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Abstract

LENA (Low Energy Neutrino Astronomy) has been proposed as a next gener-
ation 50kt liquid scintillator detector. Omne of its main physics goal is the high
precision measurement of solar 8B neutrinos, allowing an energy dependent mea-
surement of the electron neutrino survival probability P, which is sensitive to
new physics. Another important goal is the detection of the Diffuse Supernova
Neutrino Background (DSNB), as the average supernova neutrino spectrum can
be extracted from the DSNB spectrum.

Due to its large target mass, LENA can perform a high statistics measurement of
solar 8B neutrinos with an unprecedentedly low energy threshold of 2 MeV. Hence,
it will be possible to perform a precision test of the MSW-LMA prediction for
Pee. This prediction includes an increase of P., with decreasing energy. As a
prerequisite for this analysis, an energy reconstruction algorithm was developed
and tested with a full detector Monte Carlo simulation based on GEANT4. No
systematic shift between the true and the reconstructed energy was found and the
energy resolution was 6.5% at 1 MeV. Based on simulations of the expected 8B
neutrino spectrum and of the background spectra, it was found that after 5y of
data taking a test model with constant P, can be excluded with 5 ¢ significance,
even if the concentration of radioactive isotopes in the scintillator is two orders
of magnitude larger than in Borexino. Hence, if the upturn of the ®B spectrum
is not detected in LENA after 5y, this would rule out the MSW-LMA prediction
and show that new physics influence P, in the transition region between matter
and vacuum dominated oscillations.

Besides detecting neutrinos from a rare supernova in our galaxy, LENA will also
search for the DSNB, which was generated by core-collapse supernovae throughout
the universe. In order to determine the detection potential of LENA, the DSNB
and all relevant background spectra were simulated. The backgrounds from reac-
tor and atmospheric antielectron neutrinos limit the detection window to energies
between 9.5 MeV and 25 MeV. Depending on the mean supernova neutrino energy,
about 50 to 100 events are expected per 10y in this energy window. The back-
ground from neutral current reactions of atmospheric neutrinos of all flavours is
more than one order of magnitude larger than the DSNB signal. But this back-
ground can be reduced by a pulse shape analysis to 21.8 £ 0.4(stat.) events per
10y, though this cut will also reduce the DSNB event rate by 60%. Assuming
that the expected value of the background rate is known with 5 % uncertainty, the
DSNB can be detected with more than 3 ¢ significance after 10y of data taking.
In case that no DSNB signal is found with LENA, all current standard DSNB
models would be ruled out with more than 90 % C.L.
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Zusammenfassung

LENA ist ein zukiinftiger 50 kt Fliissigszintillationsdetekor. Eines seiner physikalis-
chen Ziele ist die Hochprizisionsmessung von solaren ®B neutrinos. Dies ermdglicht
eine Energieabhingige Messung der Elektronneutrino Uberlebenswahrscheinlichkeit
Pee, die durch neue Physik beeinflusst werden kann. Ein anderes wichtiges Ziel ist
die Detektion des Diffusen Supernova Neutrino Untergrundes (DSNB), weil man
dadurch das durchschnittliche Supernovaneutrinospektrum bestimmen kann.
Aufgrund seiner groflen Masse ist LENA in der Lage eine Hochprézisionsmessung
von solaren ®B Neutrinos mit einer beispiellos niedrigen Energieschwelle von 2 MeV
durchzufiithren. Folglich kann ein Prézisionstest der MSW-LMA Vorhersage fiir
P.., die einen Anstieg mit sinkender Energie prognostiziert, durchgefithrt werden.
Fiir diese Analyse wurde eine Energierekonstruktionsalgorithmus entwickelt, der
anschliefend mit einer Monte-Carlo-Simulation getestet wurde, die auf GEANT4
basiert. Es wurde keine systematische Abweichung zwischen der tatsédchlichen und
der rekonstruierten Energie festgestellt und die Energieauflosung betrug 6.5 % bei
1 MeV. AnschlieBend wurden 10° Messungen des solaren 8B Neutrinospektrums,
inklusive aller relevanter Untergriinde, simuliert. Nach 5 Jahren kann ein Testmod-
ell mit konstanten P,, mit 5o Signifikanz ausgeschlossen werden, selbst wenn die
Konzentration von radioaktiven Isotopen im Szintillator hundert Mal grofer ist
als in Borexino. Falls der Anstieg des ®B Spektrums nicht detektiert wird, muss
neue Physik P, im Ubergangsbereich zwischen Materie und Vakuum dominierten
Oszillationen beeinflussen.

LENA kann nicht nur Neutrinos von einer Supernova in der Milchstrafie detek-
tieren, sondern wird auch nach dem DSNB suchen, der von allen Supernovae,
die es im Universum gegeben hat, erzeugt wurde. Um das Detektionspotential von
LENA zu bestimmen, wurde das DSNB-Spektrum und alle relevanten Untergrund-
spektren simuliert. Die Untergriinde von Reaktor und atmosphérischen Antielek-
tronneutrinos begrenzen das Energiefenster auf Energien zwischen 9.5 MeV und
25MeV. In diesem Energiefenster werden zwischen 50 und 100 Ereignisse erwartet,
abhéngig von der mittleren Energie der Supernovaneutrinos. Der Untergrund der
durch die neutralen Stromwechselwirkung von atmosphérischen Neutrinos verur-
sacht wird ist mehr als zehn Mal so grofl wie das DSNB-Signal. Jedoch kann
dieser Untergrund durch eine Pulsformanalyse auf 21.8 + 0.4(stat.) Ereignisse pro
10 Jahre reduziert werden, was allerdings die DSNB-Ereignissrate um 60 % ver-
ringert. Falls der Erwartungswert der Untergrundrate mit 5 % Genauigkeit bekan-
nt ist, kann der DSNB nach 10 Jahren mit mehr als 3¢ Signifikanz detektiert
werden. Falls kein DSNB-Signal gefunden wird, wiirden alle heutigen standard
DSNB-Modelle mit 90 % C.L. ausgeschlossen werden.
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Chapter 1

Introduction

Neutrinos only interact weakly and thus are only marginally affected by matter
and point back directly to their source. Hence, neutrinos offer the possibility
to directly look inside an astrophysical object or phenomema, like core-collapse
supernovae, the sun or the earth itself. But as the interaction cross section for
neutrinos with matter is very low, it is also very hard to detect them. Thus, a
large detector mass is needed to measure neutrinos from astrophysical objects [1].
The proposed LENA (Low Energy Neutrino Astronomy) detector is a 50 kt liquid
scintillator detector [2]. Due to its large target mass and low energy threshold
(200keV), LENA is capable of performing high statistics measurements of solar
neutrinos. Using these measurements, it is possible to study the fusion process
in the sun. But it is also possible to learn something about the neutrino itself,
for example by measuring the energy dependent survival probability for solar 8B
neutrinos. This measurement is very important as new physics could influence the
survival probability in the transition region between vacuum and matter dominated
oscillations (2MeV < E, < 5MeV).

Furthermore, besides measuring geoneutrinos and possibly supernova neutrinos,
LENA could be the first experiment to detect the Diffuse Supernova Neutrino
Background (DSNB), which is generated by the cumulative emission of all core-
collapse supernovae throughout the universe. Its detection is very challenging as,
even in such a huge detector, only 5 to 10 events are expected per year. Hence,
background suppression is a critical issue for this measurement.

In the present Chapter, a short introduction about neutrino oscillations, solar neu-
trinos and the DSNB will be given. Furthermore, the Water-Cerenkov and liquid
scintillator detector technology will be briefly described. In Chapter 2, the detec-
tor layout and the physics program of the LENA detector will be outlined. The
energy reconstruction of point like events in LENA will be discussed in Chapter 3,
which is a prerequisite for the following studies. Additionally, a description of the
GEANT4 based LENA Monte Carlo simulation, which was used for the studies in



this thesis, will be given. In Chapter 4, a Monte Carlo study about the sensitivity
of LENA to detect deviations of the energy dependent neutrino survival prob-
ability from the MSW-LMA prediction by measuring 8B solar neutrinos will be
presented. In case that a significant deviation would be detected, this would mean
that new physics like non-standard neutrino interactions or light sterile neutrinos
have to be introduced. The identification and suppression of background events
by pulse shape analysis will be discussed in Chapter 5. This pulse shape analysis
can be used to suppress the 2!°Po alpha background for the measurement of solar
"Be neutrinos. Furthermore, it is also an important background reduction tool for
the detection of the DSNB. In Chapter 6, the detection potential for the DSNB
will be analysed. Therefore, the energy spectrum of the DSNB and the relevant
backgrounds were simulated, and possible methods to suppress these backgrounds
were studied.

1.1 Vacuum Neutrino Oscillations

According to the standard model of particle phyiscs (SM), the neutrino is massless
and only interacts weakly. There a three different neutrino flavours (ve, v, v;),
corresponding to the charged leptons and the lepton flavour number is conserved
[3]. But there are several evidences from atmospheric [4], solar [5] and reactor
neutrino experiments [6], that neutrinos can oscillate between different flavour
eigenstates.

The weak flavour eigenstates of the neutrino (v, v, ) can be expressed as linear
superpositions of orthogonal neutrino mass eigenstates (v, v, v3) [7]:

Ve 41
v, | =U1[ 1 (1.1)
Vs Vs

where U is the unitary Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix. It can
be parameterized with three rotation angles 6;; and one CP violating phase § [8]:

1 0 0 C13 0 813671'6 cl2 S12 O
U= 0 Co3 S923 0 1 0 —S12 C12 0 (].2)
0 —S823 (o3 —513€_i6 0 C13 0 0 1

In this parameterization s;; and ¢;; are abbreviations of sin(6,;) and cos(6;;). If neu-
trinos are Majorana particles, two additional CP violating phases are introduced.
These Majorana CP violating phases are omitted in the following discussion, as
they do not affect the oscillation probability [9].
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In the following, the plane wave approach was used. For a derivation using the
wave packet and the quantum field theory approach, see [10]. The time evolution
of the neutrino mass eigenstates is given by the Schrodinger equation® [9]:

vi(t)) = e |wi(0)) (1.3)

where Ej; is the energy of the mass eigenstate v;.
Assuming that the neutrino has a finite but small mass, such that m; < p; and
pi =~ E, the neutrino energy E; can be written as:

m2 m2
Ei = 2 2 >~ Di L~ F ! 1.4
\/Pf +m? ~p+ o, + °F (1.4)

From equations (1.1)-(1.4) it follows that the probability P,_.s to detect a neutrino
which was produced in the flavour eigenstate « in the flavour eigenstate [ is:

Pop = [(vslva(®)*, with |va) = > Uailwi(t)) (1.5)
2t 2
Po—g =Y UiUge 2= (1.6)

The survival probability to detect a neutrino which was produced in the flavour
eigenstate o in the flavour eigenstate « is:

2 2

2

% _miizt 9 _mlt
E Uaanie 2E E |an | (§ 2E
i i

As 63 is small compared to the other mixing angles and as Am?; > Am2, (see
Table 1.1), it is often possible to make the approximation of only two neutrino
flavours. In this case, equation (1.6) simplifies to:

P(X—>Oc -

(1.7)

2 2
P,_5 = sin?(26) sin2 (wL) (1.8)
4K

Thus, the neutrino only oscillates if the masses m; of the mass eigenstates are not
equal and if § > 0, which implies that U is not diagonal. Consequently, the lepton
flavour number is not conserved in the case of neutrino oscillations and at least
two neutrino mass eigenstates are not massless, contrary to the prediction of the
SM.

Up to now, the mixing angles 015, 613 and 53 and the mass square differences
Am3, and |Am3,| were measured in several experiments (see Table 1.1). The sign

In the following h = c =1



Am?, = (7.50 £ 0.20) - 10~%eV?>
|Am3,| = (2.321043) - 107%eV?
sin? (2012) = 0.857 4 0.024
sin? (2&23) > 0.95
sin? (26;3) = 0.098 4+ 0.013

Table 1.1: Neutrino square mass differences and mixing angles [9].

of Am?, is known from solar neutrino experiments [5, 11] (see Section 1.2), while
the sign of Am3, is still unknown. Therefore, there are two possible hierachies of
the neutrino mass eigenvalues, the normal (m3 > my > m;) (NH) and the inverted
hierachy (my > m; > mg) (IH).

Furthermore, the value of the CP violating phase 0 is not known. As the imaginary
phase § does not affect the survival probablity (see equation 1.7), it can not be
measured in dissapearance experiments, like reactor neutrino experiments. A mea-
surement in a neutrino beam appearance experiment is possible, but challenging
(see section 2.2.6 for details).

1.2 Neutrino Oscillations in Matter

In normal matter, muon and tau neutrinos can only scatter elastically by neutral
current (NC) reactions, while electron neutrinos can also scatter elastically off
electrons by charged current (CC) reactions. Thus, electron neutrinos have a
larger cross section. This enlarged cross section leads to an additional potential
V = v2Gpn.(x) for electron neutrinos, where Gp is the Fermi coupling constant
and n,(x) is the electron density. This potential can be interpreted as an addition
to the mass terms of the Hamiltonian, which describes the propagation of the
neutrino mass eigenstates. Thus, the mixing angles and the mass differences are
changed compared to the vacuum case. The third matter eigenstate v3,, essentially
decouples from the first two matter eigenstates and is almost not affected by solar
or Earth matter (3, ~ v3)!. Thus, the electron neutrino survival probability can
be approximated by the following expression [12]:

Pee = C£113P2f (8127 Am%% C?Z&v) + Sz113 ) (19)

where Py is the electron neutrino survival probability for the two flavour case and
an effective potential ¢3,V.
In the two flavour scenario, the mixing angle in matter is [13]:

IThis approximation is not valid anymore in a core-collapse supernova, due to the high density.
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2015 — 2EV/Am?
c08(2012.m) (V) = c0s 261z — 2BV Ay , (1.10)

\/(COS 2012 — 2EV/AIH%2)2 + sin2 2912

where E is the neutrino energy. From equation (1.10) one can see that there are
three special cases:

e 2EV/Am?, < cos 2015 = c0s 2015 1, ~ cos 2015: The mixing angle is almost
unaffected by the matter (vacuum region).

e 2EV/Ami, ~ cos 2615 = 012, ~ 45°: The mixing between the two neutrino
flavours is maximal, independent of the value of 65 (transition region).

e 2EV/Am?2, > cos 20,5 = 012.m =~ 90°: Almost no mixing occurs (matter dom-
inated region). In this case, an electron neutrino mainly consists of the
matter eigenstate vop,.

In the sun, the last condition applies to electron neutrinos that are produced in
the center at energies above ~ 10 MeV. When these neutrinos propagate through
the sun, the electron density decreases, thus changing the mixing angle 05 ,,. As
the density gradient is small in comparison to the oscillation length, an adiabatic
conversion occurs and the neutrinos stay in the mass eigenstate 5,2, The resonant
conversion of v, into vy is referred to as the Mikheev-Smirnov-Wolfenstein (MSW)
effect [7]. Tt is is only possible if m,, > m,, and thus the sign of Am?2, is positiv.
As the neutrinos are in the mass eigenstate vy, they do not oscillate on the way
to the earth, and the probability to detect them as electron neutrinos is®:

Pee = [{(vam|ve)|* = sin®(61) = 30% (1.11)

Averaging over all production points, the 2-flavour electron neutrino survival prob-
ability in the sun is [12]:

1
P2f = 5 [1 -+ cos 2912 <COS 2912m>] y (112)

where (cos(2612,m)) is the value of cos(2612 ,,) averaged over all neutrino production
points:

2The probability for a non adiabatic transition between vy, and vy, is
P.=10"%—-10"7 (MEV)Q [13] and is thus neglected in the following discussion.

3The possible transition of voy — v1m, when the neutrino traverses the earth, the so-called
earth-matter-effect, is neglected in the following discussion as it only changes P, by about 1-2 %

12].




(cos(2619m)) = /0 ’ drf(r) cos 26;9m(1) (1.13)

Here, R is the radius of the sun and f(r) is the normalized spatial distribution
function of the neutrino source [14]. As (cos(2012.,)) depends on the neutrino
energy, the survival probability is also energy dependent.

Figure 1.1 shows the predicted survival probability for solar neutrinos, the so-called
MSW-LMA solution* and the results of several measurements.

5 0.9

Ft) -

il =

:§ 0.8

q 0.7

e =

2 0.6 | *

- 0 — I

P !

5 0.5 T

8 F

N 0.4

Y - [ pp — All solar H

« 0.3 e 'Be - Borexino b

= = L] pep — Borexino

. 0.2 °B — SNO LETA + Borexino

] F e °B - sNO + SK

& 0. 1F MSW-LMA Prediction
o: 1 1 1 1 1 11 1 I 1 1 1 1 1 11 II
10 1 10

E, [MeV]

Figure 1.1: The energy dependent survival probability of v, from the sun [17].
The grey band shows the predicted survival probability (10) according to the
MSW-LMA solution. Additionally, the measurements from Borexino ("Be, pep,
¥B), SNO(®B), and the results of a combined analysis of all solar neutrino experi-
ments (pp) are shown.

While, P, has been measured in the vacuum and the matter dominated region,
a precise measurement in the transition region between 2 MeV and 5MeV is still
missing. A measurement in this region is very important, as new physics could
influence P, in the transition region.

For example, non-standard neutrino interactions could change P.. in this region.
In a simple general model for non-standard neutrino interactions, the fermi cou-

4In the 1990’s, there were several different combinations of Am?, and 615 possible [15]. The
large mixing angle (LMA) solution (see Table 1.1) is the only one of those which is consistent
with the KamLAND measurement if CPT invariance is assumed [6]. Recently, the Borexino
experiment was also able to confirm the LMA solution without assuming CPT invariance [16].
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pling constant is replaced by AyswGr [18], where Aygw = 1 refers to the standard
model case. If Aysw < 1, the matter effect is weakened and for Aygw > 1 it is
strengthened. Hence, the survival probability in the transition regions is either
reduced (Apsw > 1) or enhanced (Apmsw < 1) compared to the MSW-LMA pre-
diction. Using the currently available solar neutrino data, Aysw was measured
to:

Avsw = 1477057, (1.14)

which is consistent with the SM. In case that the upturn of 8B spectrum at low
energies is detected with 3¢ significance, the upper bound on Aygw could be
improved from 2.01 to 1.79 (1) [18].

Furthermore, light sterile neutrinos® (m,, < m,, < m,,, where the sterile neutrino
Vs is mainly present in the mass eigenstate 1) could reduce the electron neutrino
survival probability [19]. In case that the mixing angle o between the mass eigen-
states vy and v; is small, the electron neutrino survival probability in the matter
and vacuum dominated region would remain almost unchanged compared to the
MSW-LMA prediction. But in the transition region, the mixing angle a,, is en-
larged and a resonant conversion of electron neutrinos to sterile neutrinos becomes
possible. Hence, even for small mixing angles a like sin?2a = 1- 1073, P, is sig-
nificantly reduced compared to the MSW-LMA prediction, so that the upturn of
the 8B spectrum is no longer present in the transition region [19].

1.3 Solar Neutrinos

In the sun, energy is produced by the fusion of hydrogen to helium. There are
two different fusion mechanisms. In the pp-chain [20] (see Figure 1.2), hydrogen is
fused directly to helium in several steps, while in the CNO-cycle [21] (see Figure
1.3), carbon, nitrogen and oxygen serve as catalysers.

The net reaction in both cases is:

4p — *He + 2™ + 21, Q = 26.73MeV . (1.15)

Due to the higher Coloumb barrier, the CNO-cycle is more sensitive to the core
temperatur. In our sun, only ~ 1.5% of the energy is produced by the CNO-
cycle [22]. But in heavier stars with a larger core temperature, the CNO-cycle is
dominating.

Figure 1.4 shows the neutrino spectrum, calculated according to the standard solar
model (SSM). The dominant neutrino source is the pp reaction. As the pp reaction
stands at the beginning of the pp-chain, it is directly connected to the luminosity
of the sun and thus the pp neutrino flux is very well known. The theoretical

®Neutrinos that do not interact weakly.



p+p—H+et +u, p+p+e = H+w,

99.8% 0.2%

85% 10—*
15%
¥
*He + *He — *He + 2p *He + 'He — "Be + He+p — ‘He +efv,
0.016%

Y

Be+e — Li+v, Be+p—"B+7
Y Y

Li+p— 2'He 8B ®Be* + et + v,

*Be* — 'He + 'He

Figure 1.2: The sub reactions of the pp-chain [20]. There are five reactions
that generate neutrinos. The neutrinos from the pp, B and hep reactions have a
continious energy spectrum, while the neutrinos from the "Be and pep reactions
are monoenergetic, due to the kinematics of the reaction.



2C+n— "N+44y = |"N="C+et +uv.| (BN)
1t I

BN 4 p -2 C +* He BOfp YN A
1 99.0% !

(150) [B0 SBN et 11| « N 4 p 1504 qy
U 01% n

BN+ p =104 170 4+ p —" N +* He
I f

YO+rp—="F+y| = |"F="0+e"+uv| (VF)

Figure 1.3: The CNO-cycle[21]. There are three neutrino generating reactions
with a continious energy spectrum: N 0O and '"F.

prediction for the branching ratio of the pp and pep reaction is very precise and
thus the uncertainty of the pep flux is very small. For the other neutrino fluxes, the
theoretical uncertainties are larger, due to the uncertainties of the fusion reaction
cross sections and of the element abundances in the sun [23].

There are two conflicting measurements of the metallicity Z (abundance of elements
that are heavier than helium), resulting in a low metallicity (AGS) [25] and a high
metallicity (GS) standard solar model [26]. The "Be, *B and CNO flux are sensitive
to the metallicity. But at the moment, the theoretical uncertainties of the "Be and
8B are too large to distinguish between the two models. As the CNO flux depends
strongly on the metallicity, a measurement of it could rule out one of the two
models, in spite of the theoretical flux uncertainties. Unfortunately, while the "Be
[27] and the ®B [28, 29] flux have been precisely measured, only upper limits on
the CNO flux exists [17].

1.4 The Diffuse Supernova Neutrino Background

In a core-collapse supernova, ~ 10°® neutrinos and antineutrinos are released in
about 10s [30]. Despite this large flux, only supernovae in the milky way and its
satellite galaxies, which occur less than 3 times per century [31], can be detected
with the current neutrino detectors. However, the cumulative emission of all core-
collapse supernovae throughout the universe have created the so-called Diffuse

9



1012 9 — -
onf—""_ Bahcall-Serenelli 2005
pp- £1% i
10 Neutrino Spectrum (+1o) -
109k "Be-+10.5% ]
13 T A ]
o toef ,,—&_"'__--"‘ ™ T~ ]
b L et pep-12e
T 107 -~ _ a1 4
E e | T 1 E
o e [ N
= A0t 1TF s -~ I E
X T Be~ : B
= 105 & +10.5% P ol 3
I
- ’/ . _:
/ | E
| -
103 F i 1
| 3
I
102 ¢ A 1
/,»/ El
I
101 . L . ' ,/.-.’. | | L . s P
0.1 1 10

Neutrino Energy in MeV

Figure 1.4: Neutrino spectrum calculated according to the SSM [24]. The neu-
trino fluxes resulting from the pp-chain reactions are plotted as black solid lines,
the fluxes from the CNO-cycle reactions as dashed blue lines.

Supernova Neutrino Background (DSNB).
The flux of the DSNB is given by [32]:

, (1.16)

dF, ¢ [o dN,(E)) dz
@E, o ()
v 0Jo v \/Qm(1+z)3+QA

where Rgn(z) is the supernova rate at redshift z, E' = E(1 4 2) is the redshift
corrected energy of the neutrinos, de”éE”) is the number spectrum of the neutrinos
emitted by one supernova explosion, VHO is the hubble constant, ¢ is the speed
of light, €, is the cosmic matter density, €25 is the cosmic constant and zy.x =

5 is the redshift, where the first core-collapse supernova occurred. The factor

l/HO\/Qm (142)° +Qy in equation (1.16) takes the expansion of the universe
into account.

Assuming that every star above ~8 solar masses (Mg) ends in a core-collapse
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supernova, Rgn(z) can be derived from the star formation rate R.(z)° [32]:

2w

R
sn(z) = f125M@ W(M)dM

R.(z) = 0.0122M_'R.(2) , (1.17)

where W(M) = dN/dM is the Salpeter initial mass function (IMF) [33] of the stars
in the universe.
The star formation rate can be parametrized by the following function [32]:

Hy 342 \/Qm (1+2)° 4+ Qa
70 kms—!Mpc—1t 382 + 45 (14 2)3/2

R.(z) = 0.32fsx r'Mpc™? | (1.18)

where fgy = 1.5 £+ 0.3 [30] is a normalization factor.
The neutrino emission spectrum can be approximated by a Maxwell-Boltzmann
spectrum [2]:

dN,(E,) 27 L, E \° _=
i = () o (149

where L, = 3-10° erg is the neutrino luminosity and (E,) is the mean neutrino
energy. Indirect constraints from the chemical abundances of neutrino induced
elements predict (E,) = 12 — 21 MeV [34]. Assuming that E, is independent of the
neutrino flavour, this range is in agreement with the measured neutrino spectrum
from the supernova 1987A [35]. Numerical supernova simulations also predict (E;,)
to be in the same energy range [36, 37, 38].

Up to now, the DSNB was not measured. The best limit comes from the Super-
Kamiokande experiment (see Section 1.5.1), which sets an upper limit (90% C.L.)
on the flux of 3.17, cm™2s™! for E;, > 17.3MeV [39], which is about a factor of
two above the predicted value from [30] for (E; ) = 18 MeV.

1.5 Real-time Neutrino Detectors

The detection of solar neutrinos in the Homestake experiment by Raymond Davis
in the 1970s was the first detection of a natural neutrino source [40]. The detection
reaction was

+3701 — 3TAr + e (1.20)

6The redshift dependent supernova rate is usually derived from the star formation rate, as
the measurements of the star formation rate are more precise.
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where the produced 37Ar was extracted and its decays were counted. Thus, only
the integrated rate above the energy threshold could be measured. Furthermore,
this experiment was only sensitive to electron neutrinos.

Contrary to the radiochemical experiments, Water-Cerenkov detectors (WCDs)
and liquid-scintillator detectors (LSDs) can also measure the deposited energy of
a neutrino event in real-time. WCDs also have the advantage that they reconstruct
the direction of an event, but due to low light yield they are only sensitive to B
solar neutrinos [11]. LSDs have a higher light yield and thus a lower threshold, so
that they can also measure the low energetic "Be solar neutrinos [27].

