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Abstract

The Borexino experiment is a 300t liquid-scintillator detector designed for the
real-time detection of solar neutrinos in the sub-MeV energy range. It is located
at the underground site of the Laboratori Nazionali del Gran Sasso (LNGS) in
Italy. As a result of the expected low signal rate of solar neutrinos, the design
of the Borexino detector is based on the requirement of high radio-purity lev-
els of the scintillator and construction material. In August 16th 2007, Borexino
published the first real-time spectral measurement of " Be neutrinos (47 4 7q &
12,5 counts day~' (100¢)~*) and proved its excellent capability to perform spec-
troscopy on solar neutrino fluxes.

Effort is currently directed to the determination of the remaining solar neutrino
fluxes, i.e. from the pp and pep fusion processes, the three neutrino emissions of
the CNO cycle as well as the low energy part of the 8B branch. However, the
detection of the high-energetic regions of the pep, CNO and 8B neutrino spectra
are affected by radionuclides induced by the residual atmospheric muon flux at
the LNGS site. These muon-induced radionuclides form the so-called cosmogenic
background in the Borexino experiment. Especially cosmogenic 'C' exceeds the
expected signal of pep- and CNO-v by an order of magnitude. Cosmogenic °C
affects mainly the measurement of 8B-v.

The main part of this work is dedicated to the Three-Fold-Coincidence (TFC)
technique, which is the only known method to reject the cosmogenic background
caused by these two Carbon isotopes. Therefore, the efficiency of this method in
the Borexino experiment is of great interest.

The TFC is based on the coincidence of muons and neutrons ejected from 2C' in
the process of cosmogenic radionuclide production. By means of Borexino’s of-
fline data processing software Echidna, data taken by the detector is analyzed on
correlations between the particles neutron, muon, and *'C'. Each correlation con-
tributes to an overall picture of the reliability of the TFC technique in Borexino.
Neutron properties, like effective mean free path and mean capture time, as well as
the 'C decay time and production rates are objects of study. Also the reliability
of the muon track reconstruction algorithm used in the analysis is tested by means
of these correlations. However, data analysis is complicated by inefficiencies in
reconstruction of muons and neutrons, as well as neutron detection. Furthermore,
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artificial effects of data analysis have to be considered. Especially the time pro-
file of 11C with respect to neutrons and muons is significantly distorted. For this
purpose, a model of the 'C time profile is developed in this thesis, to correctly
determine the decay time and total 'C rate in Borexino on basis of the TFC
technique.

For data analysis, it is essential that the data is taken by a calibrated and fully
functional detector. In the frame of this work, a pulser system to monitor the elec-
tronics status of the Quter Detector (OD) has been constructed and implemented
into the electronics read-out chain. The newly installed pulser system injects a
reference signal into the OD electronics and thereby checks its operational relia-
bility for each run. By now, this pulser system is an inherent part of calibration
and maintenance work of the Borexino detector.
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Chapter 1

Introduction

For thousands of years, astronomy has relied on detecting electromagnetic radi-
ation of celestial objects to gain information on the physics mechanism in our
universe. However, since the famous Homestake experiment of Raymond Davis
in the 1970’s [1] (sec. 1.4.1), this science has expanded to the field of neutrino
physics. Like photons, neutrinos are neutral particles, hence their propagation is
not influenced by electromagnetic fields. They maintain their directional infor-
mation and therefore point directly at the source of their production. As only
weakly-interacting particles, neutrinos are barely affected by matter, in contrast
to the electromagnetically interacting photons. Therefore, neutrino astronomy
provides insight into the interior of several celestial phenomena, e.g. core-collapse
supernovae (SN), the Sun, or even Earth itself.

The first measurement of solar electron neutrinos in the Homestake experiment
showed less events than expected on basis of the Solar Standard Model (SSM).
This so-called Solar Neutrino Problem (SNP) incited the field of neutrino physics,
which has been growing ever since. Now, more than 30 years later, the generally
accepted explanation for the detected neutrino deficit is based on intrinsic proper-
ties of the neutrino particle beyond the Standard Model of particle physics (SM).
Neutrino-oscillations provide a consistent solution for the SNP and have been ob-
served in a variety of experiments at different energy scales [2, 3, 4]. Besides
being a probe for cosmic processes, the neutrino particle has been always subject
of research itself.

