye) X 10°cm ™27, (3.3)

Values obtained for the elastic neutrino-electron scattering rate above 5 MeV agree
well with the results from SNO and Super-Kamiokande [162, 163]. By conceiving
the measured electron recoil rate as a convolution of the detector energy response
and the differential neutrino rate considering different cross sections for v, and
V.7, an Ve survival probability of P, = 0.29 4+ 0.10 at a mean energy of 8.9 MeV
could be derived. This survival probability was found to be 1.90 off the survival
probability reported for “Be neutrinos in [154], showing the MSW effect to exist.
In September 2017, a more precise result on the solar ®B neutrino flux could be
published [157]. Besides the higher statistics of 1.5kt X yr exposure recorded be-
tween 2008 and 2016, several improvements of the background estimation could be
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Figure 3.3: Radial fits to the solar B neutrino signal and background components
in Borexino. On the left side, the fit of the high energy region and on the right
side, the fit of the low energy region are shown. While in the high energy region,
only neutron captures need to be considered as a background component, addi-
tional backgrounds from 2°TI need to be taken into account in the low energy
region [157].

achieved. Thus, a more stringent limit of R < 9.1 x 1073 cdp/100t could be set on
the cosmogenic ' Be rate via an independent measurement, 30 lower than the rate
extrapolated from KamLAND. Additionally, the 2°T1 contamination was lowered
in the purification campaign of 2010 and 2011, radiogenic neutron captures on de-
tector components were included to the background model, and the Monte Carlo
simulation modeling the data was significantly improved [165]. Further, the data
has been separated in a low energy range including events from natural radioac-
tivity and a high energy range that is dominated by the external v ray background
following neutron captures on the detector structure.

The determination of the ®B neutrino rate relies on radial fits in both energy re-
gions as shown in figure 3.3. Due to the presence of PPO in the buffer at high
z-values caused by the IV leak, the low-energetic sample was cut at 2.5m at this
coordinate. For the high-energetic sample, the total active volume was used. While
the cosmogenic ' Be background is expected to be distributed uniformly in the de-
tector similar to the neutrino signal, several background components feature a
different radial behavior. External neutron captures on the detector structure are
recognized at larger radii as well as 2°®T1 decays occurring at the surface of the IV
and 2°®T1 emanated from the nylon vessel into the outer edge of the scintillator.
Only the bulk of 2°®*T1 dissolved in the scintillator is expected to show a similar
radial distribution as the signal. For the high energy region shown on the left side
in figure 3.3, only the contamination from neutron captures needs to be considered
as a background source. In the fit of the low energy region shown on the right side,
also contributions from bulk, emanated, and surface ?°*T1 are included.

After subtracting residual backgrounds, the combined rate for both subregions was
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found to be
Rrpne = (0.22075012(stat.) 70 000 (syst.)) ecpd /100 t. (3.4)

The error of ~ 8% on this rate implies an improvement of more than a factor 2
with respect to the first measurement. The corresponding ®B neutrino flux is

s = (2.5570 17 (stat.) T9-07 (syst.)) x 10% em ™25~ (3.5)

and an v, survival probability of 0.36 + 0.08 could be determined. Combining this
measurement with the “Be and pp neutrino rates reported in [36], the high-Z solar
model is found to be preferred at 3.10, while the low-Z model is only compatible
at the 0.10 level.

Due to the huge implications that might be accessed through a measurement of the
v, survival probability in the transition region, further strong efforts are ongoing
in the scope of the Borexino experiment to investigate the ®B neutrino flux for an
even lower energy threshold [166].

pep and CNO Neutrinos

The pep branch constitutes a rare alternative to the prevailing pp initial fusion
reaction of the pp-chain. Thus, the flux of the mono-energetically at 1.44 MeV
emitted pep neutrinos is directly related to the pp branch. Since the ratio between
the fluxes is, further, only weakly model dependent and known with 1% accuracy,
a measurement of the pep neutrino flux translates to an indirect determination of
the pp neutrino flux. With 98% of the solar energy being released via the initial
fusion reaction, pep neutrinos additionally allow to explore the solar luminosity.
Besides the dominating pp-chain, the Sun releases a minor part of its energy
through the CNO-cycle as described in section 1.4.1. Since the CNO neutrino
flux strongly depends on the metallicity of the Sun, a measurement of the flux of
neutrinos generated in this fusion cycle provides a strong test of the high metallic-
ity GS98 and the low metallicity AGSS09 SSMs with the CNO neutrino flux being
predicted 40% higher in the high metallicity case [167].

Figure 3.4 shows a fit of the pep and CNO neutrino signal components and the
contributing backgrounds in the relevant energy region [11]. The main background
component arises due to decays of the cosmogenically produced 8+ emitter 1*C
with a lifetime of 29.4 min and a Q-value of 1.98 MeV. Since its formation is accom-
panied by at least one free neutron in 95% of the cases, the Threefold Coincidence
technique may be applied to lower the contribution of this background by a factor
~ 10 at a livetime loss of 51.5%. Further, pulse shape discrimination techniques
revealing small differences of the pulses of electron and positron recoils could be
utilized to partly distinguish between background and signal events. The effect of
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Figure 3.4: Fit to the signal and background components of the Borexino pep
neutrino measurement [11].

the application of the Threefold Coincidence cut can be seen in figure 3.4 by com-
paring the blue spectrum representing the data before the cut was applied to the
black spectrum after the application. The Compton like recoil edge at 1.22 MeV
caused by the pep neutrinos is represented by the red line.

Based on a multivariate fit in which also the radial distribution of signal and
background components was considered, Borexino published the first evidence of
solar pep neutrinos in 2012 [11]. Also data rejected by the Threefold Coincidence
cut were fitted complementarily requiring the rate of all non-cosmogenic com-
ponents to be equal in both datasets. Thus, a pep neutrino interaction rate of
(3.1 £ 0.6¢a £ 0.35y5t) (d100t) " was measured, which translates to a flux of

Ppep = (1.6 £0.3) x 10%cm s, (3.6)

Comparing this measurement to the flux expected when neutrino oscillations are
neglected, an v, survival probability of P,. = 0.62 £ 0.17 at 1.44 MeV results.

Due to the similarity between the spectral shape of the 2!°Bi 3~ decay and the
electron recoil spectrum caused by CNO neutrino interactions, the CNO neutrino
signal is overwhelmed by the ~ 10 times higher rate of 2!°Bi decays. Thus, by fixing
the pep rate to the value of the SSM, a limit on the CNO neutrino interaction rate
of < 7.9(d100t)~" at 95% confidence level could be obtained. This measurement
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Figure 3.5: Fit of the pp neutrino and relevant background energy spectra in
Borexino [10].

allows to extract the currently most stringent limit on the CNO neutrino flux of

Pono < 7.7 x 108 ecm 257, (3.7)

pp Neutrinos

Being generated in the initial reaction of the solar pp-chain, the pp neutrino flux is
directly connected to the Sun’s luminosity. Thus, the combination of neutrino and
optical observations can provide an experimental confirmation that the Sun has
been in thermodynamic equilibrium for a time scale of ~ 10° yr, the time photons
produced in the solar core need to reach the surface of the Sun. Further, a precise
measurement of the pp neutrino flux facilitates an accurate test of the MSW-LMA
solution and allows precision tests of exotic neutrino properties [168].

After the reduction of especially the 2°Bi and 8°Kr contaminations intrinsic to
the scintillator during the purification campaign in 2010 and 2011, Borexino could
provide the first real-time measurement of the solar pp neutrino flux based on data
acquired between January 2012 and May 2013. Figure 3.5 shows the fit to the pp
neutrino signal and the contributing background components [10].

The main background arises due to the intrinsic *C contamination, a 3~ emit-
ter with an endpoint of 156 keV. Despite its low isotopic fraction of 1C/12C ~
2.7 x 10718 in the Borexino scintillator, it accounts for most of the triggering rate
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of ~ 30 Hz in the relevant energy region. The 4C decay rate could be determined
independently by considering events that are followed by an immediate second
event in the data acquisition window of 16 us. Thus, the C rate could be con-
strained to the measured value in the pp neutrino analysis. Besides the direct
contamination of the analysis region due to C decays, pile-up events, i.e. two
uncorrelated events occurring too close in time to be separated by the electronic
systems such that they are mistakenly interpreted as a single event, constitute
a major background component. This background and its energy spectrum were
estimated by artificially overlaying real triggered events without any selection cuts
with random data samples. This synthetic pile-up construction includes all possi-
ble event pile-up combinations present in the dataset and allows to constrain its
contribution in the final fit.

Besides the pp neutrino signal, the 2!°Po contribution and the flat and, thus, clearly
distinguishable contributions from %Kr and ?'°Bi were left as free parameters in
the fit. Also the spectra of the other solar neutrino branches are flat in the relevant
energy region. While the rates of the CNO and pep neutrinos were fixed at the level
of the SSM, the "Be neutrino rate was constrained to the value measured in [155].
Considering all background sources, the fit returns a pp neutrino interaction rate
of (144 4 1344 £ 105 ) (d100t) ™!, excluding the absence of solar pp neutrinos at
100 [10]. Applying the latest values of the neutrino oscillation parameters, a solar

pp neutrino flux of
P, = (6.6+£0.7) x 10" cm s (3.8)

could be measured, in good agreement with the SSM prediction of (5.98 x (1 +
0.006)) x 10°cm=2s7!. By comparing the observed flux with the prediction of
the SSM for the unoscillated pp neutrino flux, an v, survival probability of P, =
0.64 £+ 0.12 is obtained, providing a constraint on the MSW-LMA solution in the
low energy regime.

With this measurement, Borexino became the first experiment to probe the MSW-
LMA solution in the matter and vacuum dominated neutrino oscillation regimes
as well as in the transition region. Further, the fluxes of all solar neutrino branches
from the pp-chain except for the least abundant hep neutrinos could be precisely
determined and a huge contribution to the understanding of solar and neutrino
physics could be accomplished.

Based on 1,291.51 days of phase II data collected between December 2011 and
May 2016, Borexino could further improve the measurements of solar neutrino
fluxes and perform the first simultaneous fit of the solar pp, pep, and “Be neutrino
fluxes [36].