In the following sections, Super-Kamiokande and SNO are described as examples
for WCDs and Borexino as an example for a LSD.

1.5.1 Super-Kamiokande

Super-Kamiokande is a 50kt Water-Cerenkov detector, that is located at the
Kamioka Observatory in Japan [41]. It is covered by 1000m of rock (2700 me-
ter water equivalent (m w.e.)) to shield cosmic muons. The fiducial volume of the
detector is 22.5 kt.

The detection reaction for low energy neutrinos (E < 100 MeV) is the elastic neu-
trino electron scattering reaction (ES):

Uy t+e —ute . (1.21)

The cross section for electron neutrinos is about 6 times higher than for muon and
tau neutrinos, as they can interact via the CC and NC channel [42]. As the scat-
tered neutrino can not be detected, the neutrino energy can not be reconstructed
on an event by event basis, but only through a statistical analysis of several events.
If the scattered electron moves faster than the phase speed of light in water, it
emits so-called Cerenkov light. Due to the constructive interference of spherical
light waves emitted along the particle track, a conical light front is generated
analogously to a supersonic mach cone [43]. The opening angle « of the cone
v

depends on the velocity 3 = £ of the electron and on the refractive index n, in
water:

cos o = (1.22)

1
ﬁTw )
@s the electron has to move faster than the phase speed of light in water to emit
Cerenkov light, the Cerenkov threshold for electrons in water is

1
E; = ——m, ~ 800keV . (1.23)

In Super-Kamiokande, the emitted light is detected by 11000 20-inch Photomul-
tiplier tubes (PMTSs). Due to the characteristic shape of the Cerenkov cone, the
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direction of the electron can be reconstructed. The Cerenkov light yield amounts
to about 200 photons per MeV [44], but due to the limited quantum efficiency
of the PMTs and the 40 % optical coverage, only a small fraction of the emitted
photons are detected. Furthermore, PMT dark noise limits the current detector
threshold for electrons to Eii, = 4.0 MeV7.

Thus, Super-Kamiokande is not sensitive to “Be and pep solar neutrinos. In Phase
ITI, which includes 548 days live time and had a energy threshold of 4.5 MeV, the
¥B flux was measured to [41]

®sp = (2.32 + 0.04(stat.) & 0.05(syst.)) - 10°%cm 27" | (1.24)

which is less than 50% of the expectation from the SSM, as electron neutrinos
can oscillate into muon and tau neutrinos (see Section 1.2), which have a lower
cross section for the ES reaction. This result is in agreement with the prediction
of the MSW-LMA solution, but a spectral analysis of the recent Phase IV data
favors a flat electron neutrino survival probability above 4.5 MeV compared to the
MSW-LMA prediction at a level of 1.1 ~ 1.9 ¢ [45] (see Figure 4.3 for a comparison
between the flat P, model and the MSW-LMA prediction).

Super-Kamiokande is also sensitive to the Diffuse Supernova Neutrino Background
(see Section 1.4). The antielectron neutrinos can be detected with the inverse beta
decay reaction, which has a larger cross section than the ES reaction:

Uo+p—et +n. (1.25)

As the neutron is much heavier than the positron, the positron gets almost all the
energy of the 7., but reduced by ~ 1.8 MeV, due to the Q-Value of reaction (1.25).
Thus, the neutrino energy can be reconstructed from the prompt positron signal.
The neutron is captured by a free proton with a mean capture time of ~ 0.2 ms,
producing a 2.2 MeV gamma. Hence, it is in principle possible to use this delayed
coincidence to suppress the background, but due to the high threshold this is not
possible in Superkamiokande®.

Cosmogenic radioisotopes, which are produced by cosmic muons, limit the detec-
tion threshold to 17.3 MeV. Further backgrounds from atmospheric neutrinos, solar
neutrinos and the decays of invisible muons limit the detection efficiency. Thus,
the DSNB could not be detected, but Super-Kamiokande has determined the best
current upper limit on the flux with 3.1 7,cm™2s™! (90 % C.L.) for E;, > 17.3 MeV
[39], which is a factor of 2-4 above the theoretical predictions.

"Due to changes in the electronics and number of active PMTs, the detector threshold varied
from 4.0 MeV to 6.5 MeV over the lifetime of the experiment.

8There are plans to dissolve Gadolinium into water, which would increase the energy of the
gammas from the neutron capture to ~ 8 MeV, so that the neutron capture can be detected [30].
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1.5.2 SNO

The solar neutrino experiment SNO (Sudbury Neutrino Observatory) was a Water-
Cerenkov detector that used 1kt heavy water (D;O) as a target [46]. It was covered
by 1.8km of rock (5.9km w.e) to shield cosmic muons. The detector threshold
for electrons was Ey, = 3.5MeV. Compared to Super-Kamiokande, it had two
additional detection channels for solar neutrinos, because heavy water was used as
target material [46]. One CC channel which is only sensitive to electron neutrinos
and one NC channel that has the same cross section for all neutrino flavours:

CC: Ve +d— e +2p (1.26)
NC: v+d—v+n+p (1.27)

In the CC channel, the electron was detected directly by its Cerenkov light, as it
was done in the ES channel. The ES and CC events were separated statistically
by a spectral fit. As the neutron that is produced in the NC reaction does not
produce Cerenkov light, it could not be detected directly. But when it is captured
on deuterium, it emits a 6.25 MeV gamma, that is subsequently detected?. With
the NC channel, it is possible to measure the 8B flux directly, without taking
neutrino oscillation into account [46]:

Pne = (5.14 £ 0.16(stat.) Fy 15 (syst.)) - 10°%cm s~ | (1.28)

which is in agreement with the predictions from the SSM. Furthermore, the elec-

tron neutrino survival probability can be determined by measuring the flux with
the CC channel [28]:

oo = (1.67100 (stat.) T e (syst.)) - 10°%cm s~ | (1.29)

and comparing it with the results from the CC channel. The resulting electron
neutrino survival probability is:

d
P, = —< = 0.301 +0.033 , (1.30)
Do

which is in agreement with the MSW-LMA prediction. Furthermore, the spectral
shape of P, was also measured, but due to the low statistics and the large system-
atic errors below 5 MeV, it was not possible to distinguish between the MSW-LMA
prediction and the hypothesis that P, is constant [46].
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Figure 1.5: Schematical view of the Borexino detector [47]. It consist of 2781
liquid scintillator in the inner Vessel, that is shielded by several layers of buffer
liquid and water. The scintillation light is detected by 2212 8-inch PMTs.

1.5.3 Borexino

Borexino is a liquid scintillator detector that is located at the underground Labo-
ratori Nazionali del Gran Sasso (LNGS) at a depth of 3800 meter water equivalent.
Its target consist of 278 t pseudocumene (PC, 1,2 4-Trymethylbenze), that is doped
with 1.5g/l of 2,5-diphenyloxazole (PPO), the so-called wavelength shifter. The
scintillator is contained in a 125 ym thin nylon vessel with a radius of 4.25m, the
so-called inner Vessel (IV) (see Figure 1.5) [29].

When a charged particles traverses the scintillator, it excites the weakly bound
electrons in the m-orbitals of the benzene ring at the base of the PC molecule. The
excited PC molecule can subsequently transfer its energy non-radiatively to a PPO
molecule. Finally, a photon is emitted that has a larger wavelength than a photon
that would be emitted directly by the PC molecule. Thus, it can not be absorbed
by a PC molecule!® and the scintillator becomes transparent [48]. The addition

9In Phase II, 2 tons of NaCl were dissolved in the water, so that the neutron could also be
captured on °Cl, which has a larger capture cross sections, releases more energy (8.6 MeV) and
emits multiple gammas [46]. In Phase III, neutrons could also be detected by an array of *He
proportional counters [28].

0Photons that are directly emitted by a PC molecule can be absorbed because the emission
and absorption bands of the PC molecule overlap.
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of the wavelength shifter PPO has the additional advantage, that the photons are
shifted to a region where common PMTs are more efficient.

The IV is contained in the so-called outer Vessel (OV), that is filled with a buffer
liquid to shield the target volume from external gamma rays. It consists of PC,
doped with 3g/l DMP (dimethylphthalate), which reduces the light yield. The
OV itself is contained in a Stainless Steel Sphere (SSS) with a diameter of 13.7m,
that is filled with buffer liquid. The scintillation light is detected by 2212 8-inch
Photomulitplier, that are mounted to the SSS. The SSS is placed in a steel dome
with 18 m diameter and 16.9m height, that is filled with deionized water and
shields the detector from fast neutrons that are produced in the surrounding rock.
Furthermore, it serves as a Water-Cerenkov muon veto.

Compared to a Water-Cerenkov detector, the advantage of a liquid scintillator
detector is that the light yield is with about 10* photons per MeV much higher.
Thus, Borexino has a detector threshold below 200 keV, so that it is also sensitive
to the lower energetic part of the solar neutrino spectrum (pp, "Be, pep and CNO).
Furthermore, the energy resolution is also much better.
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Figure 1.6: A Monte Carlo based fit to the low energy spectrum (270keV-
1.6 MeV) in Borexino, including all known background sources [27].

Due to the unprecedentedly low radioactive background level (see Figure 1.6),
Borexino could perform the first real time measurement of “Be neutrinos in 2007
[49]. Following an intensive calibration campaign to reduce the systematic error,
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the "Be rate could be measured with less than 5% uncertainty in 2011 [27]:

counts

R ("Be) = (46.0 & 1.5(stat)*} 7 (syst)) T 1005 (1.31)
which corresponds to a v.-equivalent “Be flux of:
®rp. = (3.10 £ 0.15) - 10°cm 27" . (1.32)

Using the SSM prediction for "Be flux, the electron neutrino survival probability
is Pee = 0.51 £0.07 at 862keV, which confirms the MSW-LMA prediction in the
vacuum region.
Borexino is also able to measure the pep solar neutrino flux. The latest result is
[17]:

Ppep = (1.6 £0.3) - 10%cm s " . (1.33)
Due the low flux of CNO neutrinos and the intrinsic 2°Bi background, only an
upper limit of ®.,, < 7.7 - 10%cm™2s7! (95 % C.L.) could be determined [17]. Up to
now, it was not possible to measure the pp flux, due the intrinsic '*C background.
Borexino has also measured the ®B flux, using a unprecedentedly low energy thresh-

old of 3MeV [29]:
dsp = (2.4 £ 0.4 £ (stat) £ 0.1(syst)) - 10°%cm 257" . (1.34)

Due to the low statistics, the predicted upturn of P, below ~ 5 MeV could not be
detected.

Furthermore, Borexino has also measured the rate of antielectron neutrinos from
radioactive beta decays in the earth, the so-called geoneutrinos, to be:

Sgeo = (38 £ 12) events/year/10**protons , (1.35)

which is consistent with the predictions from different Bulk Silicate Earth (BSE)
models [50].
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Chapter 2

The LENA Project

The present liquid scintillator detectors (LSDs) like Borexino (278t target mass)
and KamLAND (1kt target mass) [51] have demonstrated the large potential of
this detector technology. Thus, LENA (Low Energy Neutrino Astronomy) has
been proposed as a next-generation 50kt LSD [2]. Du to its larger target mass, a
high statistic measurements of strong astrophysical neutrino sources, like the sun or
a core-collapse supernova can be performed. This will improve our understanding
of these neutrino sources and also allow a measurement of the neutrino properties
itself (see Section 2.2.1 and Section 2.2.2). Furthermore, a precision measurement
of geoneutrinos (see Section 2.2.4) and a first detection of the Diffuse Supernova
Neutrino Background (see Section 2.2.3) will be possible. In addition, LENA can
also be used as a far detector of a long baseline neutrino beam experiment, which
can determine the mass hierarchy and search for CP violation in the neutrino
sector (see Section 2.2.6).

LENA is currently part of the LAGUNA-LBNO design study, which is funded by
the European Union and investigates the construction of a large volume neutrino
observatory, that can also be used as a far detector of a long baseline neutrino
oscillation experiment (LBNO). This design study will last until the end of 2014.
In case of a positive funding decision, the construction could start in 2015 and
would take about 9 years, so that the data taking would begin in 2024.

2.1 Detector Setup

Figure 2.1 shows a schematic overview of the current LENA design [52]. The target
material will consist of ~ 50kt of liquid scintillator, that is enclosed in a cylinder
with 14 m radius and 98 m height. The liquid scintillator will be a mixture of three
components. Linear-alkyl-benze (LAB) will be the solvent, with a small admixture
of the wavelength shifters 2,5-diphenyl-oxazole (PPO) as primary fluor and 1,4-
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Figure 2.1: Schematical view of the LENA detector [52]. The target volume
will consist of ~ 50kt liquid scintillator. The apertures of the optical modules
will be positioned at the edge of the target volume. The optical modules will
consist of a 8-12 inch PMT and a light concentrator, which will be mounted inside
a pressure encapsulation, that is filled with a non-scintillating buffer liquid. An
optical shielding will be attached to the PMT support structure, so that no light
from the 2m thick volume behind the PMTs can be detected. The concrete tank
will be surrounded by at least 2m of water, which serves as a passive shielding and
as an active Water-Cerenkov muon veto. An additional muon veto will be placed
on top of the detector, which could e.g. consists of plastic scintillator panels.
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bis-(o-methylstryryl)-benzene (bisMSB) as secondary fluor!. These fluors will shift
the maximum of the emission spectrum to ~ 420 nm, where the scintillator is more
transparent [48].

The scintillation light will be collected by ~ 3 - 10* PMTs if 12-inch PMTs will
be used, though 8 and 10-inch PMTs are also on option. The PMTs will be
mounted to a stainless steel support structure at a radius of 14m. Non-imaging
light concentrators will be attached to the PMTs, which increase the effective
optical coverage to ~ 30%. Due to the high pressure at the bottom of the tank,
the PMTs and light concentrators will be mounted in a pressure encapsulation.
This pressure encapsulation will be filled with a non-scintillating buffer liquid to
shield the target volume from gamma rays emitted by radioactive impurities in
the PMT glass. Apart from that, no buffer liquid will be present between the
PMTs and target volume, which puts stringent limits on the radioactivity of the
PMT glass and the electronics (see Section 4.2.3 for details). The target volume
and PMTs will be inside a cylindrical concrete tank with 16 m radius and 100 m
height. A thin optical shield will be placed between the PMTs, to prevent the
detection of photons, that were emitted in the space between the target volume
and the tank. This volume will be filled with liquid scintillator, to shield the target
volume from gamma rays emitted inside the tank. Thin stainless steel sheets will
be welded to the tank walls, to prevent a chemical reaction between the liquid
scintillator and the concrete.

The space between the tank and the cavern will be filled with clean water, which
shields the detector from external radioactivity coming from the rock and from fast
neutrons, that are produced by cosmic muons traversing the surrounding rock. To
shield the target volume, at least 2m of water are needed. Additionally, it will
serve as an active muon veto. The Cerenkov light from the traversing muons will
be detected with 2000 encapsulated 12-inch PMTs, mounted to the outer tank
wall. Another benefit of the water is that the forces on the tank generated by the
liquid scintillator are partly compensated.

As no water will be on top of the tank, an additional muon veto will be installed on
top of the tank. One possible option is to use plastisc scintillator panels, though
limited streamer tubes and resistive plate chambers are also considered at the
moment. The DAQ system will be installed in an auxiliary cavern close to the top
of the detector and the total height of the cavern will be 115 m.

The favored location for the detector is the Pyhasalmi mine in Finland. It is
planned to built the detector at an depth of 1400 m corresponding to 4000 m of
water equivalent. This will reduce the cosmic muon flux to ~ 0.2m2h~! [53],

!The exact amounts of PPO and bisMSB are currently determined in small scale laboratory
measurements. At the moment, a PPO concentration of 3g/l and bisMSB concentration of
20mg/1 is favored.
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Source | Event Rate [d™]
pp 2.3-10°
"Be 1.1-10*
pep 8.5 - 102
CNO 8.8 - 102
8B 1.3- 107
hep 0.4

Table 2.1: Expected solar neutrino event rates in LENA for 36 kt fiducial vol-
ume and 200keV detection threshold. The rates were calculated using the low
metallicity BSO5(AGS,OP) solar standard model [14].

which is about a factor 5 less than in Borexino [29].

2.2 Physics Program

2.2.1 Solar Neutrinos

Compared to the current solar neutrino experiment Borexino, LENA has a bigger
target mass and a lower cosmic muon flux, due to the increased shielding. Table
2.1 shows the calculated rates for the different solar neutrinos (see Section 4.1 for
details).

Despite the large event rate of the pp neutrinos, a measurement will be very
challenging, due to the intrinsic **C 3~ background. *C has a Q-Value of 156 keV
and is thus only a background for the low energy pp neutrinos. Due to the large
abundance and the limited energy resolution at these low energies, the 4C rate
above 200 keV is expected to be ~ 1-10%s7!, surpassing the pp neutrino signal at
200 keV by several orders of magnitude.

Due to the large "Be-rate of 1.1-10*d™!, periodic modulations on time scales
ranging from a few minutes to more than 10years will be detectable on a sub-
percent level [54]. This will allow to search for temperature and density variations
in the inner regions of the sun, the so called helioseismic g-mode oscillations.
Furthermore, possible variations of the fusion rate with the solar cycle could be
detected.

Due to high statistics, and the lower cosmogenic 'C background, LENA can per-
form a high precision measurement of the pep flux. As the pep flux has a small
theoretical uncertainty (~ 1% [23]), this will give the possibility to make a strin-
gent test of the MSW-LMA prediction at 1.44 MeV. Furthermore, the CNO flux
can be measured for the first time if the 2!°Bi background is approximately at the
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same level as in Borexino. The 2!9Bi background is crucial, as its spectral shape
is very similar to the shape of the CNO spectrum. Thus, Borexino was only able
to set an upper limit on the CNO flux (®e, < 7.7 - 108ecm 257! (95% C.L.) ) [17].
But as 2!%Bi decays with 5.0d half life to ?'°Po, it is possible to determine the
210Bi rate by measuring the 2!°Po rate, which has a destinctive spectral shape.
Furthermore, ?'°Po is an a-emitter, so that its rate can also be determined by
a pulse shape discrimination (see Chapter 5 for details). Of course, this method
only works if 21°Po and ?!°Bi are in an secular equilibrium, which is the case once
the 2'°Po rate is stable. As 2'°Po has a half life of 138d, this requires that no
operations are performed after the filling and calibration which could introduce
210Po into the detector. Once the 21°Po rate becomes stable, the ?'°Bi rate can be
subtracted statistically, so that the CNO flux can be measured.

Due to the large target mass, the external gamma background, which prevented the
measurement of *B neutrinos below 3 MeV in Borexino, can be suppressed by using
a small fiducial volume (see Section 4.2.3). A further background below 3 MeV is
the cosmogenic 1°C, which can be suppressed by applying a time and space cut
around each cosmic muon. Thus, LENA will be able to make the first high statistic
measurement of ®B neutrinos above 2 MeV. Hence, the MSW-LMA prediction for
the transition region between vacuum and matter dominated oscillations can be
tested (see Chapter 4 for details).

2.2.2 Supernova Neutrinos

Stars with a mass of more than eight solar masses Mg build up an iron core,
which is surrounded by different shells. As iron has highest binding energy per
nucleon of all elements, it is not possible to gain energy by iron fusion. Thus, no
fusion reactions occur in the centre of the star and the iron core grows through
fusion reactions in the surrounding shell, until it reaches the Chandrasekhar mass
of about 1.4 Mg [55]. As this point, the core has a diameter of about 3000 km
and a temperature of about 10 K. Due to the high temperature, high energetic
photons begin to disintegrate the iron core. This endothermic process reduces the
thermal energy and thus the Fermi pressure of the electrons, which stabilized the
core against the gravitational inward pull. The density increases further, so that
electrons are captured on heavy nuclei and free protons. As the produced electron
neutrinos can still leave the core, this loss in lepton number reduces the fermi
pressure further, so that the core becomes gravitationally instable and collapses.

The collapse continues until the core reaches nuclear matter density and forms a
so-called proto-neutron star, where the repulsive nuclear forces are large enough to
compensate the gravitational force. While the inner part of the iron core collapses
homogeneously and subsonically, the outer part of the core collapses supersonically
and bounces on the proto-neutron star, forming a shock front. This shock front
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Detection Channel Type | Event Rate
(1) Ze+p—n+et CcC 1.1-10*
(2) ve +12C — 2N + e~ CC 1.9-102
(3) ve +12C - 2B+ et CcC 1.8-102
D v+p—p+tv NC 1.3-10°
B)v+e —e v NC+CC | 6.2-10?
6) v+12C — 2C* +v NC 6.0 - 10

Table 2.2: FExpected event rates for a supernova explosion of a 8 M, star in the
center of our galaxy (d=10kpc), assuming a Maxwell-Boltmann spectrum with
(E,) = 12MeV and a detector threshold of 200keV [56].

expand into the overlying iron core material, but loses energy by the dissociation
of iron nuclei into free nucleons. Initially this shock still moves outwards, because
of the high mass accretion rate of up to several solar masses per second. But when
the mass accretion rate has decreased sufficiently, the shock front comes to a halt
and forms a stagnant accretion shock at a radius between 100 km and 200 km.
Thus, there must be a mechanism that revives the stalled shock and triggers the
supernova explosion. One possible explanation is that the neutrinos transfer energy
to the shock by absorption-reemission processes as well as in scattering reactions.
As the majority of the proto-neutron stars binding energies (~ 3 - 10%erg) is
emitted by the neutrinos, a small fraction of the neutrino energy would already be
sufficient to account for the canonical explosion energy of a core-collapse supernova
(109 erg to 10°! erg).

The expected neutrino emission of a supernova consists of three phases [56]:

e Promp neutrino burst: During the first &~ 20 ms, the prompt v, burst is
emitted. The neutrinos are mainly formed by electron capture on protons,
so that the v, flux dominates.

e Accretion phase: During the accretion phase, which lasts about a few
hundred ms, the shock stalls and the neutrino emission is powered by the
infalling material. The flux of v, and 7, is expected to be up to two times
larger than the flux of the other neutrino flavours.

e Cooling phase: The neutrino flux is dominated by the cooling of the proto
neutron star. This phase lasts about 10s to 20s and the neutrinos are pro-
duced thermally. Thus, it is expected that the fluxes of the different flavours
are almost equal.

About one to three supernova explosions are expected in our galaxy per century
[31]. The mean distance of a supernova in the milky way is ~ 10 kpc, so that about
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1.5 - 10* events are expected in LENA. There are six different detection channels.
Three CC, two NC and one combined detection channel (see Table 2.2). Thus, a
time resolved measurement of the v, and 7, flux as well as of the integrated flux
over all flavours is possible. This would give important informations about the
supernova explosion mechanism and would allow to improve the current models.
The good energy resolution also allows to make a precise measurement of the
neutrino spectrum, which would also be a very important information.
Furthermore, it might be possible to determine the mass hierarchy [57]. Depending
on the mass hierarchy, the measured 7, flux on earth is:

NH : ®;, = cos” 0129% + sin® 01,Dy, (2.1)
IH: ¢, =) (2.2)

where @9 and @9 are the unoscillated fluxes. As the rise time of @Y and @Y
is different during the accretion phase, it could be possible to identify the mass
hierarchy by measuring the time resolved 7, and v, fluxes.

2.2.3 Diffuse Supernova Neutrinos

Apart from detecting supernova neutrinos, LENA is also sensitive to the Diffuse
Supernova Neutrino Background (see Section 1.4). Due to the low flux, the only
possible detection channel is the inverse beta decay (IBD) reaction on free protons:

UVe+p—e+n. (2.3)

As the neutron is much heavier than the positron, the positron gets almost all the
energy of the 7., but reduced by ~ 1.8 MeV, due to the Q-Value of reaction (2.3).
Thus, the neutrino energy can be reconstructed from the prompt positron signal.
The neutron is captured by a free proton with a mean capture time of ~ 250 us,
producing a 2.2 MeV gamma?. Contrary to Super-Kamiokande, LENA can detect
this gamma due to the lower threshold and uses the delayed coincidence signal to
reduce the background.

Irreducible background from reactor and atmospheric antielectron neutrinos limit
the detection window to 10 MeV — 25 MeV [44]. About 2 to 10 DSNB events per
year are expected in this energy region. The exact value depends on the redshift
dependent supernova rate and on the mean energy of the v, spectrum.
Cosmogenic ?Li, fast neutrons from the surrounding rock and neutral current inter-
actions of atmospheric neutrinos pose additional backgrounds. A detailed analysis
of these background sources and of the detection potential will be given in Chapter
6.

2 About 1% of the neutrons are captured on '2C, resulting in the emission of a 4.9 MeV gamma,
or multiple gammas with 4.9 MeV total energy.
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2.2.4 Geoneutrinos

Geoneutrinos are antielectron neutrinos that are produced by S~ decays of ra-
dioactive isotopes inside the earth. The main contribution to the geoneutrino flux
comes from “°K and from nuclides of the U and Th chains. Geoneutrinos from
the U and Th chains can be detected with the inverse beta decay reaction (see
equation 2.3), which has the advantage of a very good background suppression,
due to the delayed coincidence signal. But because of the 1.8 MeV threshold for
the IBD reaction, geoneutrinos that were emitted by *°K can not be detected.
While geoneutrinos have already been detected by KamLAND [58] and Borexino
[50], LENA would be the first experiment to perform a high statistic measurement
with ~ 1000 events per year [56].

Reactor antielectron neutrinos are a crucial background for the geoneutrino de-
tection, as this background can not be distinguished on an event by event basis.
At the Pyhéasalmi site, about 240 reactor 7, events are expected in the relevant
energy region between 1.8 MeV and 3.2 MeV [59]. As the reactor 7, spectrum ex-
tends above these energies and as its shape is well known, this background can be
subtracted statistically.