1.1 Neutrinos within the Standard Model

In the Standard Model of particle physics (SM), leptons and antileptons are divided
in three generations, with each generation consisting of a charged lepton and a
neutrino of corresponding flavor.
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All leptons are subject to the weak interaction, while only the charged leptons
also underly electromagnetic interaction. Since neutrinos are neutral particles,
they can solemnly interact via the weak interaction. The charged current (CC) and
neutral current (NC) interactions are procured by the exchange bosons of the weak
interaction, i.e. W= and Z° bosons, which can only cause lepton conversion within
the same generation. Therefore, the number of leptons within each generation is
conserved (lepton flavor conservation). In consequence, the total number of leptons
is also conserved.

Neutrinos maximally violate parity, and therefore are always in a pure chirality
eigenstate, i.e. neutrinos are always left-handed, whereas anti-neutrinos are always
right-handed. As a result, neutrinos are massless particles in the SM.

1.2 Neutrinos beyond the Standard Model

Ever since the Homestake experiment performed by Raymond Davis and his col-
laborators in 1970, solar neutrino experiments detected a deficit in the measured
solar v.-signal rate compared to the expectation according the Standard Solar
Model (SSM). Besides this solar neutrino deficit, also a deficit in the atmospheric
v,-signal has been detected by the Super-Kamiokande experiment [5, 2].

Today, a well established explanation for these effects are neutrino-oscillations, i.e.
the transition of neutrinos into different flavors (v, < v,, v, < v., V. < V7).
All nuclear reactions in the Sun produce v,. These can be converted by neutrino-
oscillations to v, .. As a result, the solar neutrino flux measured at the Earth
is a composition of all three neutrino flavors. Thus, experiments which are most
sensitive to v, detect a solar neutrino rate less than expected on the basis of absent
neutrino-oscillations. Examples of solar neutrino experiments and their detection
techniques are outlined in sec. 1.4.

1.2.1 Neutrino oscillations in vacuum

Neutrino flavor eigenstates |v,) (o = e, u,7) can be expressed in the basis of
neutrino mass eigenstates |v;) (i = 1,2,3), which describe stationary solutions of
the Schrdinger equation of free particles.

Ve "
Vu =0 Uy (12)
V- Vs



1.2 Neutrinos beyond the Standard Model

U is the unitary Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [6], de-
scribing the transformation between flavor and mass eigenstates of the neutrinos.
The MNS matrix can be written as:

1 0 0 C13 0 813€_i6 C12 S12 0
U = 0 Co3 5923 0 1 0 —S12 C12 0
0 —s93 €93 —Slge_ié 0 C13 0 0 1
Ua Ues U
=| Uy Un Us (1.3)
UTl UT2 U7'3

In this expression, s;; and ¢;; stand for sin(6;;) and cos(;;) respectively, with
the rotation mixing angle 6;;. J is a possible CP-violating phase.
The mass eigenstates of the neutrinos evolve in time according to:

|vi) = e |u) (1.4)

Considering ultra-relativistic neutrinos, the energy can be be approximated as:

) m2
E,=\/pP+m:~ FE+ — 1.5
i 2K (15)

Taking a neutrino |v(t)) which is produced at time zero in the flavor eigenstate
|4 ), one can show on the basis of Equations 1.2 - 1.5, that the probability to find
an arbitrary flavor eigenstate |vg) is

. Am%-
Pop(t) =Y UaUsUsUsze” 2m )t (1.6)
ij
with Am?; = m7 — mj. Considering only the simplified case of two-flavor

oscillations between |v,) and |v3), one gets an oscillation probability of:

Am2
Pos(t) = 1 — sin(26,,) - sin?( 272%) (1.7)

The probability to detect a given neutrino flavor oscillates in time, and also in
space as a result of neutrino propagation (v & ¢; ¢ denotes the speed of light).
The probability, that a neutrino remains in the same eigenstate is the so-called
“Survival probability” (Paa(t)).

As one can easily see, the effect of neutrino oscillation is based on massive neutrinos
of different masses (Amg; # 0) as well as a rotation of neutrino flavor eigenstates
with respect to the weak eigenstates (U # 1).