With the application of a fiducial volume cut of 71.3t, external backgrounds could
be significantly reduced and the remaining background is mainly caused by in-
trinsic contaminations of the scintillator like **C and ?'°Bi, by cosmogenic radio-
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Solar Neutrino Species Rate Flux
[cpd/100 1] [em~2s71]
pp 134 + 1075, (6.1 40.5193) x 101
"Be 4834 1.170% | (4.99 4+ 0.137007) x 10°
pep (HZ) 2.43+0.367015 | (1.27 £ 0.19759) x 108
pep (LZ) 2.65 4+ 0.3670%2 | (1.39 £0.1975%) x 108
CNO <81 (95% C.L.) | <7.9x 10% (95% C.L.)

Table 3.1: Solar pp, pep, and "Be neutrino rates determined in the first simultane-
ous fit of these components by Borexino. Since the result of the pep neutrino flux
depends on the assumed model, a value for low (LZ) and high metallicity (HZ) is
given [36].

isotopes like 1*C, and by the residual external v ray background from the decays
of 298T1, 21Bi, and °K. Again, the Threefold Coincidence technique was used
to reduce the "'C background and the energy spectra of both data rejected by
the Threefold Coincidence cut and data surviving this cut were fitted in a Monte
Carlo driven as well as an analytical approach. Besides the energy spectra, the
radial components of signal and background contributions and the distribution of
a pulse shape variable to allow e™ /e~ discrimination were utilized in a binned like-
lihood function. This function was maximized in a multivariate approach. Besides
the pp, pep, and "Be interaction rates, the decay rates of ®Kr, 21°Po, 21°Bi, and
1 decays as well as external background rates from 2°8T1, 2'Bi, and “°K were left
as free parameters. Table 3.1 lists the obtained results on the neutrino fluxes. The
published solar "Be neutrino flux corresponds to the sum of both mono-energetic
lines at 384 keV and 862keV. It is in good agreement with the precision measure-
ment from the first phase of the solar neutrino program [155] but determined with
an uncertainty of only 2.7%, two times lower than the theoretical uncertainty.
Thus, the theoretical estimation clearly becomes the major uncertainty source
when probing the SSM based on the "Be neutrino flux. Also the pp neutrino rate
is consistent with the analysis performed in [10] but the uncertainty could be re-
duced by ~ 20%.

By constraining the CNO interaction rate, the correlation between this contribu-
tion and the pep neutrino interaction rate can be broken. Nevertheless, the pep
neutrino interaction rate depends on the assumed model from which the CNO flux
is predicted. Thus, one value for the low (LZ) and one value for the high metallicity
(HZ) case are obtained. The absence of pep neutrinos could be excluded at 50 for
the first time.

Due to the similarity between the 21°Bi decay spectrum and the electron recoil
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spectrum caused by CNO neutrino interactions, only an upper limit of the CNO
neutrino flux could be obtained. While in the former analysis, this was done by
fixing the pep neutrino rate to the prediction of the SSM [11], the inclusion of the
pp neutrino rate in the extended energy range allows to place a constraint on the
pep neutrino rate via the well known pp and pep neutrino flux ratio. The obtained
limit cannot improve the former result but confirms it while relying on a weaker
hypothesis for the pep neutrino flux.

Figure 1.2 shows the derived survival probabilities from this simultaneous fit to-
gether with the phase I result on the ®B neutrino flux. The measured values agree
well with the predictions of the MSW-LMA solution. Further, the combination
of the measured fluxes of pp and “Be neutrinos can be used to determine for the
first time experimentally the ratio R between the rates of the 3He —* He and the
3He —3 He reactions occurring in the pp-chain. Since this ratio reflects two different
modes to terminate the pp-chain, its measurement is a strong probe of solar fusion.
Neglecting the pep and 8B neutrino contributions, the ratio is given by

29("Be)
(I)pp — (I)7Be

which is in agreement with the predicted values for both the LZ and the HZ
SSMs [169].

R= = 0.18 +0.02, (3.9)

3.2.2 Geo-Neutrinos

In the decays of long-lived radioactive isotopes of the 233U and ?*?Th chains and
of 99K that are naturally abundant in terrestrial matter, 7, are emitted. These
so-called geo-neutrinos offer a possibility to probe the abundances and distribu-
tions of radioactive isotopes in the Earth’s crust and to test various Bulk Silicate
Earth (BSE) models that describe the composition of elements in the present day
mantle and crust [170]. Further, a measurement allows to infer the contribution of
radiogenic power to the total terrestrial heat flow of (47 £ 2) TW [171].

Borexino detects geo-neutrinos via the IBD as described in section 2.2.2. Since the
threshold of this interaction of 1.8 MeV is above the endpoint of the *°K 3~ spec-
trum of 1.4 MeV, only geo-neutrinos from the radioactive 2**U and 23?Th chains
contribute to the signal. After the first evidence of geo-neutrinos at 3o confidence
level in 2010 [124] and an update with higher statistics in 2013 [152], Borexino could
publish a spectroscopic measurement of geo-neutrinos in 2015 based on 2,056 days
of data taking [12].

A major background of the geo-neutrino measurement is caused by the cosmogenic
radio-isotopes ?Li and ®He and by fast neutrons. To reduce these contributions, a
2ms veto was applied after each muon crossing the OD and a 2s veto after each
muon crossing the ID. Further, accidental coincidences mimicking an IBD event
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and («, n) reactions were considered as background sources and their contributions
as well as those of cosmogenic backgrounds were estimated independently. Besides
geo-neutrinos, 7, generated in the energy production of nuclear power plants are
a known 7, source relevant for the Borexino detector. However, the geo-neutrino
analysis benefits from a general reactor shut-down in Italy completed in 1990, such
that the mean weighted distance of the LNGS to operational nuclear power plants
is rather large with ~ 1,200 km [152].

Using an un-binned likelihood fit of the energy spectrum of selected 7, candidates
that was based on the geo- and reactor neutrino spectra as obtained by Monte
Carlo simulations and the estimated backgrounds, a geo-neutrino signal of [12]

Seeo = (43.57 155 (stat.) 37 (syst.)) TNU (3.10)
and a reactor neutrino signal of
Sgeo = (96.617155(stat.) T35 (syst.)) TNU (3.11)

were measured with 1 Terrestrial Neutrino Unit (TNU) corresponding to 1 event
per year and 1032 protons. To compute these results, the mass ratio of Th and U
of m(Th)/m(U) = 3.9 as suggested by the chondritic model was assumed. With
the measured rates, the absence of geo-neutrinos could be excluded at 5.9¢.
Figure 3.6 shows on the left side the values obtained for the separate contributions
of decays from the 23¥U and from the ?**Th chain that have been obtained by
leaving the respective spectral contributions as free parameters in the fit. The
observed 7, fluxes from decays of the 238U and the ??Th chain are

d(U) = (2.740.7) x 10°cm™?s7! (3.12)

and
®(Th) = (2.3 4+ 0.6) x 10°cm™?s™, (3.13)
respectively.

Further, the total radiogenic power of the Earth adopting the chondritic mass ratio
was determined as

Pot(U+ Th + K) = 33755 TW. (3.14)

This result combined with the measurement of the geo-neutrino flux can be used
to constrain several BSE models as shown on the right side of figure 3.6, even
though more accurate measurements are required to exclude a model.

With the 7, signals from the local crust and the rest of the crust being calculable,
the measured geo-neutrino signal by Borexino is composed of these two contribu-
tions and a contribution from the mantle. Thus, a mantle contribution of

Seeo(Mantle) = (20.9115:3) TNU (3.15)
is reported, rejecting the absence of 7, generated in the mantle at 98% confidence

level.
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Figure 3.6: On the left side, the best fit contours for 1o, 20, and 30 of the contri-
butions of the 28U and the 2**Th chains to the measured geo-neutrino signal are
shown. On the right side, the expected geo-neutrino signal as a function of the ra-
diogenic heat release is shown [172]. The measurement of Borexino constrains the
cosmochemical, geochemical, and the geodynamical BSE models defined in [170]
and represented by the filled regions from left to right. The figures are taken
from [12].

3.2.3 Supernova Neutrinos

As described in section 1.4.2, heavy stars with masses of more than ~ 8 M eventu-
ally become unstable against their own gravitation and collapse in a core collapse
SN. Since about 99% of the energy of ~ 3 x 10°3 erg released in these optically
very bright events is carried by neutrinos, ~ 105 neutrinos of all flavors emerge in
such an event [50].

Borexino is able to detect SN neutrinos via various detection channels. The ex-
pected signal numbers in these channels together with their cross sections averaged
over the assumed neutrino energy spectra and the supposed mean energy of the
respective neutrino species as given in [52] are listed in table 3.2. In total, a burst
of ~ 110 neutrino events within 10s is expected via the considered channels in case
of a core collapse SN at a distance of 10kpc and a released gravitational energy of
~ 3 x 103 erg. Besides the channels listed in table 3.2, a signal via elastic neutrino-
proton scattering approximately of the order of the signal in the IBD channel is
expected [121] and the expected number of SN neutrino interactions increases to
~ 190. Hence, for such an event at the galactic center, a strong test of SN models,
neutrino mass limits, and possibly the neutrino mass hierarchy could be provided
by the Borexino experiment as detailed in section 1.4.2. Further, Borexino joined
the SuperNova Early Warning System (SNEWS) collaboration consisting also of,
e.g., Super-Kamiokande [63], LVD [64], and IceCube [65]. Through the coincidence
of neutrino burst signals in several of the detectors, the relative timing, and track-
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Reaction Channel (E,) (o) Nevents

[MeV] [cm?]
Ve+e—U,+e 11 1.02 x 1074 | 2.37
v.+e—v.te 16 6.03 x 107* | 0.97
Uy +e = te 25 13.96 x 107* | 0.81
Uo+e—y+e 25 3.25 x 107* | 0.67
UVe+p—et+n 16 2.70 x 10~ 79

Ve +12C — PN 4 e~ 11 [1.33x107% | 0.65
Ue +12C — 2B 4+ et 16 | 1.87 x107*2 | 3.8
Ve + 12C — v, + 12C7 11 1.33x 1078 | 04
U + 2C — 1, + 12C" 16 |6.88x 107 | 1.5
e +2C = v +2CT | 25 [ 3.73x107%2 | 20.6
Sum 110.77

Table 3.2: Expected neutrino signal in Borexino for a SN at the galactic center
at 10kpc distance. The number of events in different interaction channels, the
respective averaged cross sections, and the assumed mean energy for each neutrino
species are listed.

ing capabilities, this collaboration may inform and point astronomers towards the
optical event following the SN neutrino signal.