Another background is caused by neutrons that are produced inside the target
volume by the reaction of alpha particles, emitted for example by 2!°Po, with '3C:

BC+a—-1%+n. (2.4)

These neutrons can mimic the delayed coincidence signal, as they produce a prompt
signal by scattering off protons and a delayed signal when they are captured on
a free proton. If the same radioactive purity level as in Borexino is reached, this
background is negligible with about 10 events per year. The S~ -neutron emitters
9Li (Ty/2 = 178 ms) and ®He (T2 = 119 ms), that are produced by cosmic muons,
are also a background for the geoneutrino detection. Due to the short half life of
these isotopes, this background can be suppressed to about 1 event per year by
applying a 2s time cut after each cosmic muon crossing the detector [56]. As the
cosmogenic isotopes are produced close to the muon track, the introduced dead
time can be reduced from 6 % to 0.1 % if only a cylinder with 2m radius is vetoed
around each muon with nearly no loss in rejection power.

A further background are fast neutrons, that are produced by cosmic muons in
the surrounding rock. These neutrons have a large range and can reach the target
volume without triggering the muon veto. But due to the high energy of these
neutrons, less than 10 events are expected in the geoneutrino energy region [60].
Due to the large signal and the low background, the geoneutrino flux at the
Pyhésalmi site can be measured with 3% precision after one year. Thus, the
current geochemical models, which predict that about 50 % terrestial heat flow is
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generated by radioactive decays [61], can be tested. Furthermore, due to the differ-
ent energy spectrum of geoneutrinos from the U and Th chain, the ratio between
the U and Th abundance can be determined with 10% precision after 3 years,
which would also be an important test of the current earth models [56].

As the neutron is emitted in forward direction, it is also possible to obtain in-
formations about the 7, direction by measuring the displacement between the
prompt positron and the delayed neutron event. As the average displacement is
with 1.9 cm 4 0.4 cm rather small compared to the expected position resolution of
about 10 cm [62], only a very unprecise reconstruction of the 7, direction is possi-
ble. Thus, a combined measurement with a second detector on the oceanic crust
is probably necessary to disentangle the geoneutrino flux of the crust and of the
earth mantle.

2.2.5 Proton Decay

The proton is stable in the standard model of particle physics, due to baryon
number conservation, which has been introduced emperically. As there is no fun-
damental gauge symmetry which generates the baryon number conservation (as
there is e.g. for the charge conservation), several extensions of the standard model
predict a decay of the proton [63].

The best experimental limits for the proton decay were achieved by the Super-
Kamiokande experiment. For the channel p — e™7% which is predicted by the
minimal Grand Unified Theory SU (5), the current limit is 7, > 8 - 10**y (90 %
C.L.) [64]. The present limit for the channel p — K*7, that is favored by super-
symmetric models, is 7, > 2 - 10%y (90 % C.L.) [65]. The sensitivity for the latter
channel is limited by background, as the KT is below the Cerenkov threshold, so
that only its decay products are visible in Super-Kamiokande.

In LENA, both the prompt signal of the K™ and delayed signal of its decay products
can be detected. Thus, there is a clear event signature which allows an efficient
background rejection (see Figure 2.2). The main background for this channel are
the charged current reactions of atmospheric muon neutrinos. Due to the double
peak structure of the proton decay signal, this background can be reduced to less
than 1 event per 10years by a pulse shape analysis with 65 % signal efficiency.
If no signal would be detected after 10 years, the proton lifetime limit could be
increased to 7, >4-10%y (90% C.L.), which is about one order of magnitude
better than the current limit [48].

2.2.6 Long Baseline Neutrino Oscillations

LENA can also be used as the far detector of a long baseline neutrino beam ex-
periment, which aims at the measurement of the mass hierarchy and CP-violating
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Figure 2.2: Simulated signal of a proton decay into a K™ and an antineutrino.
The first peak is due to the direct K* signal, while the second peak is caused by
its decay products.

phase dcp. In a neutrino beam, protons are shot on a light target and produce
charged pions. These pions are focused by a magnetic horn into a decay tunnel,
where they decay mainly by the reaction:

+ + =)
(O VR ol VS (2.5)
Depending on the horn polarization, either muon or antimuon neutrinos are pro-
duced in the decay tunnel. The most important signal is the appearance of electron

neutrinos ((I/_u) — (V_e)), which depends amongst others on dcp and the mass hierar-
chy [66].

Currently, a neutrino beam experiment from CERN to the Pyhasalmi mine with
a distance of about 2300 km is investigated in the LAGUNA-LBNO design study.
Figure 2.3 shows the electron appearance probability for NH and IH at this base-
line. The oscillation maximum is at about 4 GeV, which requires a high energy
proton beam. An upgraded version of the SPS accelerator could deliver 1.5 - 102
400 GeV protons per year, which would correspond to a beam power of about
T7T0kW.

The clear difference of the signal for the NH and [H can be used to determine the

mass hierarchy. To measure the electron neutrino appearance probability, (V:B and

(V_e) CC events need to be distinguished, which can be done by pulse shape analysis,

28



due to the different lenghts of the muon and electron tracks.
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Figure 2.3: The electron neutrino appearance probability for the CERN to
Pyhésalmi beam for the NH (denoted in red) and the IH (denoted in blue) [67].

Backgrounds are the intrinsic beam contamination with (1/_9)’8, caused by the sup-

pressed decay mode 7F — et + (V_e), the oscillation of muon neutrinos into tau

neutrinos and neutral current reactions of muon neutrinos. The NC background is

crucial, as m°’s can be produced at these energies, which decay into two gammas

and hence have a similar signature as the CC reaction of a (Je). By using the small

difference of the pulse shape of NC and CC (V;) events, the NC background can be
suppressed to about 10 % with a signal efficiency of 27 % [62].

Figure 2.4 shows the resulting sensitivity for the mass hierarchy determination.
After two years of measuring time, the mass hierarchy can be determined with
more than 3 ¢ significance, independent of the value of dcp and after 10 years the
significance increases to more than 5o.

As the dependence of the (1/_6) appearance probability on the dcp is small compared
to the dependence on the mass hierarchy, detecting CP violation is not possible in
LENA, unless the signal efficiency and the background suppression is substantially
improved.
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Figure 2.4: The mass hierarchy determination sensitivity in LENA, depending
on the value of dcp [68]. Depicted are the sensitivies after 2 years (red line) and 10
years measuring time (blue line), assuming 50 % measuring time in neutrino and
in antineutrino mode.

2.3 Experimental Challenges

As the dimensions of the LENA detector are more than one order of magnitude
larger than the currently largest liquid scintillator detector KamLAND, there are
several challenges for this project. Furthermore, the broad physics program makes
the design of the detector even more complicated.

The requirements for the PMTs are quite stringent, as the energy of the studied
physics events ranges from less than 1 MeV (“Be solar neutrinos) to the GeV range
(proton decay and LBNO). Thus, the PMTs need to have a large dynamic range,
so that they can detect single photons without going into saturation when they
detect hundreds of photons. Due to the large pressure at the bottom of the tank,
the PMTs needs to be pressure encapsulated. As external gamma background is an
important background for solar ®B neutrinos (see Section 4.2.3), every component
of the PMT and the pressure encapsulation needs to be designed carefully, so that
the amount of %K, U and Th is minimized as far as possible.

Another challenge is the data acquisition (DAQ). If 12-inch PMTs are used, more
than 3 - 10? channels need to be read out after one event. Due to the high energy
physcis programm, the complete PMT pulse shape will be read out with a so-called
flash analog to digital converter (FADC), to reconstruct the invidual hit time of
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every detected photon [56]. Compared to Borexino, this will result in a huge
increase of the amount of data per event. Furthermore, as there is only a small
buffer volume in front of the PMTs, the trigger rate will be much higher. As the
majority of the events are backgrounds events, caused by *C decays and by the
external gamma background, a complex triggering system needs to be developed,
to reduce the amount of stored data. A possible solution would be a multilayer
trigger system, which combines a first level hardware trigger with several software
based triggers.

The DAQ system must also be able to handle a large trigger rate in case of a
supernova. The closest supernova candidate is the red supergiant Betelgeuse at a
distant of about 200 pc [69]. If Betelgeuse becomes a supernova, about 1-107 events
are expected during 10s. As about 100 to 500 kB are written per event?®, the DAQ
system must handle 100 to 500 GB per second without going into saturation.
While the mass hierarchy can be determined with LENA as a far detector in a neu-
trino beam experiment (see Section 2.2.6), detecting CP violating is only possible
if the discrimination between NC v, and CC 7, events is improved. One possible
option is the reconstruction of the complete event vertex with every particle track.
It was already demonstrated that 500 MeV muon tracks can be reconstructed in
LENA [70]. Nevertheless, the reconstruction of multiple tracks is much more com-
plicated and is currently investigated in the LAGUNA-LBNO design study.
Another important issue is the liquid scintillator and the liquid handling system
of the detector. The solar neutrino program requires a radioactive background at
the level of the Borexino detector, which is very challenging for such a big detector
as LENA. Furthermore, due the large dimensions, a very transparent liquid scin-
tillator with an attenuation length of more than 10m is needed. Otherwise, the
number of detected photons would be too small for the low energy physics program.
But even with a large attenuation length, the photoelectron yield will still depend
on the position of the event (see Chapter 3). Thus, the energy reconstruction of a
event is not trivial and requires a precise position reconstruction.

Furthermore, the scintillator needs to have a large scattering length, as scattering
smears out the differences between the pulse shapes of the electrons, protons and
alphas. These pulse shape difference are necessary to reduce the background from
NC reactions of atmospheric neutrinos, which is crucial for the DSNB detection
(see Chapter 6).

3The exact amount depends on the number of triggered PMTs, which is position and energy
dependent.
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Chapter 3

Energy Reconstruction

In current liquid scintillator detectors like Borexino or KamLAND, the visible
energy of an event is nearly proportional to the number of detected photons!
(photo electrons). But in LENA, the photo electron yield also depends on the
position of the event, due to the large dimensions compared to the attenuation
lenght of the liquid scintillator. Hence, it is much more complex to reconstruct
the energy of an event, which is a prerequisite for every physics analysis.

Thus, the position dependence of the photoelectron yield was studied during this
thesis. For this study, the GEANT4 based LENA Monte Carlo simulation was used
(see Section 3.1), which has been developed over the course of this thesis. Based on
the simulated photo electron yield, an algorithm was designed that reconstructs the
visible energy from the position and the number of detected photons (see Section
3.2). Finally, the performance of the algorithm was tested with simulated data
(see Section 3.3).

3.1 The LENA Monte Carlo simulation

The LENA Monte Carlo simulation is based on the widely used GEANT4 simula-
tion framework (Version 4.9.6.p01) [72]. It was originally written by T. Marrodan
Undagoitia [48] and further developed by J. Winter [73]. Over the course of this
thesis, the optical model was significantly improved. Furthermore, the code was
completely redesigned according to an object-orientated design [74], which in-
creased the maintainability and the performance. Due to this approach, the sim-
ulation could be used as general tool for many other studies about the potential

of the LENA detector [62, 70, 57, 75].

IThere are two variables which are used for the energy reconstruction in Borexino. For low
energy events, the number of triggered PMTs is used, while for higher energetic events the sum
of the PMT charge, which is proportional to number of photoelectrons, is used [71].
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3.1.1 Detector Setup

A slightly simplified detector geometry, compared to the one which was presented
in Section 2.1 (see Figure 2.1), was implemented in the simulation, to save com-
putation time. In the following, the symmetry axis of the cylinder is referred as
the z-axis, and the radius is defined as r = /x? 4+ y2. The target consists of a
98 m high cylinder with 28 m in diameter, that is filled with linear alkyl benzene
(LAB). A buffer volume with 2.0m diameter encloses the target volume. The
buffer volume is also filled with LAB, but the scintillation process is turned of in
this volume.

In the current detector design it is planned to built a 60 cm thick concrete tank.
But as cylindrical cavities with 30 cm diameter should be left open to leave space
for installation (e.g. cooling or active leak proving), the concrete thickness varies
from 30cm to 60cm. Thus, the thickness of the tank around the buffer volume
was chosen to 30 cm, which is a conservative choice for the simulation of the fast
neutron background? (see Section 6.3.2). The tank is enclosed by a 2m thick water
mantle, which is surrounded by limestone rock (CaCO0s).

The predefined GEANT4 physics list QGSP_BERT_HP (including G4MuonNuclear-
Process and G4MuonMinusCaptureAtRest) (for details see [76]) was used to sim-
ulate hadronic and electromagnetic interactions of particles with energies from the
eV to the GeV range. A validation of the models which are used in this physics
list can be found in [77] and [78].

For the simulation of the scintillation process and the propagation of the so-called
optical photons, which energies are in the visible range, an own optical model was
implemented (see Section 3.1.2).

Photon Detection

Several options for the photon detection were implemented, to optimize the simu-
lation for different use cases.

e Detailed Mode: In this mode, an optical module consisting of a PMT
and a light concentrator (LC) is simulated, which is placed at the egde of
the buffer volume, so that the aperture of LC is at a radius of 14m. The
LC was implemented as a full geometrical model, so that the path of the
photon is precisely simulated. At the moment, the optical shape of the LCs
is still investigated. Thus, a Borexino type LC with 86 % reflectivity [79] was
implemented as a temporary solution. Hence, only 8-inch PMTs can be used
for this option, as no geometrical LC model is currently available for larger
PMTs.

2The implication of this approach for the simulation of the external gamma background are
discussed in Section 4.2.3.
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Figure 3.1: The dependence of the photon detection efficiency on the inci-
dent photon angle relative to the surface normal of the light concentrator’s
aperture. The detection efficiency for small a to shield gammas from the
PMT glass. Thus, the photons can also be scattered inside the buffer liquid,
so that the detection efficiency for large angles is greater than zero.
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The LC focuses photons with a small incident angle relative to the surface
normal of its aperture onto to photocathode and reflects photons with a
large incident angle. Figure 3.1 shows the angle dependent efficiency of the
used light concentrators. A large drop in the detection efficiency is visible
around the critical angle of acceptance, which is at about 44°. For photons
below this critical angle, the effective photosensitive surface of the optical
module is enlarged by a factor of ~ 2.7. But as the optical modules are very
close to the target volume in LENA, many photons are detected at a larger
angle. Thus, averaged over a fiducial volume with 13.5m radius, the effective
photosensitive surface is only increased by a factor of ~ 1.4.

The photons are detected by a light sensitive half sphere (r=10.75 cm) that is
placed in the center of the LC at a radius of 14.25m. The quantum efficiency
of a standard PMT is 20 % [44]. Thus, the light yield has to be reduced from
10000 to 2000 photons per MeV, as the quantum efficiency was set to 100 %
in the simulation, to save computation time.

PMT Mode: In this mode, the photons are still detected by individual
PMTs, but no LCs are simulated. Instead, the PMTs are simulated as simple
photosensitive disks. To include the effect of the LCs, the PMTs have an
angle dependent detection efficiency, which was calculated by using the full
optical module (see Figure 3.1). The size of the PMT is enlarged to the size
of the corresponding LC aperture, and it is placed at a radius of 14 m. Thus,
the effects of the LCs are included, without the time consuming simulation
of the photon path inside the LC, which reduces the computation time by
about 50 %.

The only difference is that photons that are not detected are absorbed in-
stead of being reflected back into target volume. Due to large dimensions of
the detector, the probability to detect these photons is rather small. Never-
theless, this effect increases the photoelectron yield by about 4 %, so that the
light yield has to be adjusted if no full optical module is simulated. The de-
tected pulse shape also gets slightly distorted, which is an effect that cannot
be corrected.

Simple Mode:

The computation time can be further reduced if no individual PMTs are
simulated. Instead, a photosensitive volume is introduced which divides the
buffer volume at a radius of 14.25m, where the PMT cathode would be.
The detection efficiency is angle dependent, to include the effects of the LCs.
As the optical coverage is increased from 30 % to 100 %, the light yield of
the simulation has to be further reduced. Due to angle dependent efficiency,
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the new light yield can not be easily calculated, but had to be determined
by a comparison between the photo electron yield of this mode and of the
detailed mode. The resulting light yield for the simple mode is 1180 photons
per MeV, which reduces the computation time by about 60 %, compared to
the PMT mode. Furthermore, the simulation of each PMT itself, which is
very time consuming, is no longer required so that the complete computation
time is reduced by a factor ~ 20.

As no indivual PMTs are simulated, only the integrated pulse shape over all
channels is available. Thus, this detection mode is not suitable to study the
position reconstruction of low energy events (E < 100 MeV), or the tracking
of high energy events (E > 100 MeV). But it can be used for many low
energy studies (e.g. solar neutrinos, supernova neutrinos, DSNB) where only
the energy and the integrated pulse shape of an event are important. Thus,
if not stated otherwise, this detection mode was used for the studies that are
presented in this thesis.

For all detection modes, several effects of the PMT were implemented?. First of
all, the detection time of the photon is smeared with a gaussian (o = 1ns), to
simulate the transit time spread of the PMT. Late pulses, which are photons that
are detected with a time delay [80], are also included. Prepulses, which are pulses
that are detected too early, were not simulated as their contribution is negligible.
Furthermore, fast after pulses, which are additional pulses that are generated in
correlation with a primary pulse, are implemented. Pulses that are not correlated
to a photon hit, so-called dark counts, were also simulated. A simple algorithm
was implemented to reduce the dark count rate. For each detected hit, the distance
to the event vertex was calculated and only hits with a distance of less than 30 m
were stored. This cut reduced the number of detected photons by about 3 %, while
it reduced dark counts by more than 50 %.

The parameters for all these PMT effects are denoted in Table 3.1.

3.1.2 Optical Model

As the scintillation model that is implemented in the GEANT4 code is not precise
enough?, a new model was developed for the simulation. The probability den-
sity function (PDF) F(t) of the photon emission process is described by several
exponential functions:

F(t) =Y Nig-3 (3.1)

3A complete description of these effects can be found in [80, 2].
4In the standard Geant4 model, the PDF of the photon emission process can only be described
by two exponential functions. Furthermore, quenching is not included.
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Transit time spread (o) | 1ns
Dark count rate 50 s~
Late pulse rate 5%

Late pulse time delay 50ns
After pulse rate 5%
After pulse time delay | 40ns

Table 3.1: The simulated PMT properties according to [80, 2]. The time delays
for late and after pulses were smeared with a gaussian with ¢ = 5ns. The dark
count rate corresponds to 0.7 kHz per 8-inch PMT.

where 7; is the time constant of the component i and N; is the mean fraction of
photons that are emitted with the time constant 7; (such that ) . N; =1). The
number of exponential functions is adjustable and a different value for N; and =
can be set for each particle, which is necessary to reproduce the pulse shape of
different particles.

In a liquid scintillator, the number of emitted photons is not proportional to the

energy of the particle. The so-called quenching can be described by the emperical
Birks formula [81]:

dL AdE
= % 7 (3.2)
dx 1 + kb&

where % is the number of photons emitted per unit path length, A is the light

yield and ky, is a specific parameter for the scintillator, which is different for each
particle. For electrons in the MeV range, kbi—g < 1 and the light output is almost
proportional to the deposited energy. But this is not the case for heavier particles,
like alpha and protons, at these energies, so that the quenching can not be neglected
anymore.

Two different photon scattering processes were included in the simulation. Besides
Rayleigh scattering, which is already implemented in GEANT4, there is also the
possibility that an absorbed photon is reemitted. This reemission process is not
instantaneous, but has a time delay which can be described by an exponential
PDF ?lee*”‘i

Additionally, the absorption of a photon without reemission was also implemented.

The properties of the optical model are summarized in Table 3.2 and Table 3.3.
No wavelength dependent effects were included in the simulation, which saves
computation time. Instead, the scattering lengths were set to the measured value
at 430 nm [44], which is close to the emission maximum of the scintillator.
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Parameter | Electrons | Alphas
Ny 0.71 0.44
No 0.22 0.16
N3 0.07 0.40
T 4.6 ns 3.2ns
Ty 18 ns 18 ns
T3 156 ns 190 ns
ky, 0.1535% | 0.1147%

Table 3.2: The photon emission parameters, according to [82, 83]. Note that the
values for k;, were taken from a measurement of the Double Chooz veto scintillator,
which consists of a mixture of 37.5% LAB and 62.5 % tretadecane [82].

Parameter Value
Rayleigh scattering length 40m
Absorption-reemission length | 60 m

Tre 1.2ns
Absorption length 20 m

Table 3.3: The values for the scattering and absorption lengths [44], as well as
for the reemission time constant 7, [48], which were used in the simulation. As
the absorption length can not be measured directly, it was set to a value that is in
agreement with the attenuation length measurements that were performed in [84].
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3.2 The Energy Reconstruction Algorithm

In order develop an energy reconstruction algorithm, the position dependence of
the photo electron yield had to be studied first. Therefore, electrons with 1 MeV
kinetic energy were simulated at different points in the detector. The points were
homogeneously distributed in x and in z direction (y=0 for all events), with 1m
distance between the points. Subsequently, the average photo electron yield was
calculated for each simulated position. Figure 3.2 shows the resulting position
dependence of the photo electron yield for the simple photon detection mode, where
no indivual PMTs were used. The detection times of the photons were corrected for
the time of flight between the event position and the detection position, and only
photons that were detected in the time interval [0ns, 600 ns| were counted. This
is the standard time gate for the analysis presented in this thesis, and was chosen
such that also the slowest component of the photon emission PDF can be detected
(see Section 3.1.2), while minimizing the number of detected dark counts. The
dark count and the afterpulse rate were statistically subtracted, so that the photo
electron yield correspond to the average number of detected photons per MeV.
This substraction can be done as the PMT properties should be well known before
the data taking starts, e.g. through an extensive testing of every PMT before it
is mounted in the detector®. Furthermore, it is possible to directly determine the
dark noise by measuring the number of PMT hits in an abitrary time window,
where no physical event was detected.

Furthermore, the results without LCs are also depicted (see Figure 3.2 (lower
part)). Obviously, the LCs have a big influence on the position dependence of the
photo electron yield. Without LCs, the photon electron yield rises with decreasing
distance to the edge of the target volume, where the photons are detected, because
the probability that they are absorbed in the scintillator is reduced.

With LCs, the position dependence of the photo electron yield is reduced, due to
the angle dependent detection efficiency. In the center of the detector (z < 30m),
the photo electron yield rises also with the radius until r &~ 10 m, though the in-
crease is smaller than without LCs. But if the distance to the PMTs decreases
further, the photo electron yield declines. The reason for this effect is that on
average many photons hit the photosensitive area under a large incident angle,
and are thus not detected.

As the photo electron yield varies from about 200 to 320 p.e. per MeV, the
position of the event has to be reconstructed to determine its energy. The position
can be determined with a resolution of about 10 cm (E=1MeV) from the number
of photons that are detected at each PMT and the arrival time of the photons,

5Another option is the calibration of every PMT once a week, by using LED light pulses,
which are delivered to the PMT through an optical fiber, as it was done for the Borexino Outer
Detector PMTs [71].
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Figure 3.2: The simulated position dependence of the photo electron yield for
the simple photon detection mode with (upper Figure) and without (lower Figure)
LCs. Note that dark counts and the after pulses were statistically subtracted.
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by using a negative logarithmic likelihood (NLL) fit [62]. This NLL fit is very
time consuming. Therefore, a simple method was used, which calculates the event
position p'from the vertex positions of all detected photons pyy(7):

N
F= hmi) - (3.3)
i=0
This method uses Monte Carlo truth informations, which are not available in the
real detector. Thus, the position resolution is overestimated. But the position
resolution of the detector should have a negligible effect on the energy reconstruc-
tion, as the changes of the photo electron yield over a distance of 10 cm are always
below 2 %.
As the position dependence of the photo electron yield cannot be described ana-
lytically, a simple and flexible approach was used to calculate the photo electron
yield from the reconstructed position.
In a first step, the simulated LENA detector was calibrated using electrons at three
different kinetic energies® (0.3 MeV, 0.5 MeV, 1.0 MeV), so that a possible energy
dependence of the photo electron yield is also accounted for”. In the simulation,
the only possible source for such an energy dependence is the quenching, while in
the real experiment, non-linearities of the electronics and the PMT charge response
could also introduce such an effect.
The calibration points were homogeneously distributed in x and in z direction
(y=0 for all events), with 1 m distance between the calibration points. This is
sufficient to identify all position dependent effects, as LENA is rotationally sym-
metric referred to the z-axis. Furthermore, only events in the upper half of the
cylinder (z > 0) were simulated, as the photo electron yield has the same position
dependence in the upper and the lower half of the cylinder. For each simulated
energy, 1500 events were simulated at each calibration point and the average photo
electron yield was calculated by fitting a gaussian.
Using these calibration data, the energy of an arbitrary event is reconstructed
in the following way. First of all, the position of the event is reconstructed and
the nearest calibration point is determined. Subsequently, the dark counts are
subtracted from the number of detected hits. Due to the dark count suppression
cut (see Section 3.1.1), the dark count rate also depends on the position (see Figure
3.3). The dark count rate at the event position DC(r, z) is calculated by making
a linear interpolation of the dark count rate at the adjacent calibration positions:
2| — 2

DC(r, z) = DC(re, z.) + %ADCr + 5 ——£ADC, | (3.4)

m

6The calibration energies are not fixed and can be adjusted for different use cases.
"For a list of possible calibration sources see [85].
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Figure 3.3: The position dependence of the dark count rate.

where DC(re, z.) is the dark count rate at the nearest calibration point, and ADC,/,
is the difference between the dark count rate at the adjacent calibration positions:

ADC, = (DC(re + 1m - sgn (r — r¢),2.) — DC(re,zc)) - sgn (r — rc) (3.5)
ADC, = (DC(r¢, z. + 1m - sgn (|z| — z.)) — DC(rc, z.)) - sgn (|z] — z) (3.6)

Afterwards, a first energy estimate Feg is calculated:

PhCOrr
PY(re, 2, 300keV) ’

Eest = (3.7)

where Pheo, = Phges — DC(r,2) is the dark count corrected number of hits and
PY(r., z., 300keV) is the photo electron yield at the closest calibration point for
the 300 keV calibration run. Using this energy estimate, the average photo electron
yield PY(r,z, Eest) is calculated by making a linear approximation of the photo
electron yield at the adjacent calibration points:

|Z| — Zc

PY (1,2, Best) = PY (e, Zea, Ec) + %APYr + APY, + APY, (3.8)

m m

where PY(r., 7., E¢) is the photo electron yield at the closest calibration position
and with the energy E., which is closest to the estimated energy. APY,/, is the
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difference between the photo electron yield at the adjacent calibration positions:
APY, = (PY(re +1m-sgn (r —r), %, Ec) — PY(re, z¢, E¢)) - sgn (r — 1)
(3.9)
APY, = (PY(re, e+ 1m- sgn (7] — 2.) , Ee) — PY(re, 20, E0)) - sgn (J2] — 7)
(3.10)

and PYg accounts for a possible energy dependence of the photo electron yield.
Depending on the estimated energy is it either:

Eest - EC

PYg = 02NV | (PY(re,2c,0.5MeV) — PY(rc, z.,0.3MeV)) (3.11)
if Eeet < 0.5 MeV or:
PYg = Fest — (PY( 1.0MeV) — PY( 0.5MeV)) (3.12)
E — 0.5 MeV TeyZc, 1. € IeyZc, U. € .