3
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1.2.2 Neutrino oscillations in matter

If neutrinos propagate in matter, their oscillation behavior is changed with respect
to the vacuum oscillations due to the additional interaction with electrons. v, can
interact with the electrons via CC and NC reactions, whereas v, and v, are only
capable of NC interactions in matter. The additional interaction channel of v,
introduces a phase difference relative to the v, , and can be parameterized as an
effective mass of the v,. The matter mass eigenstates of the neutrino are rotated
with respect to the vacuum mass eigenstates. This can lead to a flavor conversion
resonance effect in case of varying matter densities, enhancing the transition prob-
ability maximally. The effect was first pointed out by Mikheyev and Smirnov [7]
on the basis of work performed by Wolfenstein [8].

This so-called Mikheyev-Smirnov-Wolfenstein (MSW) effect is one of the most at-
tractive solutions of the SNP. 1,’s created in the center of our Sun are subject to a
slowly decreasing matter density on their way outwards and thus can be converted
resonantly to v, by the MSW effect. The effect is energy dependant and expected
to contribute significantly for energies above ~ 2 MeV. Its influence on the solar
neutrino spectrum is illustrated in Figure 1.4 and described in sec. 1.3.3. For more
detail on the MSW mechanism, see [9].

1.2.3 Intrinsic neutrino parameters

Neutrino oscillations have been investigated and proven in a variety of experiments
2, 3, 4]. Today, they are a well established phenomenon in neutrino physics. As a
non-standard physics effects, these oscillations open the window to physics beyond
the SM.

First of all, neutrino oscillations clearly violate lepton flavor conservation (see sec.
1.1). Also several intrinsic parameters arise on the basis of these oscillations,
which are not covered by the SM. The neutrino mass eigenvalues m;, the rotation
mixing angles 0;; and also a possible CP-violating phase  are subject of neutrino
physics. In addition, the non-vanishing neutrino masses give rise to the question
on the nature of the neutrino: Is it a Majorana particle (i.e. a particle which is
identical to its anti-particle) or a Dirac-particle? Neutrino oscillations provide an
exceptional sensitive tool to determine the mass square difference Amg; and the
mixing angles.

Known oscillation parameters

The current best global values of the oscillation parameters [10] are:

4



1.3 The Sun as neutrino source

Am3, = (8.0£0.3) 1077 (eV)?

sin®(260;) = 0.861907

|Am3,| € [1.9,3.0]- 1072 (eV)?
sin2(2932) > 0.92
)
3 . .
sin®(265;) < 0.19 (1.8)

Vacuum neutrino oscillations are insensitive to the sign of Amfj (see eq. 1.7),
however, the MSW effect only occurs for Am3;, > 0. As the most attractive
solution of solar neutrino oscillations, a positive sign of Am3, is established. The
sign of Amj3, is still undetermined. Therefore, two possible hierarchies of neutrino
mass eigenstates exist: The so-called normal hierarchy (m; > my > mg) and the
inverted hierarchy (ms > my > my).

1.3 The Sun as neutrino source

The detection of solar neutrinos in 1970 by the pioneering Homestake experiment
(sec. 1.4.1) opened the field to neutrino astronomy. Ever since, the Sun has been
object of neutrino astronomy. The neutrinos emitted in the fusion processes in our
Sun are subject to vacuum oscillations and to the MSW effect. Solar neutrinos are
therefore suited to study intrinsic properties of the neutrino particle. In addition
the energy production mechanisms in the Sun itself are of great interest. This
section provides an overview of the standard model of our Sun, and the production
processes of solar neutrinos. Furthermore, the expected solar neutrino fluxes and
the influence of neutrino oscillations are presented.

1.3.1 The Standard Solar Model

The Standard Solar Model (SSM) is the current best model to describe the struc-
ture, dynamic and evolution of the Sun. It is based on the following assumptions:

e Thermonuclear energy production:
Energy is produced in the Sun by fusion processes of Hydrogen to Helium.
The specific fusion branches are described in more detail in sec. 1.3.2.

e Energy transport:
The energy generated in these fusion processes is transported within the
solar plasma by radiation (photons and neutrinos), convection, and to a
small extent heat conduction.
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e Thermal equilibrium:
The Sun is expected to be in a quasi-steady state, with the power emitted
on its surface being equal the power generated in its interior.

e Hydrostatic equilibrium:
In stable stars, the gravitational attraction of the stellar mass compensates
the thermal pressure of the solar plasma.

These assumptions form a set of state equations which are iteratively solved
within the boundary conditions of the measured solar parameters. These are:
radius, surface temperature, luminosity, mass, age, opacities and fusion cross sec-
tions. On basis of this model, the fusion processes and their branching ratios can
be predicted, as outlined in the next section.