3.2.4 Current Situation and Future Prospects

With all the branches of the solar pp-chain but the extremely faint hep neutri-
nos measured by the Borexino experiment, the remaining main goal is to most
stringently constrain or even measure the flux of neutrinos produced in the solar
CNO-cycle. Especially a measurement would constitute the final climax of the long
period of solar neutrino physics with Borexino, which then could provide measure-
ments of all the solar neutrino branches and further brighten the knowledge of
solar physics, in particular with respect to the solar metallicity.

As has been mentioned and can be seen in figure 3.4, the major complicity of a
CNO neutrino measurement arises due to the similarity of the CNO neutrino and
the 219Bi 3 decay spectrum. Thus, spectral fitting algorithms cannot disentangle
the contributions of CNO neutrinos and 2'°Bi decays. Since the 2'°Bi rate domi-
nates the CNO neutrino rate by a factor of ~ 4 to ~ 10, depending on the assumed
solar metallicity, only an upper limit on the CNO neutrino flux could be obtained
so far. To break this degeneracy of the two spectra, an independent measurement
of the 21°Bi decay rate is needed such that its contribution can be constrained to
the measured value in the spectral fit. In case sufficient accuracy of the 2!°Bi rate
may be obtained, the CNO neutrino contribution could eventually be extracted
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from the data.

As proposed in [173], such a measurement is possible indirectly via measuring the
210Pg rate in the detector. Due to the o particles being emitted mono-energetically
in the 2'°Po decay and the possibility to identify these particles via the registered
pulse shape, 21°Po « decays with a lifetime of 7p, = 199.6 d may clearly be identi-
fied in the Borexino detector.

210Bi is a daughter nucleus of the long-lived 21°Pb that is part of the 233U chain
and, thus, an intrinsic background component of the scintillator. 2!°Pb is found
to be out of equilibrium due to a certain amount of '°Pb remaining inside the
scintillator after the purification campaign and it decays via

210p}, 4210 Bj 4210 P, 4206 P, (stable). (3.16)

Since no evidence for a source supplying the contents of 2'°Pb and ?'°Bi in the
scintillator is observed, the 2'°Pb contamination of the scintillator is expected to
decay with its lifetime of 7p, = 32.3 yr while 2!°Bi quickly reaches the equilibrium
with its parent due to its short lifetime of 7g; = 7.2d. Thus, the 2'Po abundance
is given by [173]

dNp,  Npo(t)  Np(t)
=— +
dt TPo TBi

+ SPo(t)y (317)

where the first term describes the decay of 2!°Po, the second term the supply of
20Pg through the decay of 2!°Bi, and Sp,(t) is a source term indicating contribu-
tions from an external source of 2!°Po that is not in secular equilibrium with 2'°Pb
and 2!°Bi. In case of the absence of a source term, 2!Po would reach the secular
equilibrium after ~ 2yr and from this point on, its decay rate would equal the
rate of 21°Bi decays. While a uniformly distributed amount of 2'°Po that is not in
secular equlibrium with its parent isotopes or a source term solely describing diffu-
sive contributions would not harm a measurement, convective up- and downward
motions of the scintillator mostly caused by seasonal temperature changes were
observed in the Borexino detector. These motions transport 2°Po diffused from
the nylon vessel towards the center of the detector precluding the selection of a
fiducial volume in which the exponential 2!°Po decay can be observed. Due to this,
the thermal control system described in section 3.1.2 was installed starting from
December 2015 to keep the temperature of the detector stable and prevent convec-
tive motions of the scintillator. If absolutely stable conditions could be realized,
an indirect measurement of the 2!°Bi decay rate could eventually be feasible. Cur-
rently, the thermal conditions of the detector are found to approach the necessary
conditions and strong efforts are made to estimate the feasibility of a determina-
tion of the 2!°Bi rate, to analyze the achievable CNO neutrino sensitivity, and to
explore the possibilities for such an outstanding measurement in the near future.
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Chapter 4

Modulation of the Cosmic Muon
Flux

For experiments situated deep underground, the cosmic muon flux is significantly
reduced compared to the intensity of (180 + 20) m~2s™! at the surface [130]. Fur-
ther, the mean energy of the muons is increased since low-energetic muons are
absorbed in the rock shielding. High-energetic muons potentially reaching under-
ground detectors are generated when mesons produced in interactions of primary
cosmic rays with nuclei of the atmosphere decay in flight without any interaction
before the decay. Due to density fluctuations in the upper atmosphere that alter
the mean free path of the mesons, the probability for them to decay in flight before
interacting variates. Thus, also the intensity of cosmic muons observed in under-
ground laboratories depends on the density of the atmosphere. The magnitude of
the intensity variation is regulated by the mean lifetime and the decay properties
of the contributing mesons and a measurement of this effect allows to probe the
identity of the particles taking part in the muon production.

In the first section 4.1 of this chapter, theoretical derivations of the intensity of
muons observed in underground laboratories and of the effect of the seasonally
varying atmospheric temperature on the muon flux are outlined. In section 4.2,
a measurement of the cosmic muon flux and its seasonal modulation using the
Borexino detector is presented. Further, the correlation between the cosmic muon
flux and the atmospheric temperature is explored in this section. The chapter
closes with an investigation of the presence of long-term, i.e. longer than seasonal,
modulations of the cosmic muon flux and an exploration of a correlation of the
cosmic muon flux modulation to the solar activity in section 4.3.
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4.1 Seasonal Modulation of the Cosmic Muon
Flux

Muons arriving at laboratories situated deep underground predominantly originate
from decays of mesons high in the atmosphere. Minor contributions arise from at-
mospheric neutrino CC interactions in which muons in or around the detector are
generated. Figure 4.1 gives an overview of the processes and locations relevant
for the production of cosmic muons in the upper atmosphere and their passage
towards a detector situated deep underground.

The parent mesons, mostly kaons and pions, are produced in hadronic interactions
between primary cosmic ray particles and nuclei of the atmosphere depicted by
the blue dots. The mesons may either interact with other particles in the upper
atmosphere producing electromagnetic cascades of lower-energetic particles or de-
cay in flight into high-energetic muons and the corresponding neutrinos. However,
only the muons produced if the mesons decay without interacting before the decay
obtain sufficient energy to penetrate through the rock coverage and reach detectors
deep underground [174].

The scenario for the production of a high-energetic muon is shown for a kaon
decay on the left and for a pion decay in the middle of figure 4.1. The mesons
produced in interactions of primary cosmic radiation in the upper atmosphere de-
cay in flight. Thus, the generated muons receive sufficient energy to penetrate the
rock coverage and reach a detector situated deep underground represented by the
light blue sphere. The production of high-energetic muons is mostly limited to the
stratosphere, a part of the atmosphere extending from the tropopause at ~ 12 km
above the Earth’s surface to a height of ~ 50km. The lower part of the atmo-
sphere, the so-called troposphere, is only of minor importance for the production
of high-energetic cosmic muons [175].

The case for an interaction of the meson before its decay is depicted on the right
in figure 4.1, exemplarily for a pion. After its production, the pion interacts and
produces an electromagnetic shower of lower-energetic particles. The muon pro-
duced in the eventual decay of the pion does not possess the required energy to
reach the detector underground and is absorbed in the rock coverage.

Due the required in-flight decay of the mesons to produce muons with sufficient
energy to reach underground detectors, the temperature of the upper atmosphere
affects the muon flux observed underground. Since a rise in the temperature of the
atmosphere lowers its density, the probability that the mesons decay before inter-
acting with other particles increases and also the production of muons with energies
high enough to reach underground detectors rises for higher temperatures [175].
Besides this change of the density and the increased production of high-energetic
muons, an increase in temperature implies an expansion of the atmosphere re-
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Figure 4.1: Processes and locations relevant for cosmic muon production. Primary
cosmic radiation hits the upper atmosphere and produces mesons in interactions
with nuclei depicted by the blue dots. These unstable mesons, mostly kaons and
pions, decay into muons and the corresponding neutrinos. Most of the cosmic
muons are produced in the stratosphere that extends from ~ 12km to ~ 50 km
above the Earth’s surface. To penetrate the rock coverage and reach a detector
situated deep underground, the muons are bound to be produced by meson decays
in flight without any interaction before the decay. This is depicted for a kaon decay
in flight on the left and for a pion decay in flight in the middle. In case the meson
interacts before decaying, electromagnetic cascades of lower-energetic particles are
generated. The muon eventually produced in the final decay of the meson does
not receive sufficient energy to penetrate the rock coverage and is absorbed. Such
a scenario is depicted on the right for a pion produced in the upper atmosphere.

sulting in a higher altitude at which primary cosmic ray particles interact with
atmospheric nuclei and produce mesons [175].

The positive correlation between the temperature and the observed muon flux gets
more pronounced the higher the required muon energy is. Higher-energetic mesons
travel a longer distance before decaying and are, thus, more sensitive to den-
sity variations. For very low-energetic muons, the effect is reversed and the flux
decreases for higher atmospheric temperatures. This is caused by the increased
probability that the muons decay into electrons and the corresponding neutrinos
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before arriving at the Earth due to the higher production altitudes. For under-
ground experiments with a coverage of more than 44 m we, the arriving muons are,
however, too high-energetic to observe this effect [175].

The decays of the mesons in which high-energetic muons are produced occur mostly
at the top part of the atmosphere and the temperature of the stratosphere varies
only slowly on the scale of seasons. Short-term weather phenomena are usually lim-
ited to the troposphere [176]. An exception are stratospheric warmings that can
rapidly increase the temperature of the polar stratosphere in winter [177]. Hence,
the flux of high-energetic cosmic muons is expected to show a seasonal modulation
with maxima of the flux in summer when the temperature of the atmosphere is
high and the density low and minima of the flux correlated to the low atmospheric
temperatures and high densities in winter. The cosmic muon flux is, thus, expected
to feature a sinusoidal behavior at leading order. However, short term temperature
fluctuations and the fact that the temperature maxima do not necessarily occur
at the same date in successive years perturb this approximation [174].

In the following two sections, a theoretical description of the expected intensity of
cosmic muons underground and the effect of variations of the atmospheric tem-
perature is displayed.

4.1.1 Muon Intensity Underground

Since most of the cosmic muons reaching the Borexino detector originate in the
decays of pions and kaons in the upper atmosphere, the muon intensity is directly
coupled to the production of these mesons in hadronic interactions of primary cos-
mic ray particles with the nuclei of the air molecules in the atmosphere.