In case that the energy of the event is much larger than the calibration energies,
equation (3.12) usually overestimates PYg, due to the statistical fluctuations of the
calibrations measurements. Hence, for estimated energies above 2.0 MeV, equation
(3.12) is modified to:

PYg = 2+ (PY(re, Z, 1.0MeV) — PY(re, z, 0.5 MeV)) . (3.13)

Using PY(r, z, Eest) and the dark count corrected number of hits Phee,,, the recon-

structed energy E is:
Phcorr

© PY(1,2,Bey)
The reconstruction algorithm relies on the fact that the position dependence of
the photo electron yield is small compared to the position resolution (10cm at
1 MeV), so that a linear interpolation can be applied. But this is not the case
anymore at the edge of the target volume (see Figure 3.4). If a photon is emitted
between two optical modules (e.g. at z~ 0.5m, r 2 13.85m), the incident angle
of the photon to the surface normal of the LC is too large to detect the photon.
Thus, the photon can only be detected on the other side of the detector or if it is
scattered in the scintillator. But if it is emitted in front of the optical module, the
incident angle is low and the aperture of the LC covers a large solid angle. Hence,
the photo electron yield changes up to a factor of 5 over ~ 30 cm.

Due to these large changes over small distances, the energy of an event can not
be reconstructed precisely in this part of the detector. Thus, the volume that is
suitable for physical analysis is limited to r < 13.5m and |z| < 48.5m, so that the
distance of the event to the nearest optical module is always at least 0.5 m®. Thus,
the active detector mass is reduced from 50.8 kt to 47.8 kt.

E (3.14)

8This is only an upper limit. External gamma background (see Section 4.2.3) and fast neutrons
(see Section 6.3.2) can further limit the usable volume for the different measurements.
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Figure 3.4: The position dependence of the photo electron yield at the egde of
the target volume for the detailed photon detection mode. Due to the LCs, the
chance to detect photons that were emitted between two optical modules (e.g. at
7z~ 0.5m, r 2 13.85m) is low compared to the probability to detect photons that
were emitted in front a the PMT (e.g. e.g. at z~ 0.5m, r = 13.85m).
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3.3 Results

The energy reconstruction algorithm was validated in the following way: For each
calibration point, 1500 electron events with a kinetic energy of 1 MeV were simu-
lated at 0.5 m distance to the calibration point in z and in r direction. For example,
if the calibration point was at r=0m and z=0m, the events were simulated at the
position r=0.5m and z=0.5m. Thus, the distance to the nearest calibration point
was maximal, as the distance between two calibration point is 1m. Hence, the
algorithm was tested at the positions where the largest deviations between the
reconstructed and the true energy are expected. The reconstructed energy was fit-
ted with a gaussian and the shift of the mean reconstructed energy from the true
energy was calculated (Eec — Etrue). The results of this simulation are depicted in
Figure 3.5.

For the majority of the detection volume, the systematic energy reconstruction
error was between -1% and 1%. In the volume r < 10m and |z| < 40m, the
reconstucted energy tends to be too high. This behaviour changes when r 2 10 m
and the photo electron yield decreases with the radius (see Figure 3.2). The reason
for this effect is that the linear interpolation underestimates the rise of the photo
electron yield for r < 10m, and thus the reconstructed energy is on average too
high in this region. Once the photo electron yield decreases with the radius (for
r 2 10m and |z| < 40m), the linear interpolation returns on average a too large
photo electron yield, so that the reconstructed energy is lower than the true one.
The small scale structures that can be seen for |z| < 40m are due to statistical
fluctuations, as the statistical error of the mean reconstructed energy is about
0.15 %.

At the corner of target volume (r > 13 m and |z| > 48 m) the systematic shift of the
reconstructed energy rises up to 20 %. This is caused by the large changes in the
photo electron yield in this region, so that the linear approximation is not precise
enough. Thus, more calibration points are needed in this part of the detector. But
as the shift is not too large and as the volume is rather small (less than 0.1 % of
the total volume), the effect on the average systematic energy reconstruction error
is insignificant.

Figure 3.6 shows the ratio of the reconstructed to the true energy for 1 MeV elec-
trons, which were homogeneously distributed over the whole target volume. One
can see that the shifts that are present in Figure 3.5 are not detectable anymore
if one averages over the whole detetector volume. The reason for this is that some
of the shifts are due to statistical fluctuations and that only positions which were
at a maximal distance to the calibration points were tested.

The energy resolution at 1 MeV is about 6.5 %, while an energy resolution of 6.1 %
was expected from the averaged photo electron yield of 271. There are two reasons
for this deviation. First of all, dark counts worsen the energy resolution, though
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Figure 3.5: The position dependence of the systematic energy reconstruction
error for |z| < 48 m (upper Figure) and for r > 13 m and |z| > 48 m (lower Figure).

47



X2 [ ndf 93.58/73
Constant 4366+ 17.1
Mean 0.9998 + 0.0002
Sigma 0.06482 + 0.00015

4500

4000

3500

3000

2500

Number of events, arb. units

2000

1500

1000

500

'\‘—H\\‘HH‘HH‘HH‘HH‘HH‘HH‘HH‘HH'\

P P B L
0.8 0.9 1 11 1.2 13
Ratio of the reconstructed to the true energy

-

R

Figure 3.6: The ratio of the reconstructed to the true energy for 1 MeV electrons,
which were homogeneously distributed over the whole target volume. Furthermore,
a fit with a gaussian (red line) is also depicted.

this effect is not big enough to explain the shift alone. The second reason is
that the energy is not reconstructed without a systematic shift at all positions in
the target volume (see Figure 3.5). Though these shifts don’t have a detectable
effect on the average reconstructed energy, they still widen the distribution of the
reconstructed energy and thus worsen the energy resolution.

Figure 3.7 shows the energy resolution o for energies from 0.5 MeV to 10.0 MeV.
The energy dependence of o can be approximated with the function

og =a-\/E/MeV +Db (3.15)

where the parameter a depends on the average photo electron yield. The parameter
b had to be introduced to consider the systematic energy reconstruction deviation
at some positions in the target volume. It can be reduced if more calibrations
points are used, and if more events are simulated at each calibration point. Though
equation (3.15) is a good approximation, is not a completely correct model, as the
X2/NDF of the fit is 401.7/11.

A small systematic energy reconstruction shift of 0.5% to 1.0% was found for
energies above 1.5 MeV. The reason for this error is that the calibration runs had
only energies up to 1 MeV. While the error is not big, it shows that several sources
with a wide distribution of energies are needed for the calibration of the LENA
detector.
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Figure 3.7: The energy dependence of the energy resolution (black points). A fit
with the function o = a - \/E/MeV + b is plotted in red.
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Chapter 4

Test of the MSW-LMA Effect
with Solar B Neutrinos

There are several measurements that confirm the MSW-LMA effect in the vacuum
and in the matter dominated energy region (see Section 1.2). But a precision mea-
surement in the transition region between ~ 2MeV and ~ 5MeV is still missing,
as WCDs have a too high energy threshold and current LSDs are too small. A mea-
surement in this region is very important, as any deviation from the MSW-LMA
prediction would be a sign for new physics like non-standard neutrino interactions
or light sterile neutrinos (m,, < m,, < m,,) [19].

Due to its large target mass, a high statistics measurement of the ®B solar neutrino
recoil spectrum down to 2MeV will be possible with LENA. Therefore, the sensi-
tivity of LENA to deviations of P, from the MSW-LMA prediction was analyzed
with a Monte Carlo simulation.

In a first step, the solar neutrino spectra were simulated with the v, survival prob-
ability P, calculated according to the MSW-LMA prediction and with a constant
Pee (see Section 4.1). Afterwards, the different backgrounds were simulated (see
Section 4.2). In the next step, 10° measurements were simulated, assuming that
the MSW-LMA prediction is correct (see Section 4.3). Finally, for each measure-
ment a spectral fit with the MSW-LMA prediction and with a constant P., was
performed, to analyze how well these two models can be separated (see Section
4.4).

4.1 Simulation of the Solar Neutrino Spectra
There are two detection channels for ®B solar neutrinos in LENA. The elastic
neutrino electron scattering (ES) channel and the CC reaction of v, on 3C (13C

channel). Compared to the ES channel, the *C channel allows a better background
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suppression and an event by event reconstruction of the neutrino energy. The
disadvantage of this channel is that the statistics are reduced due to the low
isotopic abundance 1=1.07 % of 13C.

4.1.1 Elastic Neutrino Electron Scattering

In the elastic scattering (ES) channel, the electron neutrino scatters elastically off
an electron:

Uy t+e —ute (4.1)

and the recoil electron is subsequently detected. As it is not possible to detect
the scattered neutrino, the energy of the neutrino can not be reconstructed on an
event by event basis, as the energy of the electron also depends on the scattering
angle. Due to the kinematics of reaction (4.1), the recoil energy T of the electron
is limited to':
.
~m.+2E,’
where E, is the neutrino energy and m, is the electron mass. Thus, a monoenergetic
neutrino source, like "Be neutrinos, has a spectrum with a charactistic compton-
like shoulder.
If E, > m,, the total cross section can be approximated by the following expres-
sions:

(4.2)

E,

o, =92-107% eV cm? (4.3)
E,

O',/“/T =15 10_451\/[—@\/ Cm2 (44)

The larger cross section for electron neutrinos is due to the fact that electron
neutrinos can also interact via the CC channel.
For this analysis, the complete tree-level differential cross section® was used [42]:

2 2
;1_; _ ngne [AQEZ + B2 (E, — T)2 — ABmeT} ) (4.5)
7T 1%

where Gg is the fermi coupling constant and A and B are constants that de-
pend on the weak mixing angle 6. For v., A = —0.5 —sin? 6w and for V/rs

A = 0.5 — sin? fy. In contrast, B = — sin? Ay is independent of the neutrino flavour?.

n equation (4.2), the approximation m, = 0 was used.

2Loop corrections, which have an effect of about 1% on the total cross section, are not
considered in this analysis.

3To calculate the differential cross section for anti neutrinos, A and B needs to be exchanged.
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Source Flux
pp | 6.06-10% cm=2s~!
"Be 4.34-10°cm~2s7!
pep | 1.45-10%cm 257!
BN 2.01-10% cm—2
150 1.45-10%¢
g 3.25-10% cm 2
B 4.51-10%cm=2s7!
hep 8.25-10% cm 2571

-1

—2,—1

B B B

-1

=

S
S
S
S
S
S
S

Table 4.1: The average solar neutrino fluxes on earth according to the low metal-
licity BS05(AGS,0OP) standard solar model [14].

The electron recoil spectra for the ES channel were simulated in two steps. First of
all, the differential event rate for the different solar neutrino types was calculated
by integrateing over the neutrino energy:

dR,, Fmax do,, (E,,T)
c=n, - E,AE)) - Pee(E,)) ————= 4.
e [T ABAE) PuB) - e (4.6
dR, Eimax do,, (E,,T)
—+T =n,-P dE, AM(E,) - (1 — Peo(E,)) - ————= 4.7
e () (1~ Pu(,)) - oo (4.7

where T is the recoil energy of the electron, n, is the number of electrons in the
target volume, ® is the neutrino flux (see Table 4.1), E.x is the maximal neutrino
energy, A\(E,) is the normalized spectral shape of the neutrino flux, Pe.(E,) is
the energy dependent electron neutrino survival probability and w is the
differential cross section (see Section 4.1.1) for the corresponding neutrino flavour.
Afterwards, 10° electron events with a spectrum according to equation (4.6) and
(4.7) were simulated for each neutrino source. The event positions were ho-
mogeneously distributed over the whole usable target volume (r < 13.5m and
|z| < 48.5m). For each event, the visible energy was reconstructed according to
Section 3.2.

Figure 4.1 shows the obtained visible energy spectra for the different neutrino
sources. Pe(E,) was calculated according to the MSW-LMA prediction (see Sec-
tion 1.2) and the integral spectrum of the CNO-cycle is shown instead of the
spectral components (3N, %0, "F). The compton-like shoulders of the monoen-
ergetic "Be and pep neutrinos are clearly visible around 700keV and 1.2MeV,
while there is no edge for the continuous ®B spectrum. While the flux of the pp
neutrinos is the largest (see Table 4.1), they have also the lowest energy spectrum.
Hence, "Be neutrinos have the largest event rate due to the 200keV threshold and
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Figure 4.1: The simulated visible energy spectra for solar neutrinos with Pe.(E,)
according to the MSW-LMA prediction for the ES channel. The spectral shapes
of the neutrino fluxes were taken from [86, 87, 88, 89].
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the increased cross section at higher energies. Above ~ 1.5 MeV, the 8B spectrum
is the dominant one with more than two orders of magnitude more events than
the hep spectrum.

- ——— MSW-LMA prediction

—— P=const

10

Event rate, arb. units

10°

1
Visible energy, MeV

Figure 4.2: The normalized ®B spectrum for Po,=const (denoted in red) and P,
(denoted in green) according to the MSW-LMA prediction for the ES channel.

Figure 4.2 shows the normalized ®B spectrum for P (E,)=const and P (E,) ac-
cording to the MSW-LMA prediction. The difference between the two spectra
is relatively small compared to the difference in Pe.(E,) (see Figure 4.3), as the
signal at each electron recoil energy is a convolution of different neutrino energies.
Thus, large event numbers are necessary to distinguish between the two models
for Peo(E,).

4.1.2 Charged Current Reaction on 3C

Another possible detection channel for 8B neutrinos is the CC reaction of electron
neutrinos on 3C:
ve +13C - BN +e. (4.8)

The recoil energy of the ®*N nucleus is of the order of a few keV and is therefore
much smaller than the energy of the neutrino. Thus, it was neglected in the
following. Hence, the neutrino energy can be reconstructed from the recoil energy
of the electron T and the reaction threshold Q=2.22 MeV:

E,=T+Q. (4.9)
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Figure 4.3: Comparison between P, according to the MSW-LMA prediction (de-
noted in green) and the P, = const model (denoted in red), where Pe, = iﬁggg% =
0.301£0.033, according to the SNO measurements [28]. Note that the P, = const
model is always below the MSW-LMA prediction due to the uncertainties of the

SNO measurements and of the MSW-LMA prediction, which are not depicted here.

The cross section can be precisely calculated from the decay time of N [90]:

2 PeEe
MeV?2

where E, = E, — 2.22 MeV + m, is the electron energy, p, is the electron momen-
tum and F(Z =7,A = 13,E,) is the Fermi factor for '3N. At 10 MeV, the cross
section is o = 1.76 - 10742 cm?, which is about one order of magnitude larger than
the cross section of the ES reaction. But the natural isotopic abundance of 13C is
only 1.07% [90] and thus the number of electrons in the target volume is almost
three orders of magnitude larger than the number of *C nuclei. Hence, the event
rate of the *C channel is almost two orders of magnitudes lower than the event
rate of the ES channel, which prevented the use of this channel in Borexino.

The N nucleus, which was produced in reaction (4.8), decays with a life time of
T = 862.6s to 3C:

o=0.2167-10*cm

F(Z=17A=13E.) (4.10)

BN - BC+r, +et . (4.11)

The positron will annihilate with an electron after it has lost all its kinetic en-
ergy?, emitting two 511keV gammas. Hence, including the effects of the gamma

4There is also a small probability that the positron will annihilate before it has deposited all
its kinetic energy.
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quenching and the energy resolution of the detector, the reconstructed energy will
be between 0.8 MeV and 2.2 MeV in 99.9% of all cases.

The delayed coincidence of the prompt electron signal and the delayed positron
signal from the 3N decay can be used to suppress the background. As the life time
of 13N is quite long, an efficient background reduction is only possible if also the
spatial coincidence between the neutrino event and the 3N decay is used. Thus,
a candidate event will only be tagged if three conditions are fulfilled:

e The energy of the delayed event is between 0.8 MeV and 2.2 MeV.
e The delayed event was detected within a time interval At = a - 7(3N).

e The distance between the prompt and the delayed event is less thanr = b - o7,
where oy, is the position resolution of the detector.

The positon resolution increases with the energy and at 1MeV visible energy
op ~ 10cm [62]. In order to simplify the analysis, it was assumed in the following
that o, = 10 cm for all energies, which is a conservative assumption. The param-
eters a and b are free and can be varied for an optimal performance.

The detection efficiency €(a,b), depends on the efficiency for the time (e;(a)) and
space cut (e5(b)). Furthermore, the energy cut efficiency (eg = 99.9 %) also needs
to be considered, as the reconstructed energy can be outside of the delayed energy
window, due to the finite energy resolution of the detector. Assuming that €;(a),
es(b) and eg are independent of each other, the detection efficiency can be expressed
as:

e(a,b) = €(a) - (b) - €x . (4.12)
The efficiency for the time cut is the probability that the *N nucleus decays within
the time At = a - 7(1*N):
gla)=1—e?, (4.13)
and the efficiency for the spatial cut is the probability that the distance between
the prompt and the delayed event is less than r = b - o, [90]:

e,(b) = erf (g) - \/ge . (4.14)

For a=3 and b=3, the detection efficiency is about 75 %. The resulting background
suppression will be discussed in Section 4.2.

As the neutrino energy can be reconstructed from the kinetic energy of the electron
(see equation (4.9)), the differential event rate is given by:

dR,,

dE, = 11(130) - )‘(Eu> ’ Pee(Eu) (415>
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where n(**C) is the number of *C nuclei in the target volume, ® is the solar
neutrino flux, A(E,) is the normalized spectral shape of the neutrino flux and
Pee(E,) is the energy dependent electron neutrino survival probability.

Due to the 2.2MeV reaction threshold, the ¥*C channel is only sensitive to 8B
and hep neutrinos. As the flux of the hep neutrinos is more than two orders of
magnitude lower than the flux of the ®B neutrinos, the contribution of the hep
neutrinos to the 3C channel is neglected in the following.

Analogous to the ES channel, 10° electron events were simulated with a differential
event rate according to equation (4.15) and the event positions were homogeneously
distributed over the whole usable target volume (r < 13.5m and |z| < 48.5m). Af-
terwards, the visible energy was reconstructed for each event, using the algorithm
which was described in Section 3.2. Finally, the neutrino energy was determined
from the visible energy by using equation (4.9).

B8 rate: 675 counts/(y*47.8kt)

=
N

[y

o
o

N b—

Event rate, per y*47.8kt*10keV

o
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0.4

0.2

Neutrino energy, MeV

Figure 4.4: The reconstructed 8B solar neutrino energy spectrum with Pe.(E,)
according to the MSW-LMA prediction for the *C channel.

Figure 4.4 shows the resulting ®B solar neutrino spectrum with Pe.(E,) according
to the MSW-LMA prediction for the 3C channel. Compared to the spectrum for
the ES channel, a clear peak around ~ 10 MeV is visible. Due to the strong energy
dependence of the cross section, the lower part of the 8B spectrum is suppressed.
About 675 events per year are expected in the target volume, which is almost two
orders of magnitude less than for the ES channel, due to the low 3C abundance.
Thus, a high statistic measurement is not possible with this channel, but there
are still enough events to measure the unconvoluted shape of the oscillated *B
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Figure 4.5: The normalized ®B spectrum for Po.=const (denoted in red) and P,
(denoted in green) according to the MSW-LMA prediction for the *C channel.
The upper plot shows a zoom into the low energy region, where the difference
between P..=const model and the MSW-LMA prediction is maximal.
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spectrum. Hence, using the known ®B flux from the SNO measurements (see
Section 1.5.2), an energy dependent measurement of P, is possible.

Figure 4.5 shows the normalized ®B spectrum for P.(E,)=const and P.(E,) ac-
cording to the MSW-LMA prediction. Compared to the ES channel, the difference
between the two spectra is larger at low energies, as the 8B spectrum is uncon-
voluted®. But due to the higher statistics, the ES channel is still better suited to
distinguish between the two models (see Section 4.4).

4.2 Simulation of Background Spectra

Due to the low expected ®B event rate and because there is no distinctive event
signature for the ES channel, backgrounds are a crucial issue for the study of B
neutrinos. Furthermore, although the delayed coincidence signature of the 3C
channel allows a suppression of the background, the accidental coincidences can
not be neglected because of the long life time of ®N.

For the ES channel, there are three different types of background sources: cos-
mogenic radioisotopes, which are produced by cosmic muons traversing the target
volume, intrinsic radioactive background and external gamma rays from the tank,
the PMTs and the LCs (see Section 4.2.1, 4.2.2, 4.2.3).

The accidental coincidence of these backgrounds and of ES interactions of solar
neutrinos provide a background for the *C channel (see Section 4.2.4).

4.2.1 Cosmogenic Radioisotopes

Cosmogenic radioisotopes are produced inside the target volume by muon-induced
spallation reactions on the carbon nuclei. The subsequent decays of these radioiso-
topes pose a background for the ®B neutrino detection. As the majority of these
radioisotopes have a lifetime of ~ 1s or shorter [29, 51], they can be easily tagged
by looking for the coincidence with a cosmic muon, without introducing a large
dead time. The remaining cosmogenic radioistopes are "'C (8%, 7 = 29.4min),
0C (8T, 7=27.8s) and "Be (57, 7 = 19.95) (see Table 4.2).

The spectra of these radioisotopes were determined in two steps. First of all,
the spectral shapes were simulated with the GEANT4 based Monte Carlo simu-
lation. Therefore, 10 decays of each radioisotope were simulated in the target
volume, using the G4Radioactive module [76]. Afterwards, the rates observed in
the Borexino experiment (Rg) [29, 27]° were scaled to obtain the expected rates

5The spectrum is of course still convoluted with the detector resolution.

6 After the analysis which is presented in this Chapter was finished, new results for Borexino
were published [47]. As the new results are in agreement with the old ones, they would not alter
the results of the study which is presented here.
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Isotop | Decay Type | Q-Value [MeV] | Life time | Rate [cpd/ kt]
e G 2.0 29.4min 54
e 3+ 3.7 9785 1.0
1B 3~ 11.5 19.9s 6.4-1072

Table 4.2: List of the cosmogenic radioisotopes with life times above 2s.

for the Pyhésalmi location (Rp):

Op

Rp =Rp- 5 - (4.16)
B

where @ = 0.235m2h™! is the expected muon flux at 4km w.e. depth [53] and

P = 1.22m 2h~! is the muon flux at the location of the Borexino detector [44].

No scaling was applied for the different mean muon energies and scintillator com-

positions as they have a negligible effect on the rates [71].

C11 rate: 2.6e+03 cpd/47.8kt

C10 rate: 49 cpd/47.8kt

10 Bell rate: 3.1 cpd/47.8kt

B8 rate: 1.7e+02 cpd/47.8kt

Event rate, per d*47.8kt*10keV
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Figure 4.6: The simulated background spectra for the cosmogenics isotopes 1 C,
10C and "'Be. Furthermore, the expected 8B spectrum is shown for comparison.

Figure 4.6 shows the resulting cosmogenic background spectra. The largest contri-
bution is from 'C which surpasses the ®B rate by almost two orders of magnitude.
Due to the long life time of 'C, an efficient tagging of *C based only on a time
coincidence with the parent muon would introduce a too large dead time. It has
been shown in Borexino that the " C background can be reduced by a factor of
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Isotop | Decay Type | Q-Value [MeV] | Life time | Rate [cpd/ kt]
Ui | 3~ (99.98 %) 3.3 98.7 min 17.2
24B; | o (0.02%) 5.6 98.7min | 3.4-107
208 B~ 5.0 4.4 min 0.16

Table 4.3: List of the intrinsic radioisotopes with Q-Values above 2.0 MeV.

10 based on a Three-Fold Coincidence (TFC) of cosmic muons, neutrons and 'C
decays that uses both time and spatial information [17]. But as the " C signal
would still be one order of magnitude larger than the 8B signal, this reduction is
not enough. Thus, the ®B spectrum can not be measured below 2 MeV.

The second largest background is caused by °C, which surpasses the *B signal
between ~ 2MeV and ~ 3MeV by almost a factor of two. As there is a small
probability that the '°C nucleus decays via an electron capture instead of a 87
decay, a small side peak around 0.7 MeV is also visible. Due the different spectral
shape of 1°C and ®B, this background could be reduced statistically by a spectral
fit. But it is also possible to tag °C on an event by event basis. °C is produced
either directly by a cosmic muon, or in an electromagnetic or hadronic shower
that was induced by a muon. Thus, the °C event can not be far away from the
muon track. Hence, it is sufficient to veto a cylinder with 2m radius around a
muon track for At =4 - 7(1°C) = 111.2s to reduce the °C rate by a factor of 50,
so that the 1°C spectrum is always at least one order of magnitude below the 8B
spectrum. Furthermore, by analyzing the vetoed data it is possible to determine
the remaining '°C rate. Hence, the '°C background can be further reduced by a
statistical subtraction. As only a small volume around each muon is vetoed, the
dead time amounts to an acceptable level of about 9.1 %. This cut also reduces
the ''Be background by more than two orders of magnitude to a negligible level
of 0.01 counts per day.

Figure 4.7 shows the final cosmogenic background spectra after this cut is applied.

4.2.2 Instrinsic Radioactive Background

Besides cosmogenic radioisotopes, there is also an intrinsic background from ra-
dioactive impurities in the scintillator. The level of radiopurity that will be reached
in LENA depends on many factors and is hard to predict. Hence, in the following
it will be assumed that the radiopurity levels of Borexino are reached”.

"Note that the radiopurity levels of the first data taking phase of Borexino are used and
that the current radioactive background rates are much lower due to the several purification
campaigns.
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C11 rate: 2.3e+03 cpd/43.4kt

C10 rate: 0.87 cpd/43.4kt

Bell rate: 0.01 cpd/43.4kt
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Figure 4.7: The simulated background spectra for the cosmogenics isotopes " C,
19C and 'Be after a time and space cut around each cosmic muon track is applied.
Furthermore, the expected ®B spectrum is shown for comparison.