1.3.2 Fusion processes

Energy production in a sun-like star is based on two reaction sequences, i.e. the
pp chain and the CNO cycle. Both sequences result in the net reaction

4p — *He + 2et 4 2u, (1.9)

with a total energy release of 26.73 MeV'. In our Sun, the pp chain accounts for
about 98% of the total energy production, whereas the CNO cycle only makes up
2% of the total energy release. However, the CNO cycle is strongly temperature
dependent and is the most dominant energy production process in heavy stars
larger than a few solar masses. These reaction chains and the solar neutrinos they
produce are outlined in the following.

pp chain
As one can see in Figure 1.1, there are two possible initial reactions for the pp
sequence, both producing v,:
pp-v p+p— 2 He+e 4+, (1.10)
pep-v p+e +p—2He+ v, (1.11)

With respect to particle physics, both reactions are very similar and thus the
ratio of their cross sections is known to a high theoretical accuracy. On basis
of these initial reactions, several branches are possible in the further course of
nuclear fusion, which are presented in Figure 1.1. Particular attention is given to
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Figure 1.1: Schematics of the pp chain [11].

the neutrino production process. Besides the pp and pep reactions, solar neutrinos
are also created in the following processes:

hep-v : *He+p— *He+e" + v, (1.12)
"Be-v : "Bete — "Li+u, (1.13)
8B-v: B — ®Be* + et + v, (1.14)

Table 1.1 presents the energies and expected fluxes of all solar neutrinos ac-
cording to the SSM. In addition, the spectral shapes of these neutrino emission
are shown in Figure 1.3.

CNO chain

The CNO cycle is named after the participating elements in this reaction sequence:
Carbon, Nitrogen and Oxygen. As shown in Figure 1.2, ?C serves as a catalyst
for the fusion of Hydrogen to Helium in the CNO-I cycle. The net reaction can
be written as:

RC 4 4p — 2C +*He + 2e™ + 21, (1.15)

The CNO cycle is subject to a much higher Coulomb barrier than the pp
chain, and therefore requires higher temperatures. At a temperature of 1.5- 107 K

7
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Figure 1.2: Schematics of the CNO-I cycle [11].

the CNO cylce only contributes about 2% to the total energy production in our
Sun. However, due to its strong temperature dependence, the CNO cycle would
already become the dominant energy production mechanism at temperatures above
~ 1.8-107 K. Thus, the CNO cycle is predominant in heavy stars.

In the process of the CNO-I cycle, two neutrinos are emitted according to the
reactions:

BN-v: BN - B0t ef 40, (1.16)
B0 : PO - BN +et 41, (1.17)

Besides the CNO-I cycle there exist also three additional sub-cycles which
contribute only to a small extent to solar energy production. CNO-II, CNO-III
and CNO-1V mainly contribute in heavy stars.

1.3.3 Solar neutrino fluxes

Neutrinos can only interact via the weak interaction and are therefore hardly af-
fected by matter. As a result, they escape from the Sun (R = 7 - 10° km) nearly
without interaction and can be detected at the Earth about 8 min after production
(distance between Sun and Earth: ~ 1.5-108 km). Therefore, the detection of solar
neutrinos provides a direct, undisturbed, and nearly instantaneous observation of
the energy production processes in the center of the Sun. Photons take about 10°
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1012
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Figure 1.3: Expected neutrino spectrum according to the SSM BS05 [12].

years until they reach the surface of the Sun due to absorption and re-emission
processes in the solar plasma.

Assuming a thermal equilibrium in our Sun, the neutrino luminosity can be de-
termined by the solar photon luminosity. Only 2% of the total energy produced
in the net reaction (1.9) is applied to the two v,.. Therefore, one can approximate
that about 13 MeV of energy along with each v, are released within the Sun. On
basis of the solar constant S = 1367 W m~2, one can estimate the total neutrino
flux on Earth:

S

m =6.56 - 1013m_2 S_l (118)

(I)total ~

The above estimation of total neutrino luminosity is the most restrictive con-

straint on the total solar neutrino flux and is known as the Luminosity Constraint.
All individual neutrino fluxes from the pp and CNO sequences according to the
SSM are listed in Table 1.1 and shown in Figure 1.3.
The influence of the MSW effect (sec. 1.2.2) on the solar neutrino spectrum is
illustrated in Figure 1.4. The low energy region of the solar neutrino spectrum
is dominated by vacuum-oscillations (affecting pp-v), while higher energetic solar
neutrinos (especially ® B-v) are subject to matter-dominated oscillations. pep- and
"Be-v are located in the transition region. For more details, see [14].