Primary cosmic radiation arrives isotropically at the top of the atmosphere at a
rate of ~ 1,000m~2s! [79]. To derive a prediction for the meson intensities in the
atmosphere, it is anticipated that the production of mesons and other particles
falls exponentially with the amount of atmospheric slant depth X traversed by
the primary cosmic ray particle according to e=*/2~_ The slant depth is measured
in the unit g/cm? and allows to compare the penetration of particles in environ-
ments or materials of different densities. Ay is the absorption mean free path of
the meson-producing cosmic ray particle expressed in the same units. Further, the
mesons are assumed to maintain the direction of the initial primary cosmic ray
particle, which is valid especially for the high-energetic mesons producing muons
that can be observed underground. Ionization losses in the atmosphere are ne-
glected in the following evaluations and Ay is treated as a constant. Also these
assumptions are expected to be good approximations with respect to the produc-
tion and propagation of mesons relevant for the generation of muons observed in
Borexino.

Two absorption processes of the mesons are considered. First, nuclear interaction
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for which the fractional loss in a thickness dX is dX/Ay with Ay the absorption
mean free path of the meson. The second relevant process is the decay of the meson
into a muon for which the fractional loss is given by [175]

myc dX

ANy (M = _ mmMe
M( ILL_’_VM) p/ pCTM7

(4.1)

where p is the air density, 7y the meson lifetime, my; the meson’s mass, p’ its
momentum, and ¢ the speed of light.
For the meson species M, a critical energy e\ that separates the regime in which
nuclear interaction dominates from the regime in which decay dominates can be
calculated as )

en = muc”H(T) (4.2)

CTM

In this equation, H(T") is the atmospheric scale height in dependence on the tem-
perature T'. The atmospheric scale height is defined as the increase in altitude for
which the pressure decreases by a factor e and given by H(T') = RyT/Mg. Here,
Ry is the specific gas constant, M the mean molecular mass of an atmospheric
particle, and ¢ the acceleration of gravity. The density p and the depth X are
related via p = X cos0/H(T).
Within the first 250 g/cm? of the atmosphere, T and H are practically indepen-
dent of X [175]. Since most of the interactions of the primary radiation occur in
the first interaction lengths [79], H(T') can be treated as a constant with respect
to the meson production and H(T') ~ Hy = 6.5km. Thus, a critical pion energy
€z = 115 GeV and a critical kaon energy ex = 850 GeV result [176].
The assumptions concerning the meson production and absorption made in the
beginning together with these considerations lead to the differential meson inten-
sity [175]:

AM  Znu

1 €
YR ANM —X/AN T M
1 v No(E)e M(E, X, cos ) [ } . (4.3)

Am + EX cos0

Here, Ax denotes the nucleon interaction length, Ny(E) the differential meson pro-
duction spectrum of the form E&(VH), and Znu the spectrum weighted inclusive
cross section. The first term on the right side of equation 4.3 describes the produc-
tion of mesons by primary cosmic rays, the second term the absorption of mesons
due to nuclear interaction and decay.

Using the integrating factor

€M

M(X) — edeﬁ'i_EXcosG’ (44)
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equation 4.3 may be rewritten as an exact differential equation:

d./\/l 1 EM d
X)—— X E X )| —+ =———| = —= X E, X, cost
MO+ HOOMEB.X.cos8) | 14 ] = (OO MU, X, cos6)
Z
= (X)) ZM NG (B)e XA,
AN
(4.5)
The solution of this exact differential equation is found as
E,X,co80) = —— [ === Ny(E)e X/ p(X)dX. 4.6
ME. X, cost) = —z [ SN (E)e () (1.6
Solving the integral yields for the differential meson intensity [175]
dM  Znu Ly _ X A
— No(E /AMX eM/Ecose/ X/eM/ECOSG X'/A dX/
AX ~ ay o(E)e ; ‘
ZNM ~X/A 1 X/N
= S Ny(B)e XA x — 4.7
AN o(E)e x em/FEcos+1  ey/Ecosl+ 2 (47)

L1 Ay
2ley/Ecos0+3 ]

where the definition 1/A" = 1/Ax — 1/Ay is introduced.

From this differential meson intensity describing the production and propagation of

mesons in the atmosphere, the muon production spectrum has to be derived. The

cosmic muons possessing sufficient energy to reach a detector as deep as Borexino
are mostly produced in the decays of pions and kaons, i.e. via

a5 = O 4 @) (4.8)
and
K — ) 4+ ), (4.9)

respectively. Besides the muon, also an atmospheric muon neutrino or muon an-
tineutrino is produced in these decays depending on the charge of the parent
meson to conserve lepton family number. Minor contributions to the cosmic muon
flux from decays of particles composed of charm quarks like the A hyperon are
extremely small compared to the number of muons produced in kaon and pion de-
cays [135]. Thus, they are neglected in these considerations. Due to the negligible
mass of the neutrino, the rest frame momentum of the two body decays described
by equations 4.8 and 4.9 is given by p, = (1 — m,/m3;) - my/2. The differential
flux per energy can be expressed as [17§]

dn  Bmy
dE  2p.Ey

(4.10)

80



with B the branching ratio for the decay into muons and Ej, the momentum of
the decaying meson in the laboratory frame. The branching ratio for the decay of
charged pions into muons is ~ 100%, the branching ratio for the decay of charged
kaons into muons ~ 63.5% [79].

Based on these evaluations, the muon production spectrum for muons originating
from meson decays may be expressed as [79)]

K /
o dn(E, E')
P(E, X, cosb) g / 5 E/XREOSQM(E’aX?COSH)dE’, (4.11)

mln

Here, d”g% is the inclusive spectrum of muons from the decay of a meson M with
the energy E', 22—, describes the decay rate of the meson M as described above,

and the sum considers all relevant meson species. The integration limits E,,;, and
Eax are given by the minimum and maximum energies of a parent meson being
able to produce a muon of the energy E [79].

With inserting equation 4.10 in equation 4.11, the muon production spectrum for
each parent meson becomes

P.(E,, X, cosl) =

Bey /E“/TM dE M(E, X, cost) (4.12)

X cosO(1 —ry) E E

with ry = mZ/mg; the ratio of the squared muon and meson masses. For the
decay of a relativistic meson with the energy E into a muon and a corresponding
neutrino, the kinematic limits on the energy of the muon in the laboratory frame

E,, are given by [79]
2

-E<E,<FE. (4.13)
mM
Inverting these limits of the muon energy £, for a given meson energy E gives the
integration limits of equation 4.12.
To retrieve the differential muon energy spectrum, this expression must be inte-
grated over the whole atmosphere [79]:

——/ Pu(E, X)dX
0

1 0.635
~Ax E;0HD (AL A
Sl “1+1.1~Eucosﬁ/e,,+ 1411 B, cos0/ex )
(4.14)
where (41)
1—ry!
AMH = ZNM M

T—r)(7 + 1)
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and v = 1.78 &£ 0.05 the muon spectral index as measured by the LVD experi-
ment [131]. Inserting numeric values for the constants as given in [79], equation
4.14 becomes

df, 0.14 x E-(+1) 1 n n (4.15)
dE,  cm?srGeV \1+41.1E,cos0/e, 1+ 1.1E,cosf/ex '

with [179]
y+1

Znk 1—rn 1—
N T T 2 TR 0,054 (4.16)

= 0.635 -
7 Ine 1—rg 1 — 2™

To determine the muon intensity in an underground laboratory, this expression
needs to be integrated from a certain threshold energy FEyy,, to infinity. The thresh-
old energy describes the minimum energy a muon has to possess to traverse the
rock coverage of the underground laboratory and reach the experimental site. Thus,
the intensity of muons observed in an underground laboratory is given by

o df
1(E) :/ dE, —~. (4.17)
8 Ethr MdE'U'

FEin: depends on the rock coverage D(6,¢) a muon coming from the direction
defined by the zenith angle # and the azimuth angle ¢ has to pass through in
order to reach the detector. The rock coverage is usually presented as the product
of the depth of the detector depending on the muon’s direction and the average
density of the shielding to receive a measure in the normalized unit of meter water
equivalent (mwe). While traversing the rock, muons lose energy by ionization and
the radiative processes bremsstrahlung, ete™ pair production, and photonuclear
interactions. The total energy loss of the muons in dependence on the amount of
rock traversed D(6, ¢) is given by [7]

dr,
————=a+bF 4.18
aD(e.0) ' 1)
with a describing the ionization loss and b the fractional energy loss by the three
radiation processes. € = a/b ~ 500GeV for standard rock describes a critical
energy for muons below which the continuous ionization loss is more relevant than

radiative energy losses. The solution of this differential equation 4.18 is derived as
E,(D(0,¢)) = Epe P09 — ¢ (4.19)

Hence, the energy of a muon at the surface Ej that reaches an underground labo-
ratory under a rock coverage D(6, ) with energy E, is given by

Ey = (B, + €)e?P0m — ¢ (4.20)
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The threshold energy corresponding to the energy at the surface that enables a
muon to barely reach the detector, i.e. with E,(D(6,¢)) = 0, may be calculated
as

By = € - (e?P09) 1), (4.21)

In principle, the energy loss parameters vary slightly with energy. However, since
this effect is very small, it is appropriate to assume a ~ 2MeV/(gcm™2) [79)]
and b ~ 4.0 x 107%g~tem? [180]. Using these values, the rock coverage of the
Borexino detector of 3,800 m we as measured from straight above corresponds to
a muon threshold energy of 1.79 TeV. Performing the integration of equation 4.14
as described by equation 4.17, an approximation of the intensity of muons in an
underground laboratory is obtained in [175] and given by

1 054
@:Bxﬂﬁ( 0.05 )

_l’_
v+ (y+ D11Eycos0/e, v+ (v + 1)1.1Ey, cosf/ex
(4.92)

4.1.2 Temperature Effect on the Muon Intensity Under-
ground

Mesons and consequently also the muons originating from their decays are pro-
duced at various heights in the atmosphere and temperature changes of the atmo-
sphere do not occur uniformly but differently at multiple levels. It would, hence, be
very difficult to determine the exact point in the temperature distribution where
a certain muon was created and study the correlation between the temperature
at the creation points and the intensity of muons observed deep underground. To
allow the investigation of the effect of fluctuations in the atmospheric tempera-
ture on the flux of high-energetic cosmic muons, the atmosphere is modeled as an
isothermal meson-producing entity with the effective temperature Tog. Tog must
be chosen in a way that in an isothermal atmosphere with this temperature, the
same meson intensity is obtained as in the actual atmosphere with the tempera-
ture distribution 7'(X). Hence, properly chosen weights must be included in the
calculation of the effective temperature accounting for the physics that determine
the meson and muon production at different atmospheric depths.