The only intrinsic radioisotopes in the Borexino detector with a Q-Value above
2MeV are 2MBi (?*®U chain, Q=3.3MeV) and ?%TI1 (***Th chain, Q=5.0 MeV)
(see Table 4.3) [29]. 2"Bi decays with 99.98% branching ratio to *'*Po, which
subsequently decays with a life time of 7 = 237 us to 21°Pb [91]. This delayed
coincidence between the 2“Bi and the ?'*Po decay can be used to tag the 24Bi
events. Therefore, this background can be reduced to a negligible level and is not
considered anymore in the following. As the lifetime of 2'*Po is below 1ms, this
cut reduces the detection efficiency only by an insignificant amount.

Figure 4.8 shows the simulated 2°8T1 spectrum. As it was done for the simulation of
the cosmogenic background, 10° events were simulated in the target volume, using
the G4Radioactive module [76]. 2T1 3~ decays under the emission of at least two
gammas with a minimum combined energy of 3.2MeV [91]. Thus, the typical g
spectrum is shifted by ~ 3.2 MeV. Due to the large range of the gammas, there is
a small chance they do not deposite their whole energy in the target volume. This
creates the small side peak, that is visible between ~ 1 MeV and ~ 3 MeV and
vanishes when 2%T1 is simulated in the center of the detector, so that all gammas
are detected.

The 2°°T1 background surpasses the ®B signal between about 3.5 MeV and 4.5 MeV
by up to 50%. Due to the different shapes, it is possible to separate the 2°8TI
spectrum from the ®B spectrum by a spectral fit. But there is also another, more
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Figure 4.8: The simulated 2°®TI spectrum. Furthermore, the expected ®B spec-
trum is shown for comparison.

precise possibility. 2%®T1 is produced by the o decays of ?'2Bi. 2!2Bi also decays
with a branching ratio of 64 % into 2'2Po, which subsequently decays with a life
time of 7 = 0.4 us to 2®®Pb. This delayed coincidence can be used to measure the
amount of 2'?Bi and therefore also the 2°®TI rate. As more than 2 - 10* Bi-Po
coincidences are expected per year, the 2°*T1 background can be determined with
less than 1% uncertainty. Thus, 2°TI can be subtracted statistically from the
measured spectrum.

4.2.3 External Gamma Background

Gamma rays from radiactive impurities outside of the target volume can enter the
scintillator volume and provide a background. The dominating contributions come
from the concrete tank, the PMTs and the LCs.

Gamma Sources

The main sources for gamma decays outside of the target volume are “°K, 238U,
232Th and the corresponding daugther nuclides of #*¥U and 3?Th [92, 52].

10K decays with 10.7% probability to “°Ar (87, EC) and emits a 1.46 MeV gamma,
otherwise it decays to “°Ca (37) without emitting a gamma [91]. Above 250 keV,
only ?2Ac, 212Pb, 22Bi and 2%®T1 contribute to the background from the #*2Th
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chain, with 2°®T1 being the dominant one with a gamma energy of 2.6 MeV. From
the 28U chain, only #*'Pa, 2'Pb and 2'Bi contribute to the background [93].
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Figure 4.9: Normalized gamma spectrum of the ?*?Th chain above 250 keV.
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Figure 4.10: Normalized gamma spectrum of the 23¥U chain above 250 keV.

Figure 4.9 and 4.10 show the gamma spectrum for the ?>Th chain and the 23¥U
chain, assuming that the decay chains are in equilibrium. While the majority
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40K 2387 chain | 2*?Th chain
Tank | 13MBq 1.1GBq 178 MBg

PMTs | 14kBq 229 kBq 24 kBg
LCs | 0.86kBq 13kBq 41kBg

Table 4.4: The gamma rates above 250 keV of the different sources.

of the gammas are below 2MeV, there is also a small fraction above the 2 MeV
detection threshold for ®B neutrinos (ES channel). These gammas are a dangerous
background as they have large range. Furthermore, they provide a background
in the transition region between vacuum and matter dominated oscillations (see
Section 1.2).

Additionally, the gammas below 2MeV pose a background for the 3C channel,
and need to be considered for the calculation of the accidental background rate
(see Section 4.2.4). Thus, for a test of the MSW-LMA prediction and a possible

detecton of new physics it is crucial to suppress the external gamma background.

Table 4.4 shows the integral gamma rates above 250 keV for the different sources.
For the tank, the radioactive impurity level of the concrete that was used at the
LNGS was assumed [52]. A tank mass of 7.21 - 10° kg was assumed, which cor-
responds to a 100m height tank with 32m diameter, 30 cm wall thickness and
a concrete density of 2.37-£;. In reality, the tank wall will be 60 cm thick and
cylindrical cavities with 30 cm diameter will be left open to leave space for instal-
lation (e.g. cooling or active leak proving). Thus, the tank mass and therefore
the gamma activity will be larger than what was assumed for this study. But due
to the self-shielding of the concrete tank, the resulting gamma rate in the target
volume is only underestimated by a few percents. Furthermore, this effect is at
least partly compensated because the stainless steel sheets, which are welded to
the tank walls, are not included in the simulation.

For the PMTs and LCs, it was assumed that 71642 8-inch PMTs are used and the
radioactive impurity levels were taken from the Borexino experiment® [92].

Due to the large mass, the gamma activity from the concrete tank is about four
orders of the magnitude larger than the gamma activity from the PMTs and the
LCs. In the current design of LENA, this is the reason to install the PMTs 2m
in front of the tank walls and to optically separate the volume behind the PMTs
from the detection volume (see Section 2.1). The gamma activity of the PMTs
and the LCs is comparable, though the 2?Th activity is larger for the LCs.

8Note that materials with a higher radiopurity level can possibly be used for the LCs in
LENA, as LAB is used as liquid scintillator instead of pseudocumene.
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Simulation Setup

Because of the large gamma activity, computation time is a critical issue. A full
simulation of all gammas that are emitted from the tank during one day would
take years of computation time, even if no scintillation light is simulated.

Thus, the simulation was splitted into two parts to save computation time. In
the first step, the gammas were started at their corresponding source and tracked
until they reached the target volume or were absorbed in the buffer volume. If
gammas from the tank were simulated, they were started at a random position in
the tank, to include the self-shielding effect of the tank. For the simulation of the
gamma background from the PMTs, a random PMT was chosen and the gammas
were started at the photocathode, as it is the dominating radioactive source in the
PMT. If gammas from the L.Cs were simulated, a random LC was chosen and the
gammas were started at a random position in the corresponding LC.

The gamma energy was chosen according to the gamma spectrum of “°K, 2%2Th
or 238U. The gamma was emitted isotropically, but it was not tracked when it was
directed outwards to the water tank, as the probability to reach the target volume
is very low in this case. Thus, the simulation was speed by up a factor of two. To
further reduce the computation time, the produced secondary particles were not
tracked.

If the gamma reached the target volume, the simulation of the event was stopped
and the position, energy and momentum direction of the gamma were saved. Fur-
thermore, the initial position, energy and momentum direction of every produced
secondary particle were also saved.

In the second step, the gamma and the secondary particles were started at the
saved positions, and both were tracked until they were stopped. The visible energy
of the event was reconstructed (see Chapter 3) and the photon barycenter was
also calculated. Afterwards the photon barycenter position was smeared with a
gaussian with a standard deviation according to the energy dependent position
resolution [62]. Including the position resolution of the detector is important,
as the number of background events decreases with the radius. Thus, the spill-in
effect of gammas, which were produced outside of a certain fiducial volume but were
reconstructed inside of the volume, is greater than the spill-out effect of gammas,
which were produced inside of a certain fiducial volume but were reconstructed
outside of the volume. Hence, the position resolution has an effect on the effective
gamma range.

As only gammas which reached the target volume were simulated in the last step,
the computation time was reduced by up to four orders of magnitude, depending
on the gamma source.
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Results

Figure 4.11 shows the resulting external gamma background spectrum for 13.5m
fiducial volume radius (|z| < 48.5m) and the contribution of the indivual sources.
Below ~ 2MeV, the background from the PMTs dominates, due to the large U
activity and the short distance to the target volume.

Above ~ 2.3MeV, the LCs have the largest contribution, because of the larger
B2Th activity. The decay of 2°TI, which is part of the ?2Th chain, causes the
peak at about 2.5 MeV, although the gamma energy is 2.6 MeV. The reason for
this effect is that the gamma loses its energy mainly via multiple compton scatters.
Thus, the energy is transferred to multiple electrons, which have a low energy and
are therefore quenched (see Section 3.1.2).

Contrary to the PMTs and LCs, only the ?°®T1 peak at about 2.5MeV is visible
in the background spectrum from the tank. The reason for this is that there is
a large probability that the gammas compton scatter in the buffer liquid before
they enter the scintillator volume. Thus, the gamma peaks, except the 28T1 peak,
are smeared out and are no longer visible. The 2°®T1 peak is visible because it
has the largest energy and is therefore not covered by compton scattered gammas.
Furthermore, it also has the largest range due its high energy. This loss of energy
in the buffer volume is also responsible for the rise of the gamma background rate
below ~ 0.4 MeV.

Compared to the 8B rate, the gamma background is almost six orders of magnitude
larger. Thus, a fiducial volume cut has to be applied to reduce the external gamma
background. As the simulated statistics were limited for smaller fiducial volumes,
another simulation with a further optimized setup was performed. In the first
step, the gammas were tracked until they reached a fiducial volume with 13m
radius (|z] < 48.0m) and no scintillation light was generated in the target volume.
Again, only the gammas which reached the fiducial volume were simulated in
the second step. As the produced secondary particles were also simulated in the
second step, the scintillation of the event is simulated correctly. But as a full
detector simulation was only performed for the gammas that reached the fiducial
volume, the computation time could be further reduced by more than two orders
of magnitude.

Figure 4.12 shows the external gamma background spectrum for 12m fiducial
volume radius. Compared to Figure 4.11, the gamma background below ~ 1 MeV
ist strongly supressed and the 2°®TI peak at 2.5 MeV is clearly dominating. The
reason for this is that the mean free path length of the gamma increases with the
energy. Thus, low energetic gammas are stronger suppressed by the additional
1.5 m shielding. Overall, the gamma background rate was reduced by about three
orders of magnitude, which is still too high to detect ®B neutrinos below 3 MeV.
Figure 4.13 shows the external gamma background rate for different fiducial vol-
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Figure 4.11: The external gamma background spectrum for 13.5m fiducial vol-
ume radius. Besides the total background (denoted in black), the individual con-
tributions from the tank (denoted in red), the PMTs (denoted in green) and the
LCs (denoted in cyan) are also depicted.
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Figure 4.12: The external gamma background spectrum for 12 m fiducial volume
radius. Besides the total background (denoted in black), the individual contribu-
tions from the tank (denoted in red), the PMTs (denoted in green) and the LCs
(denoted in cyan) are also depicted.
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umes, ranging from 10.5m to 12m radius. Even at 10.5m fiducial volume radius,
the gamma background is still higher than the ®B signal. Below 10.5m, the statis-
tics was too small to calculate the gamma background rate precisely. Thus, the
gamma background rate was fitted with an exponential function, so that the rate
can be extrapolated to smaller fiducial volume radii. The goodness of the fit was
x?/ndf = 6.336/5, which shows that this is a good approximation. Using this ex-
trapolation, the external gamma background rate at 9m fiducial volume radius
was calculated to be below 1 count per day.

X2/ ndf 6.336/5
- 10°F constant -37.37 £ 0.1647
8 F att. length  0.2434 + 0.0008232
§ [
=
& 10E
10*

10°

I Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il I Il Il
10.4 10.6 10.8 1 11.2 11.4 11.6 11.8 12
fiducial volume radius, m

Figure 4.13: The external gamma background rate, depending on the fiducial
volume radius. Furthermore, a fit with an exponential function is depicted in red.

This is more than one order of magnitude less than the 8B signal. Thus, the fiducial
volume radius was chosen to be 9m for the analysis of the ®B spectrum below
3.5MeV and the external gamma background was neglected in the following. This
cut reduced the fiducial mass from 47.8kt to 19.3kt. Above 3.5 MeV, the fiducial
volume radius can be increased to 13.5m?, as no external gamma background is
present at these energies.

4.2.4 Accidental Coincidences

The 3C channel has a destinctive event signature of a prompt signal which is
followed by the decay of 3N with 7 = 862.6s. Thus, the background can be

9At larger radii, the photoelectron yield is too inhomogenous (see Section 3.2) to reconstruct
the energy precisely.

70



suppressed by looking for the coincidence in space and time of the prompt and
the delayed signal. But due to the low event rates and the long life time of 13N,
accidental coincidences of the different background sources can not be neglected.
Background source are cosmogenic radioisotopes (see Section 4.2.1), radioactive
impurities in the scintillator (see Section 4.2.2), external gamma rays (see Sec-
tion 4.2.3) and the ES interactions of solar neutrinos. Two background events
are tagged as an *C candidate event if the time between the events is less than
37(*¥N) = 0.72h, the distance between the reconstructed positions is less than
3o, = 30cm and energy of the delayed event is between 0.8 MeV and 2.2 MeV. If
the position of the prompt and the delayed event is uncorrelated, the probability

for an accidental coincidence is'?:

4
Puncorr. = Rdel.gﬂ- (30p)3 P 37—(13N) ’ (417)

where Rge. is the rate in the delayed energy window and p = 0.86g/cm? is the
density of the scintillator. If the prompt event is not a gamma background event,
the position of the prompt and the delayed event is always uncorrelated!!. Using
a fiducial volume with a radius of 11 m, the background rate in the delayed energy
window can be calculated from the individual background sources:

cpd

Ry = RS + Rinbrad- 4 Reosm. 4 RIS — 99 3 Sl (4.18)

where R is the external gamma rate, Rt instrinsic radioactive background

rate, Riy™ is the cosmogenic radioisotopes rate and Rg’elijs is the ES rate of solar
neutrinos in the delayed energy window (see Table 4.5). Using equation (4.17),
the probability for an accidental coincidence is Pupcorr. = 2.89 - 107*. Thus, the
intrinsic radioactive background, the cosmogenic background and the background
from ES interactions of solar neutrinos are suppressed by almost four orders of
magnitude.

If the prompt event is a gamma background event, one has to distinguish between
two cases. If the delayed event is not a gamma, the background rate in the delayed
energy window is:

cpd

Raat = REG™ + REG™ + R® =854 — (4.19)

and the probability for an accidental coincidence can be calculated with equation
(4.17) to be Puneor. () = 2.49 - 1074

10T the following, the approximation e ™ =~ 1 — x was used.

1Tt is also possible to have a correlated background if two cosmogenic isotopes are produced
close to each other by one traversing cosmic muon. But as the probability for this case is very
low, it was neglected in the following.
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Background source Rate [cpd/kt]
Cosmogenic radioisotopes 53.9
Intrinsic radioactivity 17.7
External gammas 13.9
ES of solar neutrinos 13.8

Table 4.5: The background rates in the delayed detection window between
0.8 MeV and 2.2 MeV.

In case that both events are due to gamma background, the probability for an
accidental coincidence P.u, () is much higher, as the gamma events are not ho-
mogenously distributed over the target volume (see Figure 4.13). Hence, P (Z)
depends on the position ¥ of the prompt event:

Pl (@) = dmp - 37(°N) - [ RE(IOGa, — |7~ e (420)
where RZ’S'V(F) is the simulated position dependent gamma background rate and
O(x) is the heavyside function. Averaging over all positions inside a fiducial volume
with 11 m radius, the probability for an accidental coincidence between two gamma
events was calculated to be Peoy (7) = 2.62-1073. Thus, the external gamma
background is only suppressed by a factor of about 400, which is almost one order
of magnitude less than for the other backgrounds.

Figure 4.14 shows the total accidental background spectrum for the 3C channel.
Note that the energy was reconstructed according to Section 4.1.2. Below about
5MeV neutrino equivalent energy, the accidental background is more than two or-
ders of magnitude larger than the ®B signal, which dominates above E, ~ 5MeV.
The dominating background source between E, ~ 3MeV and E, = 5MeV are ex-
ternal gammas. This background could be suppressed by using a smaller fiducial
volume, which would also reduce the background above E, ~ 5MeV, as the back-
ground rate in the delayed energy window and thus the probability for an accidental
coincidence would be reduced. But this would reduce the already limited statistics
of the 13C channel even further. Thus, the fiducial volume was set to 11 m for the
following analysis, as a compromise between background level and signal statistics.
Below E, ~ 3MeV, ES interactions of “Be solar neutrinos and the alpha decays
of 2'%Po are the largest background. The small peak at E, ~ 6 MeV is due to
intrinsic decays of 2°8T1. Apart from this background, the ES interactions of B
solar neutrinos and ''Be cosmogenic radioisotopes are the largest backgrounds
above E, ~ 5MeV.

Above about 5 MeV neutrino equivalent energy, the ®B signal is at least one order
of magnitude larger than the accidental background. Hence, a measurement of the
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Figure 4.14: The accidental background spectrum for the 3C channel, using a
fiducial volume with 11 m radius. Furthermore, the expected ®B spectrum is shown
for comparison. Note that the energy of both the background and the ®B events
was reconstructed according to Section 4.1.2.

8B neutrinos with the 3C channel is possible above 5MeV, but is prevented at
lower energies by the accidental background.

4.3 Analysis Procedure

Using the simulated neutrino and background spectra according to the MSW-
LMA prediction (see Section 4.1 and 4.2), 10° five year long measurements of the
8B neutrino spectrum were simulated with the ROOT package [94]. Afterwards,
the simulated data was analyzed independently for the *C channel (see Section
4.3.1) and the ES channel (see Section 4.3.3). Finally, the results for both channels
were combined (see Section 4.3.3) to maximize the sensitivity of the analysis.

4.3.1 3C Channel

The fiducial volume radius was set to 11 m to suppress the external gamma back-
ground to an acceptable level, without reducing the already limited statistics too
much. For each simulated measurement, the expected accidental background spec-
trum was substracted from the simulated spectrum of the 3C channel to get the
8B spectrum. This subtraction is possible as the accidental background spectrum
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can be measured independently by looking for events which do not fulfill the space
and time coincidence requirement. While systematic errors of the background mea-
surement cancel, the statistical error of the background measurement introduces a
systematic error to the measurement of the ®B spectrum. But as the statistics is
much larger for the events which are off coincidence, this systematic error is much
smaller than the statistical error of the ®B measurement. Hence, it is neglected in
the following.

Subsequently, the measured 8B spectrum is divided by the expected unoscillated
spectrum to get the energy dependent survival probability, without considering the
uncertainty of the expected 8B rate. In the last step, the survival probility is fitted
with the MSW-LMA prediction and with a constant, using a x? minimization. The
MSW-LMA prediction was scaled with a free parameter, which was determined
by the fit and the value of the constant was also not restricted. Thus, the analysis
is only sensitive to the shape of P, and not to the absolute value. Hence, the
uncertainty of the expected 8B rate does not have any effect on the sensitivity of
this analysis.

Figure 4.15 shows the results for one example measurement. While an indication
for an upturn at 5 MeV is visible, it is statistically not significant enough to exclude
the P, = const hypothesis, due to the low statistics of the '3C channel. Overall,
the average exclusion significance is below 1.
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Figure 4.15: The measured electron neutrino survival probability after 5 years,
using the 13C channel. Furthermore, a fit with the MSW-LMA prediction (depicted
in green) and with P., = const (depicted in red) is shown.
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4.3.2 Elastic Scattering Channel

Two different fiducial volumes were used in the analysis of the simulated data. For
electron recoil energies between 1.9 MeV and 3.5 MeV, the fiducial volume radius
was set to 9m to reduce the external gamma background (see Section 4.2.1) and
for higher energies the full fiducial volume with a radius of 13.5m was used to
maximize the statistics'?.

For the ES channel, it is not possible to directly calculate P, from the measured
8B spectrum, as the neutrino energy can not be reconstructed on an event per
event basis. Thus, the simulated spectrum was fitted with the expected spectrum
according to the MSW-LMA prediction and the P, = const hypothesis, using a
x? minimization, to distinguish between the two models. For both fits, the 8B rate
and the corresponding background rates were left as fit parameters.

As the contributions of the different background can be measured independently
(see Section 4.2.1 and 4.2.2), this information was included into the x? function
by adding so-called pull terms [95]:

Xoot = X° + X123u11 (4.21)
k 2
(A — )
Xﬁull = Z % ) (422>
j=1 Aj

where k is the number of parameters with prior information, A; is the value of the
parameter j, u; is the expected value of the parameter j and oy, is the uncertainty
of the parameter j.

The expected uncertainties of the background rates are shown in Table 4.6. The
uncertainties of the cosmogenic radioisotope rates were taken from the KamLAND
(1°C and 'Be) [51] and the Borexino experiment (1'C) [27]. The uncertainty of
the hep rate was taken from [23] and the uncertainty of the 2*®T1 background was
estimated from expected number of Bi-Po coincidences (see Section 4.2.2).

Figure 4.16 shows the results of the fit for one example measurement. Above
~ 3MeV visible energy, the data is consistent with both the MSW-LMA predic-
tion and with the P, = const hypothesis. But below ~ 3MeV, the MSW-LMA
prediction is clearly favored, which shows the importance of measuring the 8B
spectrum below 3 MeV, which is not possible with current WC and LS detectors.

12The other part of the target volume can not be used for physics analysis, as the photo
electron yield changes to much over short distances in this part of the detector, which prevents
a precise energy reconstruction (see Section 3.2).
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Background | Rel. uncert. of the rate
hep 20 %
208 1%
1o¢ 10%
e 0.7%
Be 20 %

Table 4.6: The expected uncertainties of the background rates for the ®B mea-
surement.
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Figure 4.16: The total spectrum for the ES channel after 5y measuring time.
Furthermore, a fit according to the MSW-LMA prediction (depicted in green) and
according to P. = const (depicted in red) is shown.
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4.3.3 Combined Analysis

After the simulated data from the ¥C channel and the ES channel were analyzed,
the x? values of the corresponding fits were added for both P, models. From this
x? value and from the corresponding number of degrees of freedom, the probability
that the MSW-LMA prediction and the P., = const model is consistent with the
data was calculated'®. To exclude the effects of statistical fluctuations of the sim-
ulated data, this process was repeated for each of the 10° measurements. Finally,
the probability that the Po, = const hypothesis can be excluded with 30 and 5o
significance was calculated, assuming that the MSW-LMA prediction is correct.

4.4 Results

4.4.1 °B Rate

Figure 4.17 shows the distribution of the reconstructed 8B rate, using the spectral
fit of ES channel data after 5 years measuring time. The deviation from the
expected rate is 0.06 %, which shows that the fit method works and produces
correct results. The statistical error of the ®B rate measurement is ~ 0.2 % which
is about a factor of 5 better than the current Super-Kamiokande results [41].
Thus, the precision of the 8B flux measurement is not limited by the statistics, but
will depend on the systematic errors, which are unknown at the moment (see [29]
for a list of possible systematic errors). A high precision measurement of the *B
flux would allow to distinguish between the low and high metallicity model (see
Section 1.3) if the theoretical uncertainties of the solar neutrino fluxes are reduced
in the next decade.

Even if the theorectical uncertainty of the ®B flux is too large to distinguish between
the two metallicity models, the measured 8B flux could still have an impact on
the significance of a combined analysis with the CNO flux, which is more sensitive
to the metallicity, but which is also more challenging to measure. Thus, it is
important to have an extensive calibration campaign at the beginning of the data
taking, to reduce the systematic errors as much as possible.

4.4.2 Detection of the °*B Upturn

Figure 4.18 shows the probability distribution of the x? test with the MSW-LMA
prediction for 5y measuring time. As the data was generated according to the
MSW-LMA prediction one would expect a flat probability distribution with 0.5

13Contrary to the Bayesian approach, the x? test does not calculate the probability that the
tested model is correct.
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Figure 4.17: The ratio of the reconstructed to true ®B rate for 10° independent
5year long measurements. Additionally, a fit with a gaussian is shown in red.

mean probability. The fact that the distribution rises slightly to higher probabili-
ties shows that the calculated x? value has some deviation from a x? distribution.
A possible explanation is that the x? distribution assumes that the entries in each
bin have a gaussian error, which is only a good approximation if the number of
entries per bin is large. The lowest number of entries per bin is about 200 for
the fit of the ES channel and 50 for the fit of *C channel, which could explain
the small deviation. Nevertheless, because the deviation from the x? distribution
is small, the effect on calculated signifance of the exclusion of the P, hypothesis
should be negligible!4.

While the systematic errors are important for the 8B flux measurement, they have
a negligible effect on the exclusion significance of the P, = const hypothesis, as
the fits are only sensitive to the shape of the 8B spectrum and not to the detected
rate. Hence, systematic errors can be neglected unless they are energy dependent,
which emphasises the importance of a precise energy calibration up to 10 MeV (see
[29] for description of possible calibration sources).

Table 4.7 shows the results of the x? test for the P, = const hypothesis. After
two years measuring time, the P., = const hypothesis can be excluded with 5o
significance for 43.4 % of all simulated measurements. Assuming that the MSW-

4Note that the mean probability for the true model is shifted to a higher value. Thus, the
calculated signifance of the exclusion of the P.. = const hypothesis should be lower than the
true one. Hence, the assumption that the calculated x? value follows an ideal x2 distribution is
conservative.
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Figure 4.18: The probability distribution of the y? test with the MSW-LMA
model for 5y measuring time and 10 independent measurements.

measuring time | prob. for a 3¢ excl. | prob. for a 50 excl.
1 years 40.5% 2.5%
2 years 94.9 % 43.4%
3 years 99.9% 92.5%
4 years 100 % 99.8%
5 years 100 % 100 %

Table 4.7: The significance of the exclusion of the P, = const hypothesis, for
measuring times ranging from 1y to 5y.
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measuring time | prob. for a 3o excl. | prob. for a 5o excl.
1 years 23.6 % 0.8%
2 years 90.4 % 34.6 %
3 years 99.8% 86.7 %
4 years 100 % 99.4%
5 years 100 % 100.0%

Table 4.8: The significance of the exclusion of the P, = const hypothesis, for
measuring times ranging from 1y to 5y and for a two orders of magnitude larger
intrinsic radioactive background than in Borexino.

LMA prediction is correct, the upturn of the ®B spectrum at low energies can
be detected with 5o significance after 5 years measuring time for each simulated
measurement. If the upturn is not detected after 5 years this would rule out the
MSW-LMA prediction and show that new physics influence the electron neutrino
survival probability in the transition region between vaccum and matter dominated
oscillations.