9
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Neutrino Branch @[] E, [MeV]

pp 5.99 - 1010 [0,0.42]
pep 1.42-108 1.44

hep 1.42-10%  [0,18.8]
"Be 4.84-10° 0.86

"Be 4.84-10° 0.38

5B 5.69-105  [0,14.6]
BN 3.07-10%  [0,1.2]
150 2.33-10%8  [0,1.7]
7F 5.84-10°  [0,1.7]

Table 1.1: Expected v-rates within the three neutrino windows in counts per day
and 100¢ according to the SSM [13] The two "Be-v branches derive from the
ground state and the 487 kel excited state of 7 Li.

123

Moos
b

=

W 04

pp

Be! pepi

”_') 1 L 111 I:.| = 1

E (MeV)

Figure 1.4: Solar neutrino survival probability in the Large Mizing Angle (LMA)
scenario (black curve) [15]. At energies of a few MeV there is visible the transition
between vacuum and matter-enhanced oscillation regimes. LMA-0 and LMA-D are

alternative models considered in [16].
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1.4 Solar neutrino detectors

1.4 Solar neutrino detectors

With the goal to unravel the SNP, detectors and their detection techniques have
evolved since the first detection of solar neutrinos 30 years before. All present
solar neutrino experiments can be classified in three categories according to the
detection technique applied. These are radiochemical, water Cherenkov and liquid-
scintillator detectors. This section will provide an overview of these major detector
types and will illustrate representative experiments.

1.4.1 Radiochemical detectors

Radiochemical detectors are based on the CC reaction of solar electron neutrinos
on an element 2X according to

Vet 53X — e+, Y (1.19)

where A the total number of nucleons and Z the number of protons. Ele-
ment X is chosen in order to obtain a radioactive element Y and a low energy
threshold. After a sufficient exposure time, element Y is filtered by radiochemical
means from the target mass and its amount is determined by the number of its
radioactive decays. The measurement of the built-up activity of element Y allows
a determination of the total v, flux. The critical parameters in the selection of a
proper target element X are the energy threshold of the reaction (1.19), as well
as the mean lifetime of the resulting element Y. Radiochemical detectors provide
a time and energy integrated measurement of the solar v, flux without directional
information of the original v..

The Homestake experiment

The Homestake experiment [1] performed from 1970 until 1996 by Raymond Davis
and his collaborators was the first experiment in the field of neutrino astronomy.
Located at the Homestake mine in South Dakota (USA), this radiochemical exper-
iment consisted of a tank containing 615t of liquid perchlorethylene (CyCly). Solar
neutrinos interacted with the Chlorine in the detector according to the reaction

Ve + 3701 — e + 3 Ar (1.20)

with an 814 keV energy threshold. After a sufficient exposure time, 37 Ar atoms
are extracted from the target mass by purging it with a helium carrier gas and
passing it through a charcoal filter. The number of 3" Ar atoms is determined by

11



Chapter 1. Introduction

its radioactive decay (7(3"Ar) = 50.5d) using proportional counters. On basis of
the Standard Solar Model (SSM), a signal rate of

Re:vpected = 771%3 SNU (121)

was expected for the Homestake experiment (1 SNU = 1073 counts /(s- target
nucleus)). After 26 years of data taking, the experiment measured a signal rate of

[1]:

Rueasured = 2.56 + 0.22 SNU (1.22)

This difference between expectations according to the SSM and experimental
results gave birth to the Solar Neutrino Problem (SNP). Other radiochemical so-
lar neutrino detectors followed the Homestake experiment, i.e. GALLEX/GNO
(17, 18] and SAGE [19]. They all confirmed the solar neutrino deficit.

For his pioneering work on the field of neutrino astronomy, Raymond Davis was
awarded with the Nobel Prize in physics in 2002.

1.4.2 Cherenkov detectors

A charged particle moving in matter (of refractive index n) faster than the speed
of light within the given material emits Cherenkov light (Cherenkov condition:
nf > 1). In analogy to the Mach cone of supersonic objects, the Cherenkov light
is radiated in a cone along the direction of flight. The opening angle is correlated
with the particle speed, and therefore can be used to determine its energy. In
addition, the characteristic light emission is used to reconstruct the direction of
the particle.