To describe the effect of fluctuations in the atmospheric temperature on the muon
intensity underground, the quantity n = (T(X) — Teg)/Teq is defined [175]. Then,
the critical meson energy, i.e. the energy separating the interaction and the decay
regime for a particular meson M, becomes €y; = €3;(1 4 1), where €y, is the critical
meson energy for T' = T.g. Using these definitions, the differential meson intensity
described by equation 4.3 can be expanded to account for its dependence on the
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atmospheric temperature:

AM _ Zwm
dX Ay

1 1+ n(X))
—X/AN M
Noe M(E, X, cos0) | 1= 4 S| (4.23)

Since n(X’) is an arbitrary function of X’ the analytic solution of this differential
equation is difficult to find and must be approximated [178]. A solution to first
order in 7(X’) can be found by expanding the exponential in a power series and
following the steps outlined to solve equation 4.3.

This solution can be expressed as M(FE, X, cosf) = M° — M! where M° de-
scribes the meson production spectrum for ey = €}y, i.e. in the situation when the
temperature 7' = T,z. M! is found as:

—eV. /E cos
It - X n/ 0
MY E, X, 0) = =25 Ng(E)e X/ [ 2 M
( ) AN o(E)e AN, FE cos6

0 X' Ay em/Ecosf+1  ey/Ecosf+2

1 (XA
2lem/Ecosf+3 |

(4.24)

This may be approximated for the high and for the low energy regime. If F cosf <
€31, the meson does not penetrate deep into the atmosphere before decaying and
the integrand is only large for X’ in the neighborhood of X. Thus, n(X’) can be
taken out of the integral and replaced by n(X). In the other case, where E cos @
is not small compared to the critical energy €, the correction term M! is very
small compared to M° and the second-order error made by taking n(X’) out of
the integral is negligible [175]. In this energy regime, interaction dominates since
the time dilation effect allows the mesons to travel large distances before decaying.
With the solution of the meson production spectrum M for T' = T, written as
M and ey = (1 + 1), AM = M — M can be defined and expressed as [178]

ZNM _X/A Gg/[?]X 1
AM = No(E)e= X/ A M
M AN o(E)e Ecosf (em(X)/E cosf + 1)?

X/ 1 (X/A%) B }
(em(X)/Ecosf+2)? 2l (em(X)/Ecosf+3)2
! X/ A L (XA
_{(e&/EcosM 12 (&9,/Ecos@+2)% ' 21(d/E cos 0 + 3)2 —H :
(4.25)
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Writing this expression to first order in 7 yields

ZNM X 60 77X 1 QX/A/
AM = 25Ny (B)e X/ M — M
M= AN (E)e Ecosf (% /Ecosf+1)2 (3 /E cosf + 2)?
L 3(X/Ay)? }

21 (% /E cos b + 3)?

(4.26)

Considering equations 4.12 and 4.14, the variation of the meson production spec-
trum can be translated into an expression for the change in differential muon
intensity:

dr, o e? Eu/rvi AE Znmt el nX
AL = [ dX M — S Ny(E)e X/ M
dE, /0 X cosf(1 —TM)/ E? A\ o(E)e” Ecosd

L 2X/Ay 1 3(X/AL)?
{(GM/EC059+1)2 _(EM/ECOSG+2)2 a(GM/ECOSQ—i—?))Q —}

(4.27)
This can be written as [178]:
d/ ZNM 60 2 E_(W-H) > _
A = . £ / dXe X/ pT 4.2
dE, M (Eﬂ cos 9) (1—rm) Jo ‘ nha(2), (4.28)
where
L 2X/A,
h2) = 7+2) (€%, /E cos 9 +2)2  (&,/E cosf + 2z)?
! M M (4.29)
1 3(X/A}y)?
2 (em/Ecosf+32)2 [

Solutions of this integral can be derived for E, > €., described as I H, and for
E,, < g, described as I);. These may be found as [178]

(B = g [ ] {1 - 250y Z3EEE

v+3 22 T2 3
1 = (= X/ A"
- 1= 7+3 N M 4.30
o Rl }n:o nl(n+ 1) (4.30)
1 o AL
pber I CURN IV o
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ME,) = ——[1— (ru)"™*] (Eﬂei;)w)? {1 —2X/A}, + 1,3(X/A’M)2 — . }

(1= ) (B C"S">2§: —X/Ma0+ 1)

n=0

) (1 — X/, e/,

E, cosf

M

- - o]

(4.31)

The two solutions can be combined to get an expression valid for all energies and
the change in the differential muon intensity can be approximated as [178]

d[M N E};(’YJFU
dEM 11— ZNM

Ay
1+ By K(X)(E, cosf/e)?
(4.32)

/ AX (1 — X/Ny)2e ™ Mp(X)

In this expression,
ZN7M 1-— (TM)7+1

Ay = ,
(1 - Tw) v+1
(31— (ra) "
ME DT
and )
) = (1= X/

(1— e AN /X

In equation 4.32, the solution at low meson energies has been replaced with an
approximation preserving the physical behavior of the system at low energies as
outlined in the following. Low energy mesons are relatively insensitive to tempera-
ture changes since their path length before the decay is very small due to the short
lifetime and the missing effect of time dilation. Hence, the passage of these mesons
is not affected relevantly by the small changes in density caused by small tempera-
ture fluctuations. The expected behavior that low energy mesons produced in the
interactions of primary cosmic rays with the atmosphere decay at large heights is
accounted for in equation 4.32. However, the decays of these mesons do not con-
tribute to the muons reaching detectors as deep as Borexino since the energies of
the produced muons are well below the required threshold energy [178].

As X approaches A}, a slight dip in the distribution occurs that arises due to
combining the high and low energy solutions of equation 4.28 in the approxi-
mated equation 4.32. The solution derived for low energy muons goes to zero for
X = A}, and falls below zero if £, < ey. This is caused by the effect that very
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low-energetic muons decay in flight into electrons and cause a deficit in muons
correlated to positive temperature changes. The so-called negative temperature
coefficient quantifying this correlation has been investigated in [175, 181] but it
cannot be measured at detectors deeper than 44 mwe [175] due to the absorption
of the relevant low-energetic muons. The dip and subsequent rise in the spectrum
for X > 480 g/cm? do not affect the analysis for deep detectors since the weights
used to calculate the effective temperature consider that interactions in the lower
atmosphere only play a minor role in the production of high-energetic muons [178].
These weights, which will be derived later in this section, are integrated over the
entire atmosphere in discrete steps of dX and properly normalized such that this
effect will not influence the analysis performed at a detector like Borexino.

With inserting n(X) = (T(X) — Te)/Te in equation 4.32, the relation between
atmospheric temperature fluctuations and the modulation of the cosmic muon flux
can be expressed as

Al = / AﬂdEuz / an(X)AT—Q()eX/AM (4.33)
Einr dE,u' 0 Teﬁ

with the temperature coefficient a(X') defined as

X) = dFE . 4.34
o(X) /Ethr "1+ BYy(E, cos0/ey)? ( )

Since cosmic muons originate from the decays of kaons and pions, for which M
applies independently, the total muon intensity is the sum of the two contribu-
tions as in equation 4.22. The variation of the muon flux caused by temperature
fluctuations can be written as

AT(X)

eff

AT(X) /e

eff

Al = / dXa™(X) XA 4 / dXa®(X) (4.35)
0 0

Up to this point, T.g has been treated as an arbitrary temperature. However, Tyg
needs to be determined by weights of the atmospheric levels such that the isother-
mal atmosphere approximation can be made. From n(X) = (T(X) — Teg) /Tosr, Test
is defined as the temperature for which ey = €}; and, thus, A, = 0. This leads
to [178]

fooo dXT(X)a™(X) + fooo dX T(X)aX(X)

JoSdX am(X) + [;°dX oX(X)

Since, in practice, the temperature is measured at discrete levels, the integral is
translated into a sum leading to

Teff =

(4.36)

T e 2onmg AXa T (W (X) + Wi (X))
T N AX, (Wr () + WK(X,)

(4.37)
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with the weight functions defined as [178]

ALe /(1 = X, ALY
v+ (v + 1)BLK (X)) (Ee cos0/e;)?’

Al /(1 = X, /A )?
T (7 + DBLE (X0) (B cos 0e )
— (1 — -X'n/Ai\/[)2

K(Xn) = (1 — e~ Xa/M)AL, /X

and 1/A}; = 1/Ax — 1/Ay. By using appropriate values for the constants, a nu-
merical value of the effective temperature can be found. The relevant values are
Al =1, Af = 0.38 x 1/ = 0.054 with the atmospheric kaon to pion production
ratio i /r, BE = 1.47, and Bk = 1.74. Further, Ay = 120g/cm?, A, = 160g/cm?,
and Ag = 180 ¢g/cm? [79, 176]. The expected value for the threshold energy folded
with the zenith angle distribution of muons arriving at a detector (Ey,, cos#) is
site dependent. Using a Monte Carlo simulation that includes the shape of the rock
overburden of the LNGS, a value of (Fiy,, cos€) = (1.34 £0.18) TeV was found for
the location of the Borexino experiment as described in section 5.2.1.
In the pion scaling limit, i.e. ignoring any kaon contribution, the expression for
T.g reduces to

W (Xa)

WE(X,)

T~ SN AX, T(Xo)1/ Xy (e Xo/An — g=Xu/Ax)
T Zﬁ[zo AX, 1/Xn(€an/A7r _ ean/AN) ’

which recovers the calculation for the effective temperature published by the
MACRO collaboration [182].

After the definition of the effective atmospheric temperature, a so-called effective
temperature coefficient can be determined that relates changes in the effective tem-
perature to fluctuations of the muon flux. This effective temperature coefficient is
defined as [178, 182]

(4.38)

1 o0 o0 Al E-(’Y"rl)
ar = — dX dE M—H
YTy e T Bi(Bcos 0/ en)?