While the cosmogenic background only depends on the detector location and can
be precisely estimated, it is much harder to estimate the amount of intrinsic ra-
dioactive background, untill the detector is filled'®. Thus, the analysis was re-
peated with a two orders of magnitude larger intrinsic radioactive background
than Borexino, which is a very pessimistic scenario.

Table 4.8 shows the resulting significance for the detection of the 8B upturn. While
the significance is decreased, the effect is not very strong and after 5 years mea-
suring time the P, = const hypothesis can still be excluded, assuming that the
MSW-LMA prediction is correct.

The reason for this small effect is that only the part of the ES channel spectrum
between ~ 3 MeV and ~ 5 MeV visible energy is affected by the larger background.
But the important region below 3 MeV has still the same background and thus the
effect on the exclusion significance is tolerable. Hence, even for a much higher
instrinsic radioactive background, a precise test of the MSW-LMA prediction is
possible with LENA, and new physics could be detected if the upturn of the B
spectrum is not found.

15While there is also some uncertainty concerning the external gamma background, this back-
ground can be suppressed by using a smaller fiducial volume. Thus, if the external gamma
background was two orders of magnitude larger than expected, the measuring time just needs to
be increased from 5y to 6y.
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Chapter 5

Pulse Shape Discrimination

The photon emission process in a liquid scintillator can be described by the ex-
ponential decays of a fast and several slow components (see Section 3.1). Heavier
particles have a larger energy deposition per unit path length %, and thus emit a
larger fraction of photons by the slow components (see Table 3.2) [48]. Hence, it is
possible to distinguish between different particle types by analyzing their observed
pulse shape.

In Section 5.1, two different pulse shape discrimination (PSD) methods are pre-
sented. Afterwards, the potential to discriminate 2'°Po o background events from
electron () events, like neutrino recoils (see Section 4.1.1), was studied (see Sec-
tion 5.2). Therefore, the position dependence of the pulse shape was analyzed (see
Section 5.2.1), which is mainly caused by the scattering of the emitted photons.
Finally, the position dependent o~/ discrimination efficiency was determined (see
Section 5.2.2).

5.1 Methods

Over the past decades, several methods have been developed to distinguish between
different particles in a LSD by analyzing the pulse shape. For the study of pulse
shape discrimination in LENA, two different methods have been used. The simple
tail-to-total method (see Section 5.1.1) and the more advanced gatti method (see
Section 5.1.2).

5.1.1 Tail-to-total Method

Figure 5.1 shows a comparison between the average normalized pulse shape of «
and (3 events in the center of LENA, after the time of flight (TOF) correction was
applied (see Section 3.2). As expected, the pulse decreases much slower for alpha
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Figure 5.1: Comparison between the average normalized pulse shape of «
(denoted in red) and [ (denoted in blue) events in the center of LENA with
E.is = 365 keV. The small peak around 50ns is caused by late pulses and after
pulses.

particles than for electrons. This difference is used in the tail-to-total method to
discriminate « from [ events.

In this method, the photon signal is integrated over two different intervals. One
interval includes the complete pulse, the so called total interval, and the other one
encompasses the last part of the signal, the tail interval. Subsequently, the ratio
between the tail and the total interval is calculated.

From Figure 5.1 it is obvious that on average a events have a larger tail-to-total
ratio than [ events. Thus, the tail-to-total method can be used to distinguish
between alpha and beta events.

The optimal size of the tail interval depends mainly on the PDF of the photon
emission process. For o and (3 events, the strongest separation was achieved if the
start of the tail interval was set to 90ns. The reason for this is that after 90 ns
the majority of the detected photons are emitted by the third PDF component.
Hence, the fraction of photon hits in the tail interval is directly connected to the
strength of the third PDF component N3, which is very different for alpha and
beta events (see Table 3.2).

Overall, the tail-to-total method can be used to distinguish between any different
particle types, as long as the fraction of photons which are emitted by the third
PDF component is different for each particle.
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The advantage of the tail-to-total method is that it is very easy to implement and
that the average pulse shapes do not need to be known. But the disadvantage is
that only the integral information is used. Thus, the tail-to-total method is often
not as powerful as other, more complex methods.

5.1.2 Gatti Method

A more sophisticated method to discriminate between two different particle types
is the gatti method [96]. First of all, the average pulse shapes for the two particles
is calculated from events where the particle type is known. Subsequently, a set of
weights P; is calculated from the two pulse shapes:

o — G

P, = , 5.1
o + G (5:1)

where «;/; are the normalized number of photons detected in bin i of the a/f(
signal. Due to the assumed o = 1ns resolution of the PMTs, the bin size was
chosen to be 1ns in the following. In the last step the so called gatti parameter
Gg for a normalized signal from an unknown particle is calculated:

Gs =) PiSi. (5:2)

Due to the weigths P;, that are determined by the average pulse shapes of the two
particles, the value of the gatti parameter depends on the particle type.

Figure 5.2 shows the gatti parameter distribution for o and 3 events in the center
of LENA. The kinetic energy was 365keV for the 3 events and 5.3 MeV for the
alpha events, but due to the quenching of the heavy alpha particles (see Section
3.1.2), they both have a visible energy of 365keV.

The difference between the two distributions is clearly visible, which shows that
the gatti parameter can be used to distinguish between two particle types. Note,
that the separation of o and [ events is not perfect and that there is a small overlap
around Gg = 0, which is due to statistical fluctuations. Thus, the cut efficiency
for a events will depend on the chosen acceptance for the 3 events.

Compared to the tail-to-total method, the gatti method is generally more powerful,
as the complete pulse is compared over many bins and not just the integral over
two different intervals. The disadvantage is that this method is more complex and
that the average pulse shapes of the particles needs to be known to calculate the
gatti parameter Gg, while the tail-to-total ratio can be determined without any
prior knowlegde about the average pulse shapes!. For the discrimination of « from

INote that the cut values for the tail-to-total method can be determined by fitting the sum of
two gaussians to the measured tail-to-total ratio distribution if the differences between the two
pulse shapes are large enough.
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Figure 5.2: The distribution of the gatti parameter for o (denoted in red) and 3
events (denoted in blue) in the center of LENA with E;s = 365keV.

[ events, the averaged pulse shapes can be measured by using calibration sources.
Another option is to use the coincidence of the 214Bi $-decay and the 2'4Po a-decay
to indentify o and (3 events for the calculation of the average pulse shape.

But for other cases, like the distinction between inverse beta decay events and
neutral current reactions of atmospheric neutrinos (see Section 6.4), one has to
rely on Monte Carlo simulations to determine the average pulse shapes.

5.2 Alpha Beta Discrimination

The discrimination of « from (3 events is important for the solar neutrino detection
in LENA. The dominant o background is ?'°Po, which emits 5.3 MeV « particles.
Due to the quenching of the scintillation light for heavy particles, the signal of
a 5.3MeV alpha corresponds to the signal of an electron with about 0.36 MeV
kinetic energy and is therefore a background for the detection of "Be neutrinos.

But the identification of 21°Po o events is not only important for the measurement
of "Be neutrinos. Futhermore, it can be used to measure the ?'°Bi rate, which is
a crucial background for the detection of CNO and pep neutrinos [17], once *'°Bi
and 2°Po are in equilibrium.
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Figure 5.3: The position dependence of the average tail-to-total ratio for electrons
with 300 keV kinetic energy.

5.2.1 Position Dependence of the Pulse Shape

Figure 5.3 shows the position dependence of the average tail-to-total ratio for
electrons with 300keV kinetic energy. The mean tail-to-total ratio varies from
~ 0.19 at the center (r=0m, z=0m) to ~ 0.11 at the egde (r=12m, z=47m). As
the tail-to-total ratio depends on the detected pulse shape, this shows that the
pulse shape is not uniform over the detector volume.

There are several reasons for this effect. First of all, the fraction of scattered
photons depends on the event position. For example, at the center of the detector
about 37 % of all detected photons were scattered, while at the egde only ~ 16 %
of all detected photons were scattered. Scattered photons are detected later than
unscattered photons, as the real time of flight of a scattered photon is bigger than
the assumed one?. Thus, the TOF corrected emission time of a scattered photon
is delayed, and therefore the tail-to-total ratio rises with the amount of scattered
photons.

Additionally, the dark count rate is position dependent, due to the dark count
supression cut (see Section 3.3). As the dark counts are equally distributed over
the 600 ns long detection gate, an increase in the dark count rate also leads to an

?In case of the absorption and subsequent reemission of a photon on a PPO molecule, the
detection time is further delayed, because the reemission process is not instantaneous (see Section
3.1.2). But as 1. = 1.2ns is on average much smaller than the delay due to the longer path
length, this effect has only a minor contribution.
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increase of the average tail-to-total ratio.

Furthermore, the photoelectron yield also has an effect on the tail-to-total ratio.
If the photoelectron yield is large, the relative contribution of the dark counts is
reduced and thus the average tail-to-total ratio is smaller.

As the pulse shape depends on the event position, an additional calibration of the
simulated detector was necessary for the PSD. In the calibration runs, electrons
with kinetic energies of 300 keV and 500keV, as well as alpha particles with the
same visible energy, were simulated. The calibration points were homogeneously
distributed in x and in z direction (y=0 for all events), with 1 m distance between
the calibration points, as it was done for the energy calibration (see Section 3.2).
At each calibration point, the tail-to-ratio was calculated as the ratio of the de-
tected photons in the time intervals [90 ns, 600 ns|] and [0 ns, 600 ns| for each event.
The gatti weights were calculated according to equation (5.1) from the averaged
« and [ pulse shapes at each calibration point, using 1ns wide bins ranging from
Ons to 600 ns.

Using the gatti weights, the gatti parameter was calculated according to equation
(5.2) for each event. Afterwards, the tail-to-total ratio and the gatti parameter
distribution were fitted with a gaussian at each calibration point and the corre-
sponding average values and standard deviations were saved. For an arbitrary
event position, the average tail-to-total ratio, gatti parameter and the correspond-
ing standard deviations can be calculated by using a linear approximation of the
expected values at the adjacent calibration points, analogous to the calculation of
the average photo electron yield (see Section 3.2).

5.2.2 Discrimination Efficiency

In order to determine the o — (3 discrimination efficiency, which is defined as the
fraction of vetoed o events for a certain acceptance of S-events, 5 - 10° 5.3 MeV
alpha events were simulated, corresponding to the alpha energy of the ?'°Po decay.
The events were distributed homogeneously over a fiducial volume with 12 m radius
(Jz| < 47m), which is the expected fiducial volume for the "Be measurement.

For each event, the tail-to-total ratio and the gatti parameter were calculated. In
the next step, the cut values were calculated by using a linear approximation of the
expected standard deviations and mean values of the tail-to-total ratio and gatti
parameter distributions at the adjacent calibration points. Finally, the tail-to-total
ratio and the gatti parameter were compared with the corresponding cut values
for these two parameters. For each parameter, several cut values were used to get
different (-acceptances. The [-acceptance was determined for each cut value by
simulating electron events with 365 keV kinetic energy, which were homogeneously
distributed over the fiducial volume. Hence, the [-acceptance is correct even if
tail-to-total ratio and gatti parameter distribution have non-gaussian tails.
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(B-acceptance | discrimination efficiency | discrimination efficiency
tail-to-total method gatti method
95.0 % 99.3+0.1% 99.7+0.1%
99.0 % 96.7 £ 0.1% 98.0+0.1%
99.9 % 87.5+0.1% 90.0+0.1%

Table 5.1: The a-f3 discrimination efficiency at 5.3 MeV « energy ('°Po peak),
which corresponds to Eyis = 365 keV, of the tail-to-total and the gatti method for
various 3 acceptances.

Table 5.1 shows the resulting a-3 discrimination efficiency of the tail-to-total and
the gatti method. Both methods allow an efficient reduction of the alpha back-
ground, though the performance of the gatti method is as expected slightly better.
Thus, only the results of the gatti method are discussed in the following.
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Figure 5.4: The simulated position dependence of the a-( discrimination effi-
ciency at 5.3 MeV, using the gatti method with 99.0 % (-acceptance.

Figure 5.4 shows the position dependence of the a-( discrimination efficiency at
5.3MeV, using the gatti method with 99.0 % [-acceptance. The discrimination
efficiency ranges from ~ 93 % (r=12m, z=0m) to almost 100 % at the egde of the
fiducial volume (r=12m, z=47m).

There are several reasons for this position dependence. First of all, the photo
electron yield is not uniform over the fiducial volume (see Figure 3.2). At positions
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where the photo electron yield is low, the statistical fluctuations of the detected
pulse shapes are larger. Thus, the discrimination efficiency is reduced.

Another reason is that the ratio of scattered photons depends on the event posi-
tion. If a photon is scattered, it will be detected at a later time compared to an
unscattered photon and the time delay will depend on exact path of the photon.
Hence, the statistical fluctuation of the photon detection time is increased due to
the scattering. As this statistical fluctuation does not have a symmetric distri-
bution, it also changes the average pulse shapes such that the a and the § pulse
shape become more similar. Hence, the differences between the mean values of the
gatti parameter distributions of both particles gets smaller and the widths of both
distributions become larger. Thus, the discrimination efficiency deteriorates with
an increasing ratio of scattered photons.

Furthermore, the dark count rate also depends on the event position, due to the
dark count suppression cut (see Section 3.2). A larger dark count rate decreases
the discrimination efficiency, as the homogeneously distributed dark counts reduce
the differences between the o and the 3 pulse shape.

In order to quantify this effect, the simulations were repeated with higher dark
count rates. If the dark count rate is increased to 2kHz per PMT, the discrimi-
nation efficiency is reduced to less than 90 % at 99.0% ([ acceptance. A further
increase to 4 kHz per PMT reduces the discrimination efficiency to less than 80 % at
99.0% (8 acceptance. Thus, the dark noise rate should not be higher than 0.7 kHz
per 8-inch PMT?, to allow an effective reduction of the 2'°Po a background?.
Contrary to the dark noise rate, the late and the after pulse rates have almost no
effect on the discrimination efficiency. Even if both are increased to an unrealis-
tic high rate of 20%, the discrimination efficiency stays above 97 % at 99.0% £
acceptance. The reason for this is that the late and after pulses are correlated to
the detected photons. Hence, while an increased late and after pulse rate changes
the pulse shape, the difference between the o and the ( events remains almost
unaltered.

Besides discriminating o background events for the “Be detection, the PSD can
also be used to make a low background measurement of 2'°Po « events. A precise
measurement of the 2'°Po rate can be used to make an indirect measurement of
the 219Bi rate, because 2!°Po is produced by the 3~ decay of 2!°Bi. This indirect
measurement of 21°Bi is important for the detection of CNO and pep neutrinos,
as 219Bi has a similar energy spectrum as the CNO neutrinos and is thus a crucial
background.

The requirement for the indirect measurement is that the 2'°Po and 2!°Bi decays

3In Borexino, the average dark noise rate per 8-inch PMT is less than 100 Hz [97].
4Note that for other applications of the PSD, where the visible energy is higher, the dark
count rate does not have such a strong effect.
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are in equilibrium. At the beginning of the data taking this will probably not be
the case, as small amounts of 2!°Po will be inserted into the scintillator during the
filling and the calibration campaign. But as ?'°Po decays with a half-life of 138d,
an equilibrium between ?'°Po and 2'°Bi should be reached after a few years.

In order to precisely measure the 2'°Po rate, an efficient discrimination of the 3
events from the alpha events is necessary. But due to the large statistics, it is
not important to have a large o acceptance. If the same radiopurity level as in
Borexino is reached and if 2'°Po and 2'°Bi are in equilibrium, more than 5 - 10°
210Pg events are detected per year. Hence, an a acceptance of 50 % is sufficient to
reduce the statistical error well below 1%. Using such a strong cut, the 3 events
can be discriminated with more than 99.99 % efficiency at every position in the
fiducial volume. Hence, the residual (# events which pass this cut will introduce a
negligible error on the 2!°Po rate.

Thus, if the systematic error, which is caused by the uncertainty of the a cut
efficiency, is kept below 1%, a statistical reduction of the ?'°Bi background by two
orders of magnitude is possible. The uncertainty of the a cut efficiency can be
reduced by inserting an encapsulated 2!°Po calibration sources into the detector.
Assuming that the same radiopurity level as in Borexino is reached, this would
open the window for the first measurement of the CNO flux.
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Chapter 6

The Diffuse Supernova Neutrino
Background

The cumulative neutrino emission of core-collapse supernovae throughout the uni-
verse has created the so-called Diffuse Supernova Neutrino Background (DSNB),
which contains information about the average supernova neutrino spectrum and
about the redshift dependent supernova rate Rgn (see Section 1.4).

Due to the low flux, a measurement of the DSNB requires a large target mass
and a good background suppression. In Super-Kamiokande, about 2-4 inverse
beta decay (IBD) events per year are expected, but as the 2.2MeV gamma of
the neutron capture on hydrogen is below the detection threshold, the delayed
coincidence of the prompt positron signal and the delayed neutron capture could
not be used to reduce the background. Hence, only an upper limit on the 7, flux
of 3.17,cm™2s71 (90% C.L.) for E;, > 17.3 MeV was obtained [39].

Contrary to Super-Kamiokande, LENA can detect the 2.2MeV gamma of the
neutron capture on hydrogen and has therefore a much better background sup-
pression. Furthermore, the target mass of LENA is about twice as large as Super-
Kamiokande. Hence, the potential of LENA to detect the DSNB was studied with
a Monte Carlo simulation.

In a first step, the DSNB spectra were simulated for several different predicted
supernova neutrino spectra (see Section 6.1). Afterwards, the indistinguishable 7,
background from reactor and atmospheric neutrinos was studied (see Section 6.2).
Subsequently, the backgrounds from cosmogenic radioisotopes and fast neutrons
were analyzed (see Section 6.3). In Section 6.4, the background which is caused
by neutral current (NC) reactions of atmospheric neutrinos was simulated. In
the next step, the possibility to suppress the atmospheric NC and fast neutron
background by pulse shape discrimination (PSD) was analyzed (see Section 6.5).
Finally, the detection potential was calculated, using the simulated signal and
background rates (see Section 6.6).
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6.1 Simulation of the Diffuse Supernova Neu-
trino Background Spectrum

The DSNB contains neutrinos of all flavours and the corresponding antineutrinos.
Due to the low flux, the only possible detection channel is the IBD reaction of 7,
on free protons:

Ve+p—et+n, (6.1)

as it has the largest cross section at low energies. Furthermore, the delayed coinci-
dence of the prompt positron signal and delayed neutron signal (see Section 2.2.3)
can be used to suppress the background.

Due to the kinematics of the IBD reaction, the kinetic energy of the neutron
is insignificant [98]. Hence, the kinetic energy of the positron Ey,(e') can be
approximated by:

Ein(e™) =E, — Qb , (6.2)

where Qep = 1.80 MeV is the Q-Value of the IBD reaction. After the positron
has deposited its kinetic energy?, it annihilates with an electron and produces two
511 keV gammas. Due to the quenching, these gammas deposite only ~ 0.93 MeV
visible energy. Hence, the neutrino energy can be reconstructed from the visible
energy of the prompt positron signal by the following formula:

E, ~ E + 0.87 MeV. (6.3)

Assuming that the supernova neutrino spectrum and the luminosity is independent
of the neutrino flavour such that:

<E17e> = <Ez7u> = <EDT> (64)

and
Ll—’e = Ll_’p, = Ll_/‘r Y (65)

neutrino oscillations can be neglected. Hence, the DSNB spectrum for the IBD
reaction is given by:

dR, dF,
— v 5, (E)-N, 6.6
dEl, dEV g ( ) 1% ( )
where SEZ is the DSNB flux (see Section 1.4), 0, (E,) is the energy dependent cross

section of the IBD reaction and N, = 3.67 - 10% is the number of protons in the
target volume (r < 13.5m, |z| < 48.5m) [48].

IThere is also a small probability, that the positron annihilates with an electron before it is
stopped.
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The energy dependent cross section of the IBD reaction can be approximated by

[98]:

v _43 cm
MeV T e
where pe is the positron momentum and E, = E,, — 1.293 MeV is the total energy
of the positron.

Using equation (6.6) and (6.2), four different DSNB spectra with (E,) ranging
from 12 MeV to 21 MeV were simulated, according to the predicted range of (E,)
(see Section 1.4). The events were homogeneously distributed over a fiducial vol-
ume with 13.5m radius and only the prompt positron signal was simulated. To
reconstruct the visible energy, a new set of calibration runs was performed (see
Section 3.2), using positrons with energies ranging from 8.2 MeV to 28.2 MeV. As
there are no pure ( calibration sources with Q > 5MeV, the energy reconstruction
of DSNB events in the real detector has to rely on Monte Carlo simulations, which
are validated by calibration sources at lower energies. After reconstructing the
visible energy, the neutrino energy was calculated by using equation (6.3).

E —0.07056-+0.0143211n(E, /MeV) 9
) (6.7)

00 (E,) ~ peFe (
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Figure 6.1: The DSNB spectra in LENA for different supernova neutrino spectra
with mean energies ranging from 12 MeV to 21 MeV.

Figure 6.1 shows the resulting DSNB spectra. Depending on (E,), the DSNB
spectra peak around 8 MeV to ~ 16 MeV and then decrease exponentially. The
position of the peak is at lower neutrino energies than what one would expect from
a Maxwell-Boltzmann distribution. The reason for this is that the neutrinos are
redshifted and thus the effective mean energy is lowered.

93



After 10 years of measuring time, about 85 to 156 DSNB events are expected below
50 MeV. Therefore, it is clear that backgrounds are a crucial issue for the detection
of the DSNB.

6.2 v, Charged Current Background

The most dangerous background for the DSNB detection are other 7, sources in
the same energy range as the DSNB, as these events are indistinguishable from
the DNSB signal. Hence, these events can only be suppressed by an energy cut
which limits the detection window for the DSNB. Possible 7, sources are reactor
neutrinos, atmospheric neutrinos and geoneutrinos. In the following, only the
reactor 7, and atmospheric 7, background will be discussed, as the geoneutrino
flux is limited to E; < 3.2MeV, where the reactor 7, flux surpasses the DSNB
signal by several orders of magnitude.

6.2.1 Reactor Neutrinos

The differential reactor neutrino rate % is given by

dRg  d®r
4E - 4B o,(E)) - Np | (6.8)
where % is the differential reactor neutrino flux for the Pyhésalmi site, which was
calculated in [44]%. Using equation (6.8), 1-10° reactor neutrino events, which were
homogeneously distributed over the fiducial volume (r < 13.5m, |z| < 48.5m),
were simulated.

Figure 6.2 shows the resulting reactor neutrino spectrum. The spectrum peaks at
about 4 MeV, where it surpasses the DSNB signal by several orders of magnitude.
Hence, a detection of the DSNB signal is not possible in this energy region. Thus,
the reactor neutrino background sets a lower limit on the DSNB detection window.
Above ~ 6 MeV, the reactor neutrino spectrum decreases almost exponentially and
drops below the DSNB signal at about 9.5 MeV. Thus, the lower limit of the DSNB
detection window was set to 9.5 MeV in the following analysis.

Due to the low statistics of the simulated reactor neutrino background above
9.5MeV, a second simulation with 7.5 MeV threshold for the initial reactor neu-
trino energy was performed. Figure 6.3 shows the resulting reactor neutrino spec-
trum above 8 MeV neutrino energy.

2Note that the shutdown of eight nuclear power plants in Germany after the disaster at the
fukushima daichi nuclear power plant in 2011 are not included in these calculations. Furthermore,
the building of additional nuclear power plants in Finland in the next decade could increase the
reactor neutrino background.
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Figure 6.2: The simulated reactor neutrino spectrum. For comparison, the DSNB
spectra with (E,) ranging from 12MeV to 21 MeV are also depicted.
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Figure 6.3: The simulated reactor neutrino spectrum above 8 MeV. For com-
parison, the DSNB spectra with (E,) ranging from 12MeV to 21 MeV are also
depicted.
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By restricting the DSNB detection window to E,, > 9.5 MeV, the reactor v, back-
ground is reduced from 2.2 - 10 events per 10y to 5.3 events per 10y, which is
about one order of magnitude below the DSNB signal. But this energy cut also
reduces the DSNB signal. If (E,) = 12MeV, the signal is reduced by almost 40 %
from 85 to 53 events per 10y. The effect of the energy cut on the signal rate de-
creases if the supernova mean neutrino energy increases. But even for the optimal
case of (E,) =21 MeV, the DSNB signal is still reduced by ~ 15% from 156 to
136 events.

6.2.2 Atmospheric Neutrinos

Besides reactor neutrinos, atmospheric antielectron neutrinos are another indistin-
guishable background. The atmospheric 7, spectrum can be calculated analogously
to the reactor neutrino spectrum by using equation (6.8) and the atmospheric 7,
flux for the Pyhésalmi site, which was calculated in [44].

—— Reactor Background
C Atmo. CC Background
——— DSNB <E,>=12 MeV
DSNB <E,>=15 MeV
——— DSNB <E >=18 MeV

v

——— DSNB <E >=21 MeV

v

10

Event rate, per 10 y*47.8 kt*100keV

102

10-3 Il I Il Il ‘ Il Il ‘ Il Il ‘ Il Il ‘ Il Il ‘ Il Il
10 15 20 25 30 35 40

Neutrino energy, MeV

Figure 6.4: The simulated atmospheric 7, spectrum in LENA at Pyhésalmi. For
comparison, the DSNB spectra with (E, ) ranging from 12 MeV to 21 MeV and the
reactor neutrino spectrum are also depicted.

Figure 6.4 shows the resulting atmospheric 7, spectrum for 5-10* simulated events,
which were homogeneously distributed over a fiducial volume with 13.5m radius.
Contrary to the reactor neutrino spectrum, the atmospheric 7, is suppressed at
low energies and rises with increasing energy. At 25MeV, the atmospheric 7,
spectrum surpasses the DSNB spectrum with (E,) = 12MeV. For (E,) > 12MeV,
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(E,) | Expected DSNB events per 10y
12 MeV 48.2
15 MeV 69.2
18 MeV 85.1
21 MeV 95.1

Table 6.1: The DSNB event rates between 9.5 MeV and 25 MeV reconstructed
neutrino energy with (E,) ranging from 12 MeV to 21 MeV.

the DSNB signal ist still above the atmospheric 7, background at E, = 25MeV,
so that a larger detection window could be used.