(4.39)

with 12 the intensity for a given temperature 7T'. Using this, the dependence between
atmospheric temperature fluctuations and the muon intensity can be expressed as

Al o AT(X AT,
S [ dX alX) X) _ ap—=. (4.40)
n

Teff Teff

For a properly weighted atmospheric temperature distribution, ar is theoretically
predicted to be [182]
T ol,

=~ Jar (4.41)

am
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Considering the muon spectrum as described by equation 4.14, this expression can

be translated into [175]
B 01,

19 0F

With the intensity from equation 4.22, this leads to the effective temperature
coefficient being predicted as

— 7. (4.42)

aT =

1 1/€K + AA}(<.D7I—/DK)2/€7r

“T = D, 1jex + Ax(D,/Dx)/e, (4.43)
where N e
Dx = v+ 11.1Ey, cosf 1
DK = i K + 1

- v+ 11.1Fy, cosf

and Ak = 0.38 x rg/r = 0.054 as above [79, 176]. Neglecting the kaon contribution
and setting Ak = 0, this can be reduced to MACRO’s expression for (ar), [182].
Qualitatively summarizing the above evaluations, the atmosphere is composed of
many different levels that vary continuously in temperature and pressure, which
makes it extremely difficult to record the entire temperature distribution of the
atmosphere and determine where exactly a muon and the corresponding meson
have been produced. Hence, to study the effect of variations of the atmospheric
temperature on the cosmic muon flux, the atmosphere is modeled as an isothermal
meson-producing entity. However, since the atmosphere clearly is not an isother-
mal body, the weighting of the atmospheric levels must be done in a way that the
essential hadron interaction physics are included to allow the description of the
atmosphere with a characteristic temperature T,y [175, 182]. The weights approx-
imately increase exponentially with height since high energy muons are mostly
produced in the upper atmosphere. Both the atmospheric temperature and the
weights used to determine T.g for the location of the LNGS are shown in figure
4.2.

The red line shows the ten year average of the temperature measured at several
altitude layers at the location of the LNGS as provided by the European Center
for Medium-range Weather Forecast (ECMWF) [183]. The temperature first falls
with increasing height since the Earth’s surface typically is the warmest spot in the
troposphere. After the tropopause at ~ 12km height, the temperature decrease
slows down before changing into a temperature increase. This increase is caused
by the absorption of ultraviolet radiation from the Sun in the ozone layer, which
is part of the stratosphere.

The weights calculated accordingly to equation 4.37 are shown by the black line.
They reflect the main atmospheric features that determine the production of muons
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reaching a detector under the rock shielding of the LNGS of ~ 3,800 mwe. Most
probably, the cosmic ray protons interact at the very top of the atmosphere where,
consequently, also most of the mesons decaying into high-energetic muons are pro-
duced. High energy mesons that are produced lower in the atmosphere have, due
to the increased density, a higher probability to interact before decaying and, thus,
to produce muons below the necessary energy to reach the Borexino detector. Ad-
ditionally, the critical energies of the involved mesons are of decisive relevance for
the computation of the weights since the ratio between the actual meson energy
and the critical energy determines the probability of the meson to interact or to
decay. A meson with higher energy than the critical energy is more likely to inter-
act before it decays and this probability increases with increasing meson energy.
These effects are considered in the determination of the weights for the various
atmospheric temperature levels to enable the isothermal approximation, which re-
sults in an approximated e~ *X/ANdX trend of the weights.

For experiments aiming to explore the relation between fluctuations of the atmo-
spheric temperature and the cosmic muon flux, the measured muon count rate
needs to be related to the observed temperature fluctuations. This count rate is
given by:

R, = / L(Q)e(©) A () A2, (4.44)

where R, = N, /t describes the number of muons observed over a certain time pe-
riod t. Ay is the effective area of the detector, € is the efficiency of muon detection,
and the expression needs to be integrated over the solid angle €2. Since the geom-
etry of the Borexino detector has not been changed during the time of the data
acquisition, A is constant for the present analysis. Further, due to the sphericity
of the Inner Detector (ID), the acceptance is not dependent on the incident angle
of a muon and a measurement with minimum systematics can be performed.

The absence of any non-constant background and the extremely high muon iden-
tification efficiency guaranty a stable experimental acceptance of the Borexino
detector over time. Hence, equation 4.44 leads to

Al,  AR,/e(Q)Ai(2) AR,

I, (Ru)/e(Q)Awn(Q) - (R,) (4.45)

and variations of the rate of cosmic muons measured with the Borexino detector
directly correspond to variations of the intensity of cosmic muons. Thus, the corre-
lation between the measured signal and temperature fluctuations can be described
as in equation 4.40 and

o AT(X)  ATg AR,
/0 X a(X) G0y =T = T (4.46)
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Figure 4.2: Atmospheric temperature and assigned weights to compute Teg. The
ten year average of the temperature at several atmospheric depths as provided
by the ECMWF [183] for the location of the LNGS is shown by the red line.
The black line shows the weights that determine the effective temperature in the
isothermal atmosphere approximation computed accordingly to equation 4.37. The
application of these weights allows to model the clearly non-isothermal atmosphere
as an isothermal meson-producing entity with the effective temperature Tyg.

which allows to determine the effective temperature coefficient ar.

With increasing muon energy, the intensity becomes proportional to the meson
critical energy that depends linearly on the atmospheric temperature. Hence, the
effective temperature coefficient approaches a value of ar = 1 for muons of high-
est energies or measurements carried out extremely deep underground. Thus, the
dimensionless parameter ar qualitatively determines the fraction of mesons that
contribute to the observed cosmic muon flux and are sensitive to temperature
variations of the atmosphere [178].
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4.2 Measurement of the Seasonal Modulation of
the Muon Flux at Borexino

In Borexino, muons are identified by two different approaches using data from the
OD muon veto and one additional algorithm based on ID data. First, muons are
flagged by the hardware trigger of the OD, the Muon Trigger Board (MTB). This
custom 6U VME unit developed for Borexino at the Massachussets Institute of
Technology issues a trigger if at least six PMT hits are recognized within 150 ns
in the OD. This threshold efficiently avoids dark noise triggers, however, light
entering the water tank through leaks may cause the trigger to be issued [80].
While the MTB is a pure hardware tag, the Muon Clustering algorithm (MCR)
complementarily provides a software based muon identification method using OD
data. The algorithm searches for clusters of PMT hits in two subsets of OD PMTs,
the PMTs on the SSS surface and the PMTs on the floor of the water tank. The
flag is set if an event causes at minimum four PMTs to give a signal in at least
one of the PMT subsets within 150 ns [108].

The Inner Detector Flag (IDF) uses the large light output caused by a muon
passing the ID and the different pulse shape of muons compared to point-like
neutrino events to identify cosmic muons. Thus, the peak time of an event, i.e. the
time between the onset of the pulse and the peak, the meantime, i.e. the average
time difference of a hit to the onset of the pulse, and the Gatti parameter [117]
that is described in section 7.6 are utilized to identify muon events [108].

Due to the complexity of the IDF condition and the special care that must be
taken not to mistakenly identify neutrino signal events as muons, the efficiency
of the OD tags is higher than for the IDF, which provides an efficiency of epp >
(98.90 £ 0.02)% [108]. Further, the MCR has been found to provide a slightly
higher muon identification efficiency of eycr > (99.28 £ 0.02)% than the MTB
with eyrp > (99.25 £ 0.02)% [108] and it features a higher operational time since
the MTB was only installed four weeks after the start of data taking. However,
since the OD data was read out nevertheless, the MCR, could be used to identify
cosmic muons right from the beginning. Based on these considerations, muons are
defined as events that are identified by the MCR and also trigger the ID in the
present analysis. The sphericity of the ID guarantees a measurement with minimum
systematics and an acceptance independent of the muon’s incident angle.

Data taken in ten years from May 16th, 2007 to May 15th, 2017 are used. A
day-wide binning is applied on the measured muon flux. To prevent statistical
instabilities in the data sample, only data acquired on 3,218 days at which a
minimum detector livetime of eight hours was provided are considered. With the
cross section for muon interactions of 146m? defined by the radius of the SSS,
the resulting effective exposure of the dataset is ~ 4.2 x 10°m?d, in which ~
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1.2 x 10" muons were recorded. Besides the phase of the purification campaign in
2010 and 2011 prior to the second phase of the Borexino solar neutrino program,
no prolonged downtime of the detector affects the dataset.

In section 4.2.1, the efficiency of the applied muon definition is investigated in
more detail. After describing how events related to the CERN Neutrino to Gran
Sasso (CNGS) beam can be removed from the data sample in section 4.2.2, the
results of the measurement of the seasonal modulation of the cosmic muon flux
are presented in section 4.2.3. In section 4.2.4, a study of the correlation between
the flux of cosmic muons measured by Borexino and the atmospheric temperature
is performed.

4.2.1 Efficiency of the Muon Identification

With the definition of muons as events that are tagged by the MCR and also pro-
duce a trigger in the ID, the efficiency of the muon identification is determined by
the MCR since the low energy threshold of the ID absolutely guarantees a light
registration and the associated trigger generation if a muon crosses this subdetec-
tor.

To estimate the efficiency of the MCR, a pure sample of muons is needed to test
if these events are identified by the MCR. Due to the correlation between the
MCR and the MTB, the sample needs to be based solely on ID data since this
subdetector is completely independent from the OD in terms of light propagation.
Such a pure muon sample can be provided by events tagged as muons by the IDF.
This software tag based on pulse shape discrimination techniques reliably identifies
muons in the ID and provides huge statistics for the efficiency estimation. Only
very small contaminations caused by, e.g., fast neutrons or atmospheric neutrino
NC and CC interactions as explored in chapter 7 are expected in this reference
sample.

Further, the MCR may be tested based on a sample of high-energetic events that
generate more than 5,000 PMT hits in the ID. Since this threshold equals an
energy deposition of (20 —30) MeV for point-like events, it lies well above the end-
points of the solar neutrino spectra and the kinetic energies of the decay products
of the 238U and ?*?Th chains. Also this sample is expected to contain extremely
small contaminations from atmospheric neutrino interactions and fast neutrons.
However, a slightly higher level of contamination compared to the IDF tagged
sample is expected since no pulse shape discrimination is applied and the IDF is
tuned to not misidentify neutrino signal events as muons. Thus, its overefficiency
is kept at a minimum.

Since all muons entering the ID have to cross several meters of water independent
of their energy deposition in the ID, the estimated efficiency based on these tests
is expected to be valid for all muon energies and tracks through the ID [108]. The
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Figure 4.3: Efficiency of the MCR computed via a sample of IDF tagged events.

independence of the two subdetectors in terms of light propagation further ensures
this assumption. Due to the small contaminations of the reference samples, the cal-
culated values constitute lower limits of the actual muon identification efficiency.
In principle, muons originating from the CNGS beam [184] as described in section
4.2.2 could also be used as a reference sample for the MCR. However, the OD is
tuned to identify cosmic muons that arrive mainly from directions close to vertical
such that an efficiency determination using the horizontally arriving CNGS muons
would strongly underestimate the efficiency of the MCR for cosmic muon identifi-
cation.

Figure 4.3 shows the efficiency of the MCR as calculated based on a sample of
events tagged by the IDF. The MCR shows some inefficiencies for the years from
2007 to 2010 that are caused by runs for which the OD data acquisition failed
and the MCR could not be performed. For data taken later and especially for
the second phase of Borexino after the purification campaign in 2010 and 2011,
the MCR is found to work reliably and identify muons at a very high and stable
efficiency. However, some days with a lower efficiency are still observed. The effect
of the small efficiency variations is taken into account by correcting the measured
muon rate on a daily basis with the computed efficiency. The small gap in the data
belongs to a period of water extractions during the calibration campaign in 2011
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Figure 4.4: Efficiency of the MCR around the installation of the new trigger system.
On the left side, the efficiency including all possible values of the BTB input are
shown, the right side shows the constant efficiency when events featuring BTB
input values provided for service triggers are excluded.

that was excluded from the analysis.

Further, a significant increase of the muon identification efficiency in May 2016
may be guessed in figure 4.3 and becomes evident on the left side of figure 4.4 that
shows a zoom in the relevant time region. This increase is caused by the installa-
tion of a new trigger system that was assembled to mitigate the aging process of
the trigger system and enhance its flexibility and ability to detect physical events.
The time when the new setup was installed is marked by the red line in figure 4.4
and the efficiency increase afterwards is clearly visible on the left side. As detailed
in the following, the MCR efficiency was mainly affected by a change of the way
service triggers are issued. First, the general trigger handling in Borexino is de-
scribed after which emphasis to the service trigger generation in the two systems
is given.

Every signal occurring in the detector is registered at the Borexino Trigger Board
(BTB), a custom double 6U VME device that potentially issues a trigger. Eight ID
PMT outputs are collected in one digital Laben board in which all hits registered
at the PMTs together with the corresponding time are stored for ~ 6.5 us [185].
These digital boards were developed in collaboration with the Laben S.p.A. com-
pany [186]. Whenever the collective sum of hits registered at all Laben boards
exceeds a threshold of twenty PMT hits within 100 ns, a comparator signal is sent
to the BTB that registers this input and, consequently, opens a gate of 16 us for
the data acquisition. With the opening of the gate, the hits in the storage of the
Laben boards are read until the gate is closed. Besides the comparator, the BTB
may receive several further inputs causing it to issue a trigger as summarized in
table 4.1. Different priorities are assigned to the respective inputs reflecting the
importance of a trigger signal. Depending on the type of the event, a trigger type
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Trigger Trigger Type | BTB Input | Priority
Neutrino 1 0 1
Muon MTB 2 4 2
Neutron Gate 128 8 3
Laser355 4 16 4
Laser266 16 32 5
Laser394 8 64 7
Calibration 32 64 6
Random 64 64 8

Table 4.1: Trigger types and corresponding BTB inputs used in Borexino. For OD
triggers, the MTB sends an input value of 4 to the BTB that issues the trigger.
Service triggers are issued with a BTB input value of 64, neutrino type events by
a comparator signal with a BTB input value of 0. The associated trigger types
of the respective event classes and the priority at which a certain BTB input is
handled are listed additionally.

(TT) is assigned in the data acquisition process.

While the comparator firing is registered at an input value of 0 and is treated
with the highest priority, the MTB can cause the generation of a trigger with the
BTB input value of 4. However, the arrival of the MTB information is artificially
delayed and for an ID muon, the comparator will cause the trigger generation.
After its initialization, the MTB remains set for ~ 6 us and the BTB inputs are
read 850 ns after the comparator firing was recognized. The event still gets flagged
with a BTB input value of 4 but with a trigger type of 1 due to the comparator
issuing the trigger. In case the muon only passes the OD and the MTB causes the
trigger generation, the trigger type 2 is assigned to the event. After each event with
triggers in both subdetectors, i.e. events with a comparator and an MTB input
registered by the BTB, a gate of 1.6 ms is opened to collect cosmogenic neutrons.
This special gate is started with a BTB input value of 8 and a trigger type of 128
is assigned to the events collected within the gate.

Besides the physical inputs, several service triggers may be issued. Thus, cali-
bration triggers may be used to distribute calibration pulses to all ID channels,
random triggers that are only artificial without any light generation may be used
to study PMT dark noise, and laser triggers may be issued at which the ID PMTs
are illuminated with a laser and the OD PMTs with an LED to study the timing
of the PMTs. These are generated via an external clock setting up a BTB input
value of 64. Different trigger types are assigned to distinguish the service trigger
classes. The BTB inputs 16 and 32 may be run as special run modes [186].

The increase of the MCR efficiency was found to be caused by a different gener-
ation of the service triggers in the old and the new trigger system. The service
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trigger generation and the associated reason for the tiny MCR inefficiency in the
old setup are depicted qualitatively in figure 4.5. On the top, the behavior of the
trigger for the interference of a muon with a service trigger generation is depicted.
In the middle and on the bottom, qualitative illustrations of the pulses acquired
in the ID and in the OD for such an event are shown, respectively.

In the old trigger system, a ~ 230 Hz clock initiated the BTB input value of 64
that remained set for 27 us. This time window is depicted in green in the top part
of figure 4.5. A prescale factor of 100 was applied and only at a rate of ~ 0.5 Hz,
the service trigger was actually issued. However, the execution of the routine re-
sulted in a blindness towards any inputs or comparator information of the BTB
for ~ 18 us marked in black. If a muon arrived during this time, the MTB was set
but did not generate a trigger and the initial increase of the comparator sum also
passed unrecognized by the BTB. After the routine to create a service trigger was
finished, a muon could eventually still produce a comparator trigger on its after-
pulse, in which case the event was written. Potentially, depending on the actual
arrival time of the muon relative to the end of the blind window caused by the
service trigger generation routine, also the BTB input value of 4 might still have
been set when the BTB inputs were read. In this case, the present BTB input
values of 64 and 4 were summed and the event was tagged with a BTB input value
of 68. If the BTB input value of 4 was not set anymore when the inputs were read,
only the registered BTB input value of 64 was assigned.

For such an overlap of a muon with a service trigger generation and a registration
of the muon on its afterpulse, the entire pulse could still be acquired in the ID.
Since information on the hits on the ID PMTs is stored for 6.5 us in the Laben
boards, this information may be accessed even though the gate for the acquisition
was opened late with respect to the onset of the pulse as depicted in the middle of
figure 4.5. Thus, the IDF, potentially, still obtained enough information to identify
the muon and the event enters in the reference sample.

However, in the OD, no hits are stored and only PMT hits registered after the
start of the gate may be read. Thus, the first hits in the OD were lost and only
information on the tail of the pulse in the OD was available. This is depicted on
the bottom of figure 4.5. The information of the OD pulse in the colored area was
lost caused by the delayed opening of the gate with respect to the muon passage.
Due to this, the MCR could not work reliably for these events since most of the
OD PMT hits and clusters are produced around the peak of the hit time spectrum
shortly after the onset of the pulse. Thus, a tiny inefficiency of the MCR was in-
troduced by the service trigger generation in the old setup that could be observed
in the test with the IDF tagged muon sample.

In the new trigger system, the BTB 64 input is set with a precise 200 Hz clock.
It remains set for only 330 ns and no dead time is observed. Thus, the probability
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Figure 4.5: Service trigger generation and associated MCR inefficiency in the old
trigger setup. On the top, the behavior of the trigger setup for the interference of
a muon with a service trigger is shown. A ~ 230 Hz clock initiated the BTB input
value of 64 that remained set for 27 us marked in green. The routine to set the
input value resulted in a blind window of ~ 18 us towards any BTB inputs marked
in black. If a muon arrives within this blind window and issues the MTB, neither
the MTB nor the initial rise of the comparator (TT1) are registered. After the
blind window, the muon may still issue a comparator trigger on the afterpulse and
the gate for the data acquisition is opened. Depending on whether the MTB is still
set when the inputs are read, the event is flagged with a BTB input value of 64 or
68. In the middle, the acquired ID pulse is shown qualitatively. Due to the storage
of hits in the Laben boards, the entire pulse may be read and the IDF can still
identify the muon. On the bottom, the acquired OD pulse is shown qualitatively.
The actual passage of the muon occurred significantly before the gate for the data
acquisition was opened and the OD PMT hits occurring during the blind window,
marked by the colored area, are lost. Only the minority of hits registered in the
tail of the OD pulse are available and the MCR fails to find a cluster of PMT hits.

for a muon to interfere with a set BTB 64 input value is strongly reduced. Since,
further, all OD PMT hits are registered also in these cases due to the absence
of any deadtime, the MCR works reliably even for the rare interferences. This
overcome deadtime of the service trigger generation explains the observed slight
but significant increase of the MCR efficiency after the new trigger system was
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installed.

Figure 4.4 shows on the right side the efficiency of the MCR in the time region of
the installation of the new trigger system computed based on a test with a sample
of events tagged by the IDF. The time of the installation of the new trigger is
marked by the red line. In the tested dataset, any event correlated to the gener-
ation of a service trigger, i.e. any event with a BTB input value of 64 or 68, was
discarded from the analysis. For this dataset, the efficiency is constant in both
trigger systems proving that the increase of the MCR efficiency is related to the
different approach for the service trigger initialization.

However, it is difficult to precisely calculate or measure the temporal overlap be-
tween a service trigger and a cosmic muon for which the MCR fails to identify
clusters in the old trigger setup due to, e.g., jitters of the deadtime window, of the
comparator firing on a muon afterpulse, or of the start of the data acquisition gate
after the comparator signal was registered. Further, it strongly depends on the
distinct muon pulse shape for how long after the muon passage the MCR may still
register clusters in the OD PMT subsets. Thus, events with a BTB input value
of 64 or 68 were excluded from the analysis resulting in a deadtime of ~ 0.6% for
the period in which the old trigger setup was operated and a very small deadtime
for the new trigger setup. Besides its influence on the measurement of the mean
cosmic muon flux, these different deadtimes need to be considered when combining
the data acquired with the two trigger setups to guaranty a stable measurement
of the seasonal modulation of the cosmic muon flux and its correlation to the at-
mospheric temperature without introducing any systematic effects.