But in order to avoid any experimental bias, the detection window should be
chosen before the start of the data taking. Due to the low statistics and the
large uncertainty about the DSNB spectrum, it is not possible to determine the
background and the DSNB rate by a spectral fit. Instead, it is assummed in the
following analysis that the background rate in the detection window is known, so
that it can be statistically subtracted from the number of detected events. Thus,
if the used detection window is too large, this would deteriorate the sensitivity
to detect the DSNB. Hence, in order to maximize the detection potential for low
supernova neutrino mean energies, the upper limit of the detection window was
set to 25 MeV. This energy cut reduces the atmospheric v, background to 6.0
events per 10y, which is almost one order of magnitude below the DSNB signal
for (E,) = 12MeV.

Hence, 11.3 background events are expected in the DSNB detection window, which
ranges from 9.5MeV to 25 MeV. Table 6.1 shows the DSNB event rates in this
energy window. Due to the two energy cuts, the event rate is reduced by about
40 %. Nevertheless, the expected event rate is at least four times larger than the
indistinguishable background from atmospheric and reactor antielectron neutrinos.
Hence, while the 7, background reduces the already limited event rate, it does not
make the detection of the DSNB impossible.

6.3 Muon-induced Backgrounds

There are two types of muon induced backgrounds which can mimic the IBD
event signature. A cosmic muon which traverses the target volume can produce
radioisotopes through spallation reactions on carbon. While the majority of these
radioisotopes can be vetoed by the delayed coincidence condition, ®He and ?Li can
([~ decay into an excited state, leading to the emission of a neutron. Hence, these
two isotopes can mimic the IBD event signature and are thus a background for
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the DSNB detection (see Section 6.3.1).

Another muon induced background are fast neutrons, which are produced in the
surrounding rock around the muon veto. These neutrons have a large range and are
usually invisible for the muon veto. Inside the target volume, the prompt signal
due to neutron scattering reactions and the delayed signal due to the neutron
capture can mimic the DSNB event signature (see Section 6.3.2).

6.3.1 Cosmogenic Radioisotopes

®He (Qs- = 10.6 MeV) and °Li (Qg- = 13.6 MeV) are 3~ unstable radioisotopes,
which are produced in-situ by traversing cosmic muons. When these isotopes decay
into the ground state, they do not pose a background for the DSNB detection as
they do not fulfill the delayed coincidence condition.

8He decays with 16 % branching ratio into an excited state, leading to the subse-
quent emission of a neutron [91]:

*He — e~ + 7, + °Li* (6.9)
SLi* — n+ "Li (6.10)

In this case, the electron from the §~-decay and the neutron scattering reactions
cause the prompt signal and the subsequent capture of the neutron on a free proton
or on carbon causes the corresponding delayed signal.

The neutron separation energy of ®Li is 2.0 MeV [91]. Hence, the Q-Value is re-
duced to 8.6 MeV. Furthermore, the emitted neutron is strongly quenched. Thus,
the maximum visible energy is 7.6 MeV which corresponds to 8.5MeV recon-
structed neutrino energy and is outside the DSNB detection window (see Section
6.2). Thus, ®He is no background for the DSNB detection.

Analogous to ®He, °Li decays with 50.8 % branching ratio into an excited state,
which leads to the emission of a neutron and two alphas:

Li — e + 7 + "Be* (6.11)
"Be* = n+2a (6.12)

The first excited state of Be is at 2.43 MeV and thus the maximum kinetic energy
of the emitted electron is 11.2 MeV. Hence, the maximum reconstructed neutrino
energy is above the 9.5 MeV DSNB detection threshold.

Analogous to Section 4.2.1, the °Li $~-n spectrum was determined in two steps. In
the first step, the spectral shape was simulated with the Monte Carlo simulation.
As the G4Radioactive module does not describe the decay of °Li into excited states
correctly, an own module was developed, which simulates the decay according to
[99]. While there is a non-vanishing probability that the first excited state emits
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a gamma instead of a neutron, it was assumed in the simulation that it always
emits a neutron, which is a conservative assumption. For each simulated event, the
visible energy was reconstructed and the neutrino equivalent energy was calculated
according to equation (6.3).

Afterwards, the °Li rate Rg(°Li) that was measured by Borexino [47] was scaled
to obtain the expected rate for the Pyhasalmi location:

w
Rp(“Li) = Rp(°Li) - % , (6.13)
B
where @ = 0.235m2h~! is the expected muon flux at 4km w.e. depth [53] and
P = 1.22m 2h™! is the muon flux at the location of the Borexino detector [44].
No scaling was applied for the different mean muon energies and scintillator com-
positions as they have a negligible effect on the ?Li rate.

Using the branching ratio Br("Lig,) = 50.8 %, the “Li 57 n rate was calculated to
be:

events

Rp(*Lig,) = Rp(°Li) - Br(°Lig,) = 1.5- 10? (6.14)
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Figure 6.5: The simulated °Li 37 n background spectrum. For comparison, the
DSNB spectra with (E,) ranging from 12 MeV to 21 MeV are also depicted.

Figure 6.5 shows the resulting °Li 5~-n background spectrum. About 103 °Li 3~-
n events above 9.5MeV are expected per 10y, which is more than one order of
magnitude above the DSNB signal for (E,) = 12 MeV.
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The DSNB signal surpasses the °Li 87-n spectrum at about 12 MeV. Hence, the
9Li B7-n background could be reduced to less than 4 events per 10y if the lower
limit of the detection window would be increased from 9.5 MeV to 12MeV. But
this would also reduce the expected DSNB event rate by up to 30 %.

As °Li is always produced close to a muon track, the °Li 3~ n background can
also be suppressed by vetoing a cylinder with 2 m radius around each muon track
for 2.5s. In this case, the DSNB event rate is only reduced by 0.2% due to the
introduced dead time. The life time of °Li is 257.2 ms and the °Li 3~-n background
is therefore suppressed to a negligible amount of 0.01 events per 10y. Hence, this
background is not considered anymore in the following.

6.3.2 Fast Neutrons

Cosmic muons traversing the surrounding rock around the muon veto can produce
fast neutrons. These neutrons have a broad energy spectrum which extends into
the GeV range. Hence, it is possible that they propagate from the rock into the
target volume without triggering the muon veto. Inside the target volume, the
neutron causes a prompt signal due to scattering reactions on protons and carbon.
Afterwards it thermalizes and captures on a free proton with a mean capture time
of 7 ~ 250 us, emitting a 2.2 MeV gamma?®. Thus, it has the same event signature
as a 7, and is therefore a dangerous background for the DSNB detection.

As the simulation of cosmic muons is very time consuming, the simulation was
performed in two steps. In the first step, the production of the neutrons in the
surrounding rock was simulated, while the propagation of the neutrons into the
detector was simulated in the second step.

Fast neutron production

The neutron production yield at a certain depth can be approximated by assuming
that all muons have the corresponding mean energy. Hence, the muon energy was
set to 300 GeV, corresponding to the mean muon energy at 4km w.e. depth [53].
Only a small fraction of the neutrons (< 10 %) are produced directly by muon
induced spallation reactions. The majority of the neutrons are produced in muon
induced electromagnetic and hadronic cascades. Hence, the simulated muon track
has to be long enough, so that these cascades have enough space to develop. But
the muon track also must not be too long, so that the muon energy loss over
the track can be neglected. Thus, the muons were propagated through 15m of
limestone rock (CaCOs, p = 2.73-53), so that the average energy loss along the
track was less than 3 %.

3 About 1% of the neutrons are captured on 2C, resulting in the emission of a 4.9 MeV gamma,
or multiple gammas with 4.9 MeV total energy.
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For every produced neutron, the vertex position, the kinetic energy and the mo-
mentum direction were saved. If a neutron scatters inelastically, GEANT4 termi-
nates the primary neutron track and creates a new neutron track. Hence, in order
to avoid double counting of neutrons, the first neutron in the list of secondary
particles was considered as the incident neutron and was therefore not counted.
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Figure 6.6: The simulated neutron production along a 15m long muon path.
Only neutrons that were produced after 3m (blue region) were used to calculate
the neutron production yield.

Figure 6.6 shows the average neutron production along the muon path for 1 - 10°
simulated muons. After a steep rise on the first ~ 3 meters of the muon track,
the neutron production rate is almost constant. The reason for the rise at the
beginning of the track is that electromagnetic and hadronic cascades, which are
responsible for more than 90 % of the generated neutrons, need some space to
develop. Hence, only neutrons that were produced after 3m were used for the
following analysis.
Using the simulation results, the neutron production yield per unit path length
was calculated to be:

Y, =5.0 -10"*(ug/cm?) !, (6.15)

which is about 50 % more than the yield that Borexino measured in pseudocume
[47]. The reason for this difference is that the neutron production yield per unit
path length also depends on the mean atomic weight [53], which is larger for
limestone rock than for pseudocumene?.

4Note that the mean muon energy at the LNGS is with 283 GeV slightly smaller, which also
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Figure 6.7: The simulated normalized energy spectrum of muon induced fast
neutrons.

Figure 6.7 shows the energy spectrum of the generated neutrons. The energy
spectrum is very broad and ranges from the keV to the GeV region. It peaks
between ~ 100keV and ~ 1 MeV and decreases afterwards with rising energy. The
decrease is non exponential and has a complex structure, which is due to the fact
that there are many different production processes. About 45% of all neutrons
are below 10 MeV and are thus too low energetic to produce a signal in the DSNB
detection window. Hence, these neutrons do not need to be considered in the
following and the effective neutron production yield is reduced to:

Yo(E > 10MeV) = 2.8 - 10~*(ug/cm?) ™t (6.16)

Fast neutron propagation

In order to the simulate the propagation of fast neutrons into the target volume,
the neutrons were started at a random position in a 4m thick cylinder around
the muon veto. Neutrons that were produced farther away from the muon veto
do not need to be considered, as the mean free path length of these neutrons
is below 1m [100] and thus a large majority of them will be absorbed in the
rock. When the neutron is produced close to the muon veto by an electromagnetic
or hadronic shower, it is possible that a part of the shower is detected by the

causes a difference in the neutron production yield. But compared to the difference of the mean
atomic weight, this effect can be neglected.
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muon veto. Nevertheless, the conservative assumption was made that this shower
will never be detected. The neutron energy and momentum direction was chosen
randomly according to the results of the previous simulation. Only neutrons that
were directed towards the target volume (27 solid angle) were simulated in order
to save computation time, as previous simulation have shown that neutrons which
were directed outwards contribute less than 2% to the fast neutron rate in the
target.

For each event, the visible energy was reconstructed by using the algorithm which
was described in Section 3.2. Subsequently, the neutrino equivalent energy was
calculated by using equation (6.3). Analogously to the simulation of the gamma
background (see Section 4.2.3), the calculated photon barycenter position was
smeared with a gaussian with a standard deviation according to the energy de-
pendent position resolution [62]. Furthermore, the number of neutrons that were
captured inside the target volume and the corresponding capture times were saved.
A neutron event was only considered as an IBD candidate event if exactly one
neutron was captured inside the target volume and if it was captured at least 600 ns
after the prompt signal, so that the energy reconstruction of the prompt signal is
not disturbed by the 2.2 MeV gamma from the neutron capture. Although only one
neutron was simulated per event, there is the possibility that this neutron produces
secondary neutrons so that two or more neutrons are captured inside the target
volume. But this is not possible in a IBD event, as the energy of the produced
neutron is too low. Hence, multiple neutron capture events are indentified as fast
neutron background events and are thus not considered in the following analysis.
The muon flux at 4km w.e. depth is @5 = 0.235m 2h~!. Assuming that all muon
tracks are vertical®, about 1.1 -10% muons per year traverse through the 4m thick
cylinder around the muon veto. The cylinder is 100 m long and thus one crossing
muon produces on average 7.6 neutrons above 10 MeV in this volume. Hence,
about 7.9 - 10% neutrons are produced in this volume per year. 2.5 billion neutrons
above 10 MeV were simulated. Thus, the statistics of the simulation corresponds
to about 316 years.

Figure 6.8 shows the resulting fast neutron background spectrum. The fast neutron
background rate is with 492 events per 10y in the DSNB detection window more
than one of magnitude larger than the DSNB event rate for (E,) = 12 MeV. Hence,
the fast neutron background needs to be suppressed in order to measure the DSNB.
One option is to reduce the fiducial volume, as the fast neutron background de-
creases with increasing distance to the production region in the surrounding rock.
Table 6.2 shows the fast neutron background rate for different fiducial volume radii
ranging from 11.0m to 13.5m. At 11.0m fiducial volume radius, the fast neutron
background is reduced to 4.9 & 0.4(stat.) events per 10y, which is well below the

®Due to the large and homegeneous overburden of the mine, this is a good assumption.
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Figure 6.8: The simulated fast neutron background spectrum. For comparison,
the DSNB spectra with (E,) ranging from 12MeV to 21 MeV are also depicted.

Table
signal

Fiducial Volume Fast Neutron DSNB Signal
Radius [m] Background [10y] | (E,) = 12MeV [10y]
13.5 492 + 4(stat.) 48.2
13.0 169 + 2(stat.) 44.7
12.5 62 £ 1(stat.) 41.3
12.0 26 £ 1(stat.) 38.1
11.5 11 + 1(stat.) 35.0
11.0 4.9 4+ 0.4(stat.) 32.0
6.2: The fast neutron background rates and the
for (E,) =12MeV depending on the fiducial volume

(9.5MeV < E, < 25MeV).

104

DSNB

radius



DSNB signal. But this cut also reduces the DSNB signal by ~ 34 %, so that only
32.4 events are expected for (E,) = 12MeV.

Another possibility is to suppress the fast neutron background by a pulse shape
analysis, which will be discussed in Section 6.5.

6.4 Neutral Current Atmospheric Neutrino Back-
ground

While the CC reactions of atmospheric 7, are an indistinguishable background
(see Section 6.2.2), the NC reactions of atmospheric neutrinos and antineutrinos
of all flavours also pose a background for the DSNB detection. This atmospheric
NC background was discovered by the KamLAND experiment [101] and was not
included in previous analyses [102, 44].

There are several possible reactions which contribute to the atmospheric NC back-
ground. In the reaction with the largest branching ratio, the atmospheric neutrino
knocks out a neutron of a ?C nucleus in the target volume:

vy +12C = v +n+1C, (6.17)

which subsequently mimics the IBD event signature (see Section 6.3.2).
The reaction with the second largest branching ratio is the knock out of a neutron
and a proton:

vy +12C - v +n+p+ 1B, (6.18)

which also causes a delayed coincidence signal.

6.4.1 Simulation Setup

In order to simulate the atmospheric NC background, the interactions of the at-
mospheric neutrinos inside the target volume need to be simulated as a first step.
As this is not possible within the GEANT4 framework, a new Monte-Carlo simula-
tion was developed for this task. It is based on the GENIE Neutrino Monte-Carlo
Generator (Version 2.6.6) [103], that is used by several other neutrino experiments
like T2K [104] or IceCube [105]. The simulation used the Bartol atmospheric
neutrino fluxes [106] as input, which were calculated for the location of the Super-
Kamiokande experiment. As the atmospheric neutrino flux depends on the lat-
itude, the resulting event rates need to be scaled by a factor of two to get the
atmospheric neutrino NC event rate at the Pyhésalmi location [44]. Using the
simulated data, the atmospheric neutrino NC event rate RNC = was calculated to

atmo
be:

RNC _ 507107 _SVents

—_— 1
atmo 47.8kt -y (6.19)
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For each simulated neutrino event in the target volume, the energy, the momentum
direction and the vertex position of every produced final state particle was saved.
Subsequently, the results were read into the GEANT4 based LENA Monte-Carlo
simulation.

When an atmospheric neutrino interacts with a ?C nucleus, the residual nucleus
is often produced in an excited state. Unfornately, the deexcitation of an excited
nucleus is not implemented in the GENIE neutrino event generator.

P12 E=-14.3 MeV
4n—0—0—0 @ P32 E=-18.7 MeV

2n | S12 E=-41.1 +/- 1 MeV

Figure 6.9: The occupation of the energy levels by neutrons in the simple shell
model for 2C [107].

The probability that the residual nucleus is in an excited state can be approx-
imated, using the simple shell model. Figure 6.9 shows the occupation of the
energy levels by neutrons for '2C in the ground state. There are two neutrons
in the Sy, shell at E(S;/2) = —41.7 £ 1MeV and four neutrons in the P35 shell
at E(Py/2) = —18.7MeV. The situation for protons is basically the same, with
the difference that the energy levels are shifted upwards by 2.7 MeV due to the
Coulomb repulsion. As the energy of an atmospheric neutrino is usually large
compared to the binding energies of the nucleons, it is assumed in the following
that the probability to interact with an atmospheric neutrino is the same for each
nucleon®. After the neutrino has interacted with a nucleon, the nucleon can scatter
with other nucleons before it leaves the nucleus. Due to these so-called intranu-
clear scattering reactions, further nucleons can be emitted. In the following, it
was assumed that only nucleons from the Pj/, shell are emitted in these reactions.
Thus, there is a % =~ 33 % chance that the residual nucleus has a hole in the S; /2
neutron or proton shell.

6The coherent scattering of the neutrino with the whole nucleus can be neglected, as the
transferred energy is too low in this case.
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The excitation energy of the residual nucleus is E* = 23 £ 1MeV and has a width
of I' = 12MeV [108]. As the excitation energy is above the neutron separation en-
ergy S, = 18.7MeV and above the proton separation energy S, = 16.0 MeV, the
nucleus will deexcite mainly via the emission of protons, neutron and heavier nu-
clear particles like deuterons or alphas [107]. Using the nuclear reaction program
TALYS (Version 1.4) [109], the branching ratios for the different possible deexcita-
tion channels were calculated for each possible residual nucleus and read into the
GEANT4 Monte Carlo simulation.

Afterwards, the atmospheric neutrino NC events were simulated with the GEANT4
simulation, using the results of the neutrino interaction simulation. For 33 % of all
simulated events, the residual nucleus was assumed to be in an excited state and the
final state particles of the corresponding deexcitation channel were also simulated
in this case. Analogous to the simulation of the fast neutron background (see
Section 6.3.2), the neutrino equivalent energy was reconstructed and the number
and times of the neutron captures in the target volume were saved. Again, only
events with exactly one neutron capture which was at least 600 ns after the prompt
signal were considered as background events for the DSNB detection.

6.4.2 Background Rates

Figure 6.10 shows the simulated background spectrum from the NC reactions
of atmospheric neutrinos. The atmospheric neutrino NC background surpasses
the DSNB signal by more than one order of magnitude over the whole detection
window. The spectrum rises with the energy till it peaks around 5 — 10 MeV
and decreases slowly afterwards. Overall, 3.27 - 10® background events per 10y
are expected in the DSNB detection window between 9.5 MeV and 25MeV for
a fiducial volume with 13.5m radius. Hence, the NC reactions of atmospheric
neutrino are a dangereous background, which needs to be suppressed in order to
measure the DSNB.

The KamLAND experiment has measured 3.267125 atmospheric neutrino NC events
per kt -y between 8.3 MeV and 30.8 MeV neutrino equivalent energy [101]. The
simulated event rate for LENA in this energy window is 9.00 %r;fs Considering
that the assumed atmospheric neutrino flux was twice as large as in KamLAND,
this result is in agreement with the KamLAND data, which shows that this com-
plex simulation returns reliable results.

A possible background suppression method is to look for the coincidence of atmo-
spheric neutrino NC event with the subsequent decay of any produced radioactive
isotope. Table 6.3 shows the branching ratios of the different atmospheric NC
background channels in the DSNB detection window. Note that although two
neutrons are produced in reaction (7), only one neutron is captured on hydrogen
or carbon after 600 ns. The other neutron is absorbed by carbon in an inelastic
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Figure 6.10: The simulated atmospheric neutrino NC background spectrum. For
comparison, the DSNB spectra with (E, ) ranging from 12 MeV to 21 MeV are also
depicted.

Reaction channel Branching ratio
(1) vy + 2C — v +n + H1C 38.8%
(2) vy +2C— v +p+n+ 1B 20.4 %
(3) vy +12C — 1 +2p+n+Be 15.9%
(4) vy +2C - v +p+d+n+°Be 71%
(5) vy +12C - v+ a+p+n+°Li 6.6 %
(6) vy +12°C - v +2p+d+n+Li 1.3%
() vy +12C - v, +3p+2n+ "Li 1.2%
8) vy +12C - vy +d+n+B 1.2%
(9) v + 2C = 1 +2p+t +1n+ OLi 1.1%
(10) v, +12C — v, + a+n+ "Be 1.1%
(11) vy + 2C — v, + 3p +1n + °Li 1.1%
other reaction channels 4.2%

Table 6.3: The branching ratios of the different atmospheric NC background
channels in the DSNB detection window.
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reaction without emitting any characteristic gammas, e.g.:
n+2C—-"B+p. (6.20)

BC (BT, 7 = 29.4min) is produced in 38.8 % of all atmospheric NC events (reaction
(1)). The Q-Value of the "' C g+ decay is 1.0 MeV and therefore it can be detected
with a high efficiency. Thus, more than 99 % of all atmospheric NC events with
1C in the final state can be rejected if the following cut is applied. After each
IBD candidate event a volume with 0.5m radius around the reconstructed event
position is vetoed for At = 7-7(11C). If an event with a visible energy between
0.8 MeV and 2.2MeV is detected in this volume during this period of time, the
IBD candidate event will be tagged as atmospheric NC background. For 13.5m
fiducial volume radius, the probability for an accidental coincidence of an IBD
event with an external gamma event is too large to apply this cut. But if the
fiducial volume radius is set to 11 m, the gamma background is suppressed so that
only 0.9 % of the IBD events are wrongly tagged as atmospheric NC background.
A similar cut can be applied to tag ®Li that is produced in reaction (11). But the
other isotopes that can be produced in the NC reaction of an atmospheric neutrino
are either stable (1B, ?Be, 7Li, °Li), have a too long life time ("Be, 7 = 76.9d) or
decay almost instantly (°B, *Be).

Hence, the atmospheric NC background can only be reduced by about 40 % by
looking for the coincident decay of a radioactive isotope. But as the atmospheric
NC background is more than one order of magnitude larger than the DSNB signal,
this is not enough to detect the DSNB.

Thus, a better background suppression method is needed. A possible option is to
reject atmospheric neutrino NC events by analyzing their pulse shape, as protons,
neutrons and alphas have a different typical pulse shape than positrons. This
method will be discussed in detail in the next Section.

6.5 Pulse Shape Discrimination of Background
Events

Heavier particles, like protons, neutrons’ or alphas, have a different pulse shape

than positrons. This can be used to discriminate fast neutron and atmospheric
neutrino NC events from IBD events. It was already demonstrated in Chapter 5
that alphas can be discriminated from electron recoil events with a high efficiency.

"Neutrons do not directly emit scintillation light, as they do not carry any electric charge. In-
stead, they scatter elastically on protons, which subsequently emit scintillation light. Futhermore,
they can produce gammas and nuclear fragments in inelastic scattering reactions on carbon.
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Parameter | Electrons/Positrons | Protons
Ny 0.669 0.612
No 0.188 0.213
N3 0.143 0.175
51 6.8 ns 7.0ns
Ty 26.5ns 27.3ns
T3 152.3ns 140.3 ns
ky, 0.1540% 0.1255%

Table 6.4: The photon emission parameters for electrons and protons [110]. The
ky, value for protons was taken from a calibration measurement in the Borexino
experiment, which uses PC as scintillator [111].

But discriminating neutrons and protons, which are mainly emitted in an atmo-
spheric neutrino NC event (see Table 6.3), from positrons is more challenging as
they have a lower mass than alphas and thus the difference to the positron pulse
shape is smaller.

Table 6.4 shows the parameters of the photon emission PDF (see Section 3.1.2)
that were used for the simulation of electrons, positrons and protons. The PDF
for deuterons was not measured up to now, but as deuterons are heavier than
protons, the difference between the electron and deuteron PDF should be larger
than for protons. Hence, the proton PDF was also used for deuterons, which is a
conservative assumption. For alphas, the PDF according to Table 3.2 was used.

Figure 6.11 shows a comparison between the average pulse shapes of neutron and
IBD events in the center of the detector, after the TOF correction was applied
(see Section 3.2). The average visible energy of the events was 9.2 MeV, which
corresponds to a 7, with 10 MeV. While a clear difference between the two pulse
shapes is visible, it is much smaller than the difference between the electron and
alpha pulse shapes (see Figure 5.1). But the visible energy is also much higher
compared to the 2!°Po alpha background (see Section 5.2), so that the statistical
fluctuations of the pulse shapes are smaller. Hence, even a small difference between
the two pulse shapes can be sufficient to distinguish between neutron and IBD
events.

Figure 6.12 shows the tail-to-total ratio distribution (see Section 5.1.1) for IBD and
neutron events in the center of LENA with E,;s = 9.2 MeV. While a clear difference
between the two distributions is visible, there is also large overlap. Hence, it is
not possible to discriminate neutron background events with a high effficiency,
without reducing the detection efficiency for IBD events. Nevertheless, it shows
the potential of the pulse shape discrimination to reduce the fast neutron and the
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Figure 6.11: Comparison between the average normalized pulse shape of IBD
(denoted in blue) and neutron (denoted in red) events in the center of LENA with
Eyis = 9.2 MeV.
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Figure 6.12: The tail-to-total ratio distribution for IBD (denoted in blue) and
neutron events (denoted in red) in the center of LENA with Ey;s = 9.2 MeV.
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IBD Rate [10y] Rate [10y] Rate [10y]
acceptance | tail-to-total method | gatti method | combined method
95.0 % 64.4 £ 1.4(stat.) | 221 £+ 3(stat.) | 77.4 £+ 1.6(stat.)
90.0 % 46.6 £ 1.2(stat.) 218 + 3(stat.) | 40.4 £+ 1.1(stat.)
80.0 % 30.8 £+ 1.0(stat.) 215 £ 3(stat.) | 23.5 4 0.9(stat.)
55.0 % 13.8 £ 0.7(stat.) 213 £ 3(stat.) | 10.9 4 0.6(stat.)
50.0 % 11.8 £ 0.6(stat.) | 213 £ 3(stat.) | 9.4 £ 0.5(stat.)
40.0 % 8.6 £ 0.5(stat.) 212 + 3(stat.) | 7.4 4 0.5(stat.)

Table 6.5: The fast neutron background rate in the DSNB detection window
for different pulse shape discrimination methods. In the combined method, the
pulses are analyzed with both the tail-to-total and the gatti method. Without
pulse shape discrimination, the fast neutron rate is 492 4 4(stat.) events per 10y.

atmospheric neutrino NC background.

In order to calculate the gatti parameter (see Section 5.1.2), several calibration runs
were performed, using neutrons with mean visible energies ranging from 9.2 MeV
to 29.2 MeV. Subsequently, the gatti parameter for a fast neutron or atmospheric
NC event was calculated according to Section 5.2.1.

Table 6.5 shows the fast neutron background rate after the pulse shape discrim-
ination, using the tail-to-total and the gatti method analogous to Section 5.2.1.
Furthermore, the results for a combined method, where the tail-to-total and gatti
cut are applied consecutively, are also depicted.

For 95 % IBD acceptance, the tail-to-total method reduces the fast neutron back-
ground from 492 + 4(stat.) to 64.4 £ 1.4(stat.) events per 10y. Contrary to the
a — (3 discrimination (see Section 5.2), the performance of the gatti method is sig-
nificantly worse with a reduction of the fast neutron background to 221 + 3(stat.)
events per 10y. A possible explanation for this effect is that fast neutrons can
undergo several reactions inside the scincillator. For example, a fast neutron can
transfer almost all of its energy in one elastic scattering interaction with a proton,
or in several individual elastic scattering reactions which are few ns apart. Fur-
thermore, it can interact inelastically with a carbon nucleus, producing gammas,
protons, deuterons and alphas. Each of these reactions has a different typical pulse
shape and depending on the branching ratio of the reaction, the gatti weights are
more or less optimized for it. Hence, it not possible to distinguish the pulse shapes
of some neutron reaction channels from the IBD pulse shape with the gatti method.
Thus, the gatti parameter distribution of the neutrons is very broad compared to
the IBD events (see Figure 6.13) and the overall performance is worse than the
tail-to-total method.
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Figure 6.13: The gatti parameter distribution for IBD (denoted in blue) and
neutron events (denoted in red) in the center of LENA with Ey;s = 9.2MeV.

But as the gatti method works very well for the reaction channels with a high
branching ratio, the discrimination efficiency of the tail-to-total method can be
improved if the gatti method is applied afterwards. Using this combined method,
the fast neutron background rate is reduced to 23.5 4 0.9(stat.) events per 10y for
80 % IBD acceptance, which is almost a factor of two better than the tail-to-total
method and a factor of ten better than the gatti method, respectively. Neverthe-
less, this reduction is still not enough, so that a fiducial volume cut also has to
be applied. Hence, in the following, the fiducial volume radius is set to 13.0m,
so that the fast neutron background rate is reduced to 4.4 £+ 0.8(stat.) events per
10y for 80 % IBD acceptance, which is in the same range as the atmospheric 7,
and the reactor neutrino background (see Section 6.2.1 and Section 6.2.2). Due to
these cuts, the DSNB signal is reduced by 25 % to 35.8 events per 10y.

Table 6.6 shows the atmospheric NC background rate after the pulse shape discrim-
ination, using the combined method. For 95% IBD acceptance, the atmospheric
NC rate is only reduced by a factor of ~ 3 to 1.0-10? events per 10y, while the fast
neutron rate was reduced by a factor of ~ 6 by this cut. If a more restrictive pulse
shape cut with 55% IBD acceptance is applied, the atmospheric NC rate is re-
duced by a factor of ~ 70 to 43.5 & 0.5(stat.) events per 10y. As the DSNB signal
is also reduced, the background is still a factor of about two larger than the DSNB
signal. Using a pulse shape cut with 40 % IBD acceptance, the atmospheric NC
rate can be reduced to 21.8 £ 0.4(stat.) events per 10y, such that is only slightly
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IBD Atmospheric DSNB Signal
acceptance | NC rate [10y] | (E,) = 12MeV [10y]

95.0% | 1001 =+ 3(stat.) 125
90.0 % 378 + 2(stat.) 40.2
80.0% 155 + 1(stat.) 35.8
55.0% | 43.5 £ 0.5(stat.) 24.6
50.0% | 34.4 = 0.5(stat.) 22.4
45.0% | 27.4 4 0.5(stat.) 20.1
40.0% | 21.8 & 0.4(stat.) 17.9

Table 6.6: The atmospheric NC backgrounds depending on the IBD acceptance,
using the combined pulse shape discrimination method. For comparison, the cor-
responding DSNB event rates for (E,) = 12MeV is also depicted. Without pulse
shape discrimination, the atmospheric NC rate amounts to 3.0 - 103 events per
10y.

larger than the DSNB signal. Due to this cut, the fast neutron background rate
is also further reduced to 1.8 & 0.2(stat.) events per 10y.
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Figure 6.14: The energy dependent pulse shape discrimination efficiency for
fast neutron and atmospheric NC events, using the combined method with 95 %
acceptance.

Figure 6.14 shows the energy dependent pulse shape discrimination efficiency for
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fast neutron and atmospheric NC events, using the combined method with 95 %
acceptance. As expected, the discrimination efficiency for both fast neutron and
atmospheric NC events rises with the visible energy, due to the increased photon
statistics.

This is one reason for the better performance of the pulse shape discrimination for
fast neutron events than for atmospheric NC events, as a larger fraction of the fast
neutron events are in the upper half of the DSNB detection window compared to
the atmospheric NC events (see Figure 6.8 and Figure 6.10).

Overall, the discrimination efficiency for fast neutron events is always higher than
for atmospheric NC events. One reason for this is that the used gatti weights were
calculated from positron and neutron events. Only 40 % of all atmospheric NC
events have only a neutron in the final state (see Table 6.3), while the remaining
events have multiple particles in the final state. Hence, the used gatti weights are
more optimized for fast neutron events than for atmospheric events®.

Another reason is that a larger fraction of the fast neutrons undergo inelastic
scattering reactions on carbon compared to the neutrons that are emitted in an
atmospheric NC event, as the energy of the fast neutrons is higher. Alpha particles
can be emitted in these inelastic scattering reactions, such that the visible energy
is quenched into the DSNB detection window. As the difference between the
alpha and the electon-like positron pulse shape is much larger, these events can
be discriminated with a higher efficiency compared to events where the neutron
scattered elastically off a proton.

Figure 6.15 shows the resulting atmospheric NC spectrum after the combined pulse
shape discrimination method with 40% IBD acceptance was applied. Around
10 MeV neutrino equivalent energy, the atmospheric NC rate is still a factor of
~ 2 larger than the DSNB rate. But due to the rising discrimination efficiency it
drops faster with increasing energy than the DSNB rate. Depending on the mean
supernova neutrino energy, the atmospheric NC rate drops below the DSNB signal
between 14 and 18 MeV. Hence, the atmospheric NC background could be further
reduced if the lower limit of the DSNB detection is increased to 18 MeV. But this
would reduce the already low DSNB event rate for (E,) = 12MeV to less than 6
events per 10y, which would be too small for a statistical significant detetection.
Thus, it is not possible to further reduce the atmospheric NC background by
diminishing the size of the DSNB detection window.

8The simulation of atmospheric NC events takes more computation time than the simulation of
neutron events. Hence, it would take too much time to simulate calibration runs with atmospheric
NC events, which would be needed to calculate gatti weights that are better optimized for the
discrimination of atmospheric NC events.
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Figure 6.15: The atmospheric NC background spectrum after the combined
pulse shape discrimination method with 40 % IBD acceptance was applied. For
comparison, the DSNB spectra with (E,) ranging from 12 MeV to 21 MeV are also
depicted.

6.6 Detection Potential

Table 6.7 summarizes the contribution of the different background sources, us-
ing the combined pulse shape discrimination method with 40 % IBD acceptance
and 13.0m fiducial volume radius. Overall, 27.8 background events per 10y are
expected in the DSNB detection window, while the predicted DSNB rate ranges
from 17.9 ((E,) = 12MeV) to 35.2 ((E,) = 21 MeV) events per 10y. Hence, it is
clear that a detection of the DSNB is very challenging, especially for the case of
(E,) = 12MeV.

In a first step, it is assumed that the expected background rates are known without
any uncertainty. While this of course unrealistic, it should be possible to determine
the expected background rates with high precision. The reactor neutrino rate in
the DSNB detection window can be extrapolated from the measured rate below
9.5 MeV. Analogously, the atmospheric 7, rate in the DSNB detection window can
be estimated from the measured rate at higher energies.

As the fast neutron rate decreases with the radius of the fiducial volume, it can
be determined by analyzing the dependence of the event rate on the radius of the
reconstructed position. Another option is to look for IBD-like events, that were
detected in coincidence with a muon which crossed the muon veto. Although the
fast neutron rate can not be calculated directly from these events, they can still
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Background source Rate [10y]
Reactor neutrinos 2.0
Atmospheric 7, 2.2

qLi B~ —n < 0.01

Fast neutrons 1.8
Atmospheric NC 21.8
Sum 27.8
DSNB ((E,) = 12MeV) 17.9

Table 6.7: The background rates in the DSNB detection window between 9.5 MeV
and 25 MeV for the different sources, using the combined pulse shape discrimina-
tion method with 40 % IBD acceptance and 13.0m fiducial volume radius.

be used to validate the Monte-Carlo simulation. Subsequently, the expected fast
neutron rate can be calculated by using the validated Monte Carlo simulation.

Measureing the atmospheric NC event rate is challenging, as the efficiency of the
applied pulse shape cut must be known with high precision. A possible option is
to look for events in the center of the detector, where two neutron captures were
detected, as these events can only be due to atmospheric neutrino NC reactions.
While the efficiency for IBD-like atmospheric NC events cannot be calculated
directly from these events, they can also be used to validate the Monte-Carlo
simulation. Subsequently, the atmospheric NC event rate can be calculated with
this validated Monte-Carlo simulation.

As the determination of the fast neutron rate and the atmospheric NC rate is
quite complicated, the DSNB detection window should be blinded during the first
10y of data taking. During this time period, the analysis procedure should be
fixed by looking at the events that are outside the energy window, or by analyzing
the events that have two or more neutron captures. After the detection window
has been unblinded, the analysis procedures are applied without any changes.
Otherwise, there would be the danger to introduce an experimental bias [112].

From the number of detected events and the expected background rate, the confi-
dence interval for the DSNB rate can be calculated by using the Feldman-Cousins
method [113]. By increasing the size of the confidence interval such that the lower
limit is almost zero, the significance of the detection of the DSNB can be calcu-
lated.

Table 6.8 shows the expected detection signifance for different DSNB models with
(E,) ranging from 12MeV to 21 MeV, using the Feldmann-Cousins method. For
each DSNB model, it was assumed that the number of detected events equals the
sum of the expected number of DSNB and background events. If (E,) = 12MeV,
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(E,) Expected Expected
DSNB events [10y] | DSNB detection significance

12 MeV 17.9 3.30
15 MeV 25.7 430
18 MeV 31.5 520
21 MeV 35.2 5.70

Table 6.8: The expected detection significance for different DSNB models with
(E,) ranging from 12MeV to 21 MeV, assuming that the expected background
rates are perfectly known.

(E,) | 5% background | 10 % background | 25 % background
uncertainty uncertainty uncertainty
12 MeV 3.00 270 190
15 MeV 400 3.70 260
18 MeV 490 440 3.1o
21 MeV 540 490 3.500

Table 6.9: The expected detection significance for different DSNB models with
(E,) ranging from 12MeV to 21 MeV, assuming that the expected background
rates are known with 5 to 25 % precision.

the DSNB can be detected with an expected significance of 3.3 ¢ after 10y data
taking. As the number of detected events is subject to statistical fluctuations, the
detected significance can of course be larger or smaller. The expected detection
significance rises with the mean supernova neutrino energy, and is above 5o for
(E,) > 18 MeV.

Up to now, it was assummed that the number of expected background events is
known. A more realistic scenario is that the expected background rate is only
known with a certain precision. In this case, the detection significance can be
calculated according to [114]. Table 6.9 shows the expected detection significance
for different DSNB models with (E,) ranging from 12 MeV to 21 MeV, assuming
that the expected background rates are known with 5 to 25 % uncertainty.

If the background is known with 25 % uncertainty, the DSNB detection significance
is dramatically reduced such that a 3o detection of the DSNB after 10y is only
possible for (E,) >= 18 MeV. For 10 % background uncertainty, a 3 ¢ detection is
possible for (E,) >= 15MeV. In case that the background uncertainty is 5 %, the
DSNB can be detected with 3 o significance for each DSNB model and with more
than 5o significance for (E,) = 21 MeV.
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Hence, the background needs to be known with a uncertainty of less than 5%
in order to detect the DSNB. Thus, the pulse shape discrimination efficiency for
atmospheric NC events needs to be known with ~ 0.1 % precision, which should
be possible but is very challenging.
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Figure 6.16: The 1o confidence interval for the supernova rate Rgx(z = 0) and
the mean supernova neutrino energy, assuming 5% background uncertainty and
that 46 IBD events ((E,) = 12MeV) were detected. For comparison, the current
1 o confidence interval for Rgx(Z = 0) is also depicted (green dashed line).

As the DSNB event rate is very small and a factor of two below the background
rate, it will probably not be possible to directly determine (E,) from the energy
distribution of the detected events. Nevertheless, it is possible to extract some
information about the redshift dependent supernova rate (Rgy) and (E,) from
the number of detected events. Figure 6.16 shows the 1o confidence interval for
the supernova rate Rgn(z = 0) and the mean supernova neutrino energy, assuming
5% background uncertainty and that 46 IBD like events ((E,) = 12MeV) were
detected. The redshift dependent supernova rate is already known with 25 %
uncertainty (see Section 1.4) and it is very likely that the uncertainty will be
reduced during the next 20 years. Hence, it will be possible to determine (E,)
from the number of detected events, though the uncertainty will be quite large.

In case that no DSNB signal is detected, the current limit on the DSNB flux
of the Super-Kamiokande experiment could be significantly improved. Assuming
that 28 events are detected after 10y and that the background is known with 5%
uncertainty, the upper limit on the DSNB rate would be 26.4 % (90 % C.L.).
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Hence, the upper limit on the DSNB flux above 17.3 MeV would be 0.4 7, cm™2s™1
for (E,) = 18 MeV, which is a factor of about 8 below the current limit (see Section
1.5.1). Even in a pessimistic scenario of 25 % background uncertainty, the flux limit

could be improved by a factor ~ 5 to 0.6 7, cm2s~ 1.
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Figure 6.17: The 3¢ (depicted in blue) and 90 % C.L. (depicted in red) exclusion
contours for the supernova rate Rgn(z = 0) and the mean supernova neutrino en-
ergy, assuming 5 % background uncertainty and that no DSNB signal was detected
(Nget = (Npg)). For comparison, the current 1o confidence interval for Rgn(z = 0)
is also depicted (green dashed line).

Figure 6.17 shows the exclusion contours for the supernova rate Rgn(z = 0) and
the mean supernova neutrino energy, assuming 5% background uncertainty and
that no DSNB signal was detected. The whole current parameter space would
be excluded with 90% C.L. and a huge part of the parameter space would be
excluded with 3 o signficance. Hence, if no excess above the expected number of
background events in the DSNB detection window is found in LENA, all current
standard DSNB models would be ruled out with more than 90 % C.L.
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Chapter 7

Conclusions

During the last decade, the Borexino [27] and KamLAND [51] experiments have
demonstrated the great potential of the liquid scintillator technology. As the
target mass of these experiments is rather small with 278t and 1kt, LENA (Low
Energy Neutrino Astronomy) has been proposed as a next generation 50 kt liquid
scintillator detector. Its main physics goals are the detection of solar neutrinos,
supernova neutrinos, geoneutrinos, and the search for the proton decay.

One major focus of the present work is the test of the MSW-LMA prediction [12]
for the electron neutrino survival probability P, by measuring solar ®B neutrinos
[20]. This test is important as new physics could influence P, in the transition
region between vacuum and matter dominated oscillations (2MeV < E, < 5MeV).
Due to the huge target mass of the LENA detector, external gamma background,
which limits the detection threshold in Borexino for elastic scattering reactions of
8B neutrinos with electrons to 3 MeV electron recoil energy, can be suppressed by
reducing the fiducial volume. Hence, an unprecedentedly low detection threshold
of 2MeV could be achieved in LENA, allowing a rigorous test of the MSW-LMA
prediction in the transition region.

As a prerequisite for the 8B analysis, an energy reconstruction algorithm was
developed, which uses the information of several simulated calibration runs at
different energies between 0.3 MeV and 1.0 MeV. The algorithm was tested with
a full detector Monte Carlo simulation based on GEANT4 [72] and no systematic
shift between the reconstructed and the true energy was found at 1MeV. The
obtained energy resolution is og = 6.2% - \/E/MeV + 0.3%. Above 1.5MeV, a
small systematic shift between the reconstructed and the true energy of 0.5%
to 1.0% was found, which is due to the fact that the maximum energies of the
calibration runs was 1 MeV. Hence, an extensive calibration campain using many
sources with a wide distribution of energies will be needed.

Afterwards, the electron recoil spectra of solar neutrinos were simulated, using
the flux predictions of the BSO5(AGS,OP) standard solar model [14]. Besides
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the elastic neutrino electron scattering (ES) channel, which was used for the *B
measurement in Borexino [29] and Super-Kamiokande [41], LENA can also detect
the CC reactions of electron neutrinos on '*C. This detection channel has the
advantage that the subsequent decay of the ®*N nuclei produced can be used to
reduce the background by a coincidence measurement. Another advantage is that
the neutrino energy can be measured directly. This is not possible in the ES
channel, as only the energy of the recoiling electron is measured so that the signal
at each electron recoil energy is a convolution of different neutrino energies. The

disadvantage of the *C channel is that the event rate is with 61?;—1‘1‘?;5 almost two

orders of magnitude lower than the event rate of the ES channel (%ﬁ‘;‘;‘ts).

In addition, different background sources were studied. There are three different
types of backgrounds for the ES channel: cosmogenic radioisotopes, which are
produced in-situ by crossing muons, intrinsic radioactivity and external gamma
rays. For the cosmogenic radioisotopes, the results of the Borexino experiment
[29, 27] were scaled to the expected muon flux at the mine in Pyhésalmi, the most
probable location for LENA. The °C background can be reduced to about 1 count
per 47.8kt - y by vetoing a cylinder with 2m radius around each traversing cosmic
muon for ~ 110s, which also reduces the *Be background to less than 0.01 count
per 47.8kt - y. As only a small volume around each muon is vetoed, the dead time
introduced amounts to an acceptable level of 9.1 %. After this cut, the 'C rate is
still more than one order of magnitude higher than the 8B signal, which limits the
measurement of the 8B spectrum to above 2 MeV.

Above 2 MeV, the only remaining intrinsic radioactive isotope is 2°8T1!. Assuming
that the same radiopurity levels (¢(***Th) = (6.5 + 1.5) - 107'8g/g) as in Borexino?
[29] are achieved, the 28Tl spectrum surpasses the ®B signal between ~ 3 MeV and
~ 5MeV by up to 50 %.

Using the radioimpurity levels of the Borexino PMTs [92], light concentrators and
of the concrete at the LNGS [52], the external gamma background was simulated.
The resulting external gamma background rate surpasses the 8B signal by several
orders of magnitude below ~ 3 MeV electron recoil energy, while no background
was present above 3.5 MeV electron recoil energy. Hence, the fiducial volume radius
was set to 9m for electron recoil energies between 2.0 MeV and 3.5 MeV in order to
suppress the external gamma background to less than one event per day, reducing
the fiducial mass from 47.8kt to 19.2kt. For higher electron recoil energies, the
full fiducial volume was used.

"'While 2'4Bi has a Q-Value of 3.3 MeV, it can be tagged through the subsequent decay of the
21Ppo daughter nucleus.

?Note that the radiopurity levels of the first data taking phase of Borexino are used and
that the current radioactive background rates in Borexino are much lower due to the several
purification campaigns.
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Accidental coincidences of background as well as ES events provide a background
for the neutrino detection via the 3C channel. Using the simulated spectra, the
accidental background was calculated for a fiducial volume with 11 m radius, which
reduces the event rate to 425 counts per year. Below ~ 5 MeV neutrino equivalent
energy, which is the sum of the energy of the prompt event and of the Q-Value of
the CC reaction (v, + C — BN +e7, Q = 2.2MeV), the accidental background
is more than two orders of magnitude larger than the 8B signal. Hence, the mea-
surement of the B spectrum is limited to above 5 MeV in the *C channel.
Using the simulated neutrino and background spectra according to the MSW-
LMA prediction, 10° measurements of the 8B neutrino spectrum were simulated.
This simulated data was fitted with the expected spectrum according to the MSW-
LMA prediction, including all relevant background sources. The 8B rate was recon-
structed with ~ 0.2 % statistical error after 5y, which is a factor of ~ 5 better than
the current statistical error of the Super-Kamiokande measurement [41]. Hence,
the 8B rate can be measured at unprecedented precision if the systematic error is
at the level of ~ 1%.

In the next step, the electron neutrino survival probability, P.., was reconstructed
from the ®B spectrum that was measured with the 3C channel. Subsequently, the
P.. spectrum was fitted a constant, in order to test how well this wrong model
can be excluded. Furthermore, the simulated spectrum for the ES channel was
fitted with the spectrum expected according to the constant P, model. Finally,
the results for both channels were combined to maximize the sensitivity of the
analysis.

After 4y measuring time, the constant P, model can be excluded with more
than 5o significance if the MSW-LMA prediction is correct. As the amount of
intrinsic radioactive background is not known yet, the analysis was repeated with
a two orders of magnitude larger intrinsic radioactive background compared to
Borexino, which is a very pessimistic scenario. Even in this case, the upturn of
the 8B spectrum can be detected with 5o significance after 5y. In case that the
upturn of the 8B spectrum is not detected after 5y, this would rule out the MSW-
LMA prediction and show that new physics influence P, in the transition region
between matter and vacuum dominated oscillations.

The second major focus of the present work is the study of the potential of LENA
to detect the Diffuse Supernova Neutrino Background (DSNB). The DSNB was
created by the cumulative neutrino emission of core-collapse supernovae through-
out the history of the universe and was not detected up to now, due to its low flux.
Detecting the DSNB is important as it allows to measure the average neutrino
spectrum of a core-collapse supernova. Furthermore, it is an independent method
to measure the redshift dependent supernova rate.

First of all, the DSNB spectra were simulated with four different mean supernova
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neutrino energies ranging from (E,) = 12MeV to (E,) = 21 MeV [34], using the
inverse beta decay (IBD) channel (7, + p — e™ + n) which is only sensitive to 7.
Depending on (E, ), 85 to 156 DSNB events are expected after 10y of data taking.
Subsequently, the contribution of the different background sources was studied.
Contrary to Super-Kamiokande [39], LENA can detect the 2.2MeV gamma of
the neutron capture on hydrogen. Hence, the delayed coincidence of the prompt
positron and the delayed neutron signal can be used to suppress background. One
of the remaining backgrounds are reactor and atmospheric antielectron neutrinos.
They pose an indistinguishable background and thus limit the detection window
to neutrino energies between 9.5MeV and 25MeV. Due to this energy cut, the
already small event rate is reduced to 48-95 events per 10y.

Another two background sources are due to cosmic muons. While the majority
of the produced cosmic radioisotopes can be vetoed by the delayed coincidence
condition, *Li (Qp- = 13.6 MeV) can [~ decay into an excited state, leading to
the emission of a neutron. This §~ — n decay has the same delayed coincidence
signature as the IBD reaction, and the rate above 9.5 MeV was calculated to be
~1- 103%. This background can be reduced to less than 0.01 events per
10y by vetoing a cylinder with 2m radius around each cosmic muon for 2.5s,

which introduces a negligible dead time of 0.2 %.

The other muon-induced background are fast neutrons, which are produced by
cosmic muons in the surrounding rock. These fast neutrons have a large range
and can propagate into the target volume without triggering the muon veto. In-
side the target volume, the neutron produces a prompt signal due to scattering
reactions on protons and carbon and a delayed signal when it gets captured on a
free proton after thermalization, thus mimicking the IBD event signature. Using
the GEANT4 based Monte-Carlo simulation, the fast neutron rate was found to
be ~ 4.9 102%. The fast neutron background can be reduced by using a
smaller fiducial volume. If the radius of the fiducial volume is set to 11 m, the fast
neutron rate is reduced to ~ 4.9 + 0.4(stat.) =22 hut the DSNB event rate is

30.1kt-10y’
also reduced by over 30 %.

While atmospheric 7, are an indistinguishable background for the DSNB detection,
NC reactions of atmospheric neutrinos of all flavours also provide a background.
In these NC reactions, nucleons and heavier fragments are knocked out of a carbon
nucleus. In case that a single neutron is emitted, the atmospheric NC event has
the same delayed coincidence signature as an IBD event. The atmospheric NC
background amounts to ~ 3.3 - 103% in the DSNB detection window, which
is in agreement with the KamLAND measurement of this background [101] and

more than one order of magnitude above the DSNB rate.

As IBD events have a typical pulse shape different from that of atmospheric NC
events, the atmospheric NC background can be suppressed by a pulse shape anal-
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ysis. However, due to the rather small differences between the two pulse shapes,
a very restrictive pulse shape cut needs to be applied which accepts only 40 % of
all IBD events. In that case, the atmospheric NC background can be reduced by
almost two orders of magnitude to 21.8 + 0.4(stat.) events per 10y, using a fiducial
volume with 13.0m radius. The same cut also reduced the fast neutron rate to
1.8 + 0.2(stat.) events per year.

Overall, using a fiducial volume with 13.0 m radius and applying a pulse shape cut
with 40 % IBD acceptance, 28 background events per 10y are expected between
9.5MeV and 25MeV, while the DSNB rate ranges from 18 to 35 events per 10y.
Assuming that the expected value of the background rate is known with 5% un-
certainty and that the current models are correct, the DSNB can be detected with
more than 3 o significance after 10y of data taking.

In case that no DSNB signal is found, the current Super-Kamiokande limit on
the DSNB flux above 17.3 MeV [39] would be improved by a factor of about 8
to 0.4 7,cm™2s7! (90% C.L.). Furthermore, all current standard DSNB models
would be ruled out with more than 90 % C.L.
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