The computation of the efficiency tested with a sample of high-energetic events
was found to yield consistent results. For the analysis of the cosmic muon flux, the
efficiency based on the IDF tagged sample as presented here was used since less
contaminations are expected in this reference sample.

4.2.2 Removing of CNGS Events from the Sample

The CERN Neutrino to Gran Sasso (CNGS) facility has been designed to send
a v, beam with a mean neutrino energy of 17 GeV from CERN to the LNGS.
It was operational in several cycles from 2008 to 2012 with the main purpose of
studying neutrino oscillations in appearance mode via the transition of v, into
v;. The first evidence of such a transition using atmospheric v, was found in the
Super-Kamiokande experiment based on an unbinned maximum likelihood fit [187].
After having been exposed to the CNGS beam for five years from 2008 to 2012, the
OPERA experiment at the LNGS reported the observation of three v, candidates
originating from the beam. Due to the high signal to noise level, the absence of
v, — v, oscillations could be excluded at 3.40 [188].

The CNGS beam was further used to study the speed of v, at 17GeV energy.
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Firstly, the OPERA collaboration reported an unexpected measurement of a neu-
trino velocity higher than the speed of light in September 2011 [189]. This result,
however, was withdrawn later [190, 191] and also other experiments at the LNGS
including Borexino reported neutrino velocities consistent with the expectation of
neutrinos traveling almost at but slower than the speed of light [192, 193].

At the CNGS facility, a 400 GeV proton beam is fast extracted from the CERN
SPS accelerator. During a cycle of 6s, two extractions of 10.5 us separated by
50ms and a nominal intensity of 2.4 - 10' protons on the carbon target (pot) per
extraction are realized. The positively charged part of the emerging kaons and pi-
ons is guided towards Gran Sasso and decays in a 1,000 m long vacuum tube into
muons and v,. All remaining hadronic contaminations of the beam are absorbed
in a hadron stopper [184]. Due to the distance between CERN and Gran Sasso of
~ 730 km [192], all the muons produced in the interactions of the proton beam are
absorbed and do not reach the LNGS.

In CC interactions of v, from the CNGS beam, however, muons are produced close
to or inside the Borexino detector. Such muons can potentially obtain sufficient
energy to enter or cross the detector and, thus, disturb the analysis of modulations
of the cosmic muon flux. Hence, these events need to be identified and removed
from the dataset. This was done by measuring the difference between the time of a
proton extraction at CERN and the time of events in the Borexino detector. Figure
4.6 shows this time difference for data taken in 2011 and 2012 while the CNGS
beam was operational. The first peak of time differences corresponds to events that
are directly correlated to the CNGS beam, i.e. muons produced in CC interactions
of the v, from the beam. Every event with a time difference to a proton extraction
of At € [2.4ms,2.416 ms] was tagged as a CNGS related event and discarded in
the analysis. This interval is chosen conservatively to securely remove all muons
that are correlated to the CNGS beam. The second peak in figure 4.6 consists of
events that were acquired during the neutron gate that is opened after every event
that was identified as a muon by the MTB and triggers the ID. Since most of the
CNGS related muons cause a trigger signal in the OD, these gates are also found
in correlation with the CNGS beam. However, the corresponding events are not
rejected since they do not include CNGS related muons.

To check the stability of the CNGS event tagging, the number of CNGS tagged
events was compared to the CNGS beam intensity. Figure 4.7 shows on the top
and in blue the intensity of the CNGS beam in 10'® pot per day over the time
during which the beam was operational, in the middle and red the corresponding
number of CNGS tagged events in Borexino per day, and on the bottom in green
the ratio between the number of CNGS tagged events and the CNGS beam inten-
sity per 10'° pot per day. The CNGS intensity is mirrored well by the number of
coincidences and a mean value of ~ 150 — 200 coincidences per day is found during
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Figure 4.6: Time difference between CNGS proton extractions and Borexino events.
The first peak corresponds to events directly correlated to the CNGS beam, the
second peak consists of events observed in the neutron gate that is opened after
each muon that crosses the ID. Events with At € [2.4 ms, 2.416 ms| were tagged as
CNGS related events and discarded in the analysis.

the operation of the CNGS beam. The ratio between the number of coincidences
and the CNGS intensity, shown on the bottom, is found to be very stable over
the whole operational time of the CNGS beam. Only a few spikes or days with a
low ratio occur. These are, however, related to days when the CNGS intensity was
rather low and should be attributed to the small statistics.

To further ensure that all CNGS events are removed from the dataset, the azimuth
angle distribution of muons after the CNGS cut has been applied may be studied.
While the azimuth angle distribution of cosmic muons is determined by the shape
of the rock overburden with an increased flux from directions where the shielding
is comparably small, CNGS related muons point back straight towards their origin
at CERN.

In Borexino, three tracking algorithms are available. The Inner Detector Track-
ing algorithm uses only data from the ID to compute the entry and exit point
of a muon on the inner part of the SSS and determines the track by a linear fit
through these two points. The second tracking algorithm uses only information
from the OD to also compute entry and exit point on the SSS for muons crossing
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Figure 4.7: CNGS intensity, number of CNGS tagged events, and ratio between
tagged events and CNGS intensity. Top: The intensity of the CNGS beam in
10 pot per day is shown in blue. Middle: The number of CNGS tagged events
per day is shown in red. The beam intensity is mirrored well and a mean value of
~ 150 — 200 coincidences per day is found. Bottom: The ratio between the number
of CNGS tagged events and the CNGS beam intensity per 10'® pot per day is
shown in green. The CNGS identification method works stably and reliably with
only a few deviations due to low statistics on the respective days.

the ID. The track is equally obtained by a linear fit through the two points. The
so-called Global Tracking algorithm combines the information from both tracking
algorithms and determines the track by a fit through the available entry and exit
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points, i.e. at maximum through four points [80, 62, 108]. For the analysis of CNGS
related events, the Inner Detector Tracking is expected to work best since the OD
PMT distribution is optimized for vetoing cosmic muons. Thus, the PMT cover-
age is smaller for large zenith angles, which lowers the tracking accuracy for the
horizontally arriving CNGS related muons. This affects also the Global Tracking
since it includes OD data. The uniform PMT coverage of the ID guarantees an
efficient track reconstruction also for CNGS related muons.

Figure 4.8 shows the azimuth angle distribution of muons that have been tracked
using the Inner Detector Tracking algorithm on a logarithmic scale. On the left
side, the azimuth angle distribution for events that are tagged as CNGS events is
shown. The peak towards low azimuth angles indicates the origin of these events
at CERN that is located at ¢ = 6.2° in the Borexino coordinate system. The small
bump of the distribution at ~ 180° results from events for which the real entry
and exit points of the track were mistakenly interchanged by the tracking algo-
rithm, such that the muon was registered as arriving from the opposite direction.
On the right side, the azimuth angle distribution of muons that were tracked after
the CNGS beam has been switched off and for which the cosmic origin is guaran-
teed is shown in red. The distribution mirrors the topology of the mountain ridge
that constitutes the rock overburden of the detector. More cosmic muons arrive
from the South and North since the mountain flanks fall deeper in these directions
and the rock coverage is smaller compared to other directions [80]. In blue, the
azimuth angle distribution of muons that were identified while the CNGS beam
was operational but after the removal of CNGS tagged events is shown. The exact
accordance of both distributions ensures that the described method reliably iden-
tifies all CNGS related events, such that no background for cosmic muon studies
correlated to the CNGS beam is left after the application of the cut.

4.2.3 Seasonal Modulation of the Muon Flux at Borexino

After the determination of the muon identification efficiency and the removal of
the background related to the CNGS beam, a measurement of the cosmic muon
flux with the Borexino detector may be performed. Data taken in ten years from
May 16th, 2007 to May 15th, 2017 are used and a daily binning is applied to the
measured muon flux. Muons are defined as events that are identified by the MCR
since this muon identification method was found to provide the highest efficiency
and maximum operational time. The measured daily muon rate is corrected by the
estimated MCR efficiency of the corresponding day as presented in section 4.2.1.
Events not triggering the ID are discarded to select tracks passing through both
the OD and ID volumes. The relevant detector cross section is 146 m? determined
by the radius of the SSS. Due to the spherical geometry of the ID, the acceptance
is independent of the incident angle of the muon, which guarantees a measurement
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Figure 4.8: Azimuth angle distributions of CNGS muons and cosmic muons. Left:
Azimuth angle distribution for CNGS tagged events. The distribution peaks at
low values pointing back towards CERN at ¢ = 6.2°. Right: The azimuth angle
distribution for muons that were registered when the CNGS beam was off is shown
in red. The distribution of these muons of guaranteed cosmic origin mirrors the
topology of the detector’s rock overburden. The azimuth angle distribution for
muons that occurred during the operational time of the CNGS beam but after
the CNGS cut was applied is shown in blue. The accordance of both distributions
ensures that all CNGS events have been removed and only cosmic muons remain
in the sample.

with minimum systematics. To prevent statistical instabilities in the data sample,
only data acquired on 3,218 days at which a minimum detector livetime of eight
hours was provided were considered. The resulting effective exposure of the dataset
is ~ 4.2 x 10°m?d, in which ~ 1.2 x 107 muons were recorded.

As detailed in section 4.1.2, the muon flux observed underground is expected to
be modulated due to changes of the atmospheric temperature. In the stratosphere,
where muons receiving sufficient energy to reach the Borexino detector are mainly
produced, temperature modulations mostly occur on the scale of seasons. Since
the higher temperature in summer lowers the average density of the atmosphere,
the probability that the muon-producing mesons decay in flight before their first
interaction is increased due to their longer mean free path. Only muons produced
in these decays obtain sufficient energy to pass through the rock coverage and
reach the Borexino detector. As a consequence, the cosmic muon flux as measured
by Borexino is expected to follow the modulation of the atmospheric temperature.
This modulation is seasonal at leading order and the cosmic muon flux 7,(¢) at

104



—— Data

4800

Seasonal Modulation

Muon Flux [d]

Il
4600 %1”’

4400

4200 h'“

1 I 1 1 I
12/2014 12/2016
Time (mm/yyyy)

1 I 1 1 I 1 1 I 1
12/2008 12/2010 12/2012

Figure 4.9: Measurement of the cosmic muon flux at the Borexino detector. The
red line represents a fit of the clearly discernible seasonal modulation according