Neutrinos are neutral particles and therefore do not produce Cherenkov light by
themselves. However, they can scatter on electrons and produce energetic charged
particles (see eq. (1.24)). If the charged particle fulfills the Cherenkov condition,
the direction and energy of the accelerated particle and also the parent solar neu-
trino can be observed. Thus, in contrast to radiochemical experiments, Cherenkov
detectors provide a real-time spectral detection of solar neutrinos. Due to external
background conditions and the relatively low light yield, current Cherenkov detec-
tors posses an energy threshold of about 5 MeV', limiting solar neutrino detection
to the higher energetic region of ® B-v (see Figures 1.3 and 1.4 ).

KamiokaNDE /Super-Kamiokande

In the early ’80s, KamiokaNDE (Kamioka Nucleon Decay Experiment) [20] was
constructed in the Mozumi mine (Japan) with the purpose to detect nucleon decay.
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1.4 Solar neutrino detectors

A mass of 3 kt of pure water was monitored by 1000 photomultiplier tubes (PMT).
In 1985 KamiokaNDE was upgraded to a neutrino detector and eventually was the
first detector measuring solar neutrinos in real time.

The KamiokaNDE experiment has been replaced by its successor, the Super-
KamiokaNDE (SK) [2] detector, which has been commissioned in 1996. Like
KamiokaNDE, SK is based on the detection of neutrinos by the Cherenkov light
emission of neutrino-scattered electrons. However, due to its larger dimensions,
the SK experiment provides higher statistical possibilities than its predecessor.
SK' consists of a cylindrical stainless steel tank with a diameter of 39.3m and
a height of 41.4m, filled with 50 kt of ultra-pure water in total. An additional
cylinder in the steel tank separates the experiment in two parts: the inner and
the outer detector. The outer detector contains 18 kt of water and is equipped
with 1885 PMTs. It serves as shielding for external radioactivity and active veto
for muons. The inner detector is filled with 32 kt of water, with a fiducial mass of
22.5 kt observed by 11146 PMTs. In a data taking time of 1496 days, SK measured
a 8B-v flux [21] of

Psp = (2.35 £ 0.02[stat] £ 0.08[syst]) - 10°em 2 s7! (1.23)

This flux accounts only for about 45% of the ® B-v expected on basis of the SSM.

SNO

The SNO (Sudbury Neutrino Observatory) experiment [3] has been performed from
1999 to 2006 in the Creighton mine in Sudbury (Canada). The main component
of the detector is a transparent acrylic vessel of 12m diameter, which contains
1kt of heavy water (D,0). The detector cavity outside the vessel is filled with
pure water to provide buoyancy and shielding against external radioactivity. Due
to a high rock coverage of ~ 2000m (~ 6000m.w.e.) no additional muon veto is
necessary. The vessel is monitored by 9600 PMTs mounted on a geodesic sphere
surrounding the vessel. The reaction channels used for neutrino detection are:

e Elastic scattering on electrons
Vpt+e —up+e” (1.24)

Elastic scattering is sensitive to all neutrino flavors (1) by Neutral Current
(NC) interaction. v, are also capable of Charged Current (CC) interation,
and thus their cross section is about a factor of 6.6 higher than for v, v,.

e Deuteron dissociation

CC: Ve+ D —e +2p (1.25)
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NC: Ve +D — v, +p+n (1.26)

The deuteron dissociation in CC reactions is only sensitive to v,. NC disso-
ciation of deuteron is sensitive to all neutrino flavors.

The combination of all three processes yields information on the flux of v, and
the combined flux of v, v, in the ®B-v energy region [22]:

Psp_,, = 1.76T502[stat] 059 [syst] - 10°em ™2 s (1.27)
Dsp_y, b = 34170 L stat] T35 [syst) - 108 em ™ s (1.28)

The total sum of the v-flux is well in agreement with expectations of the ®B-v
according to the SSM. This result demonstrated a confirmation of the SSM, and
also proved flavor conversion of solar neutrinos.

1.4.3 Liquid Scintillator detectors

Detectors of this type probe solar neutrinos by their elastic scattering on elec-
trons within a liquid scintillator target mass. The recoil-electron deposits its en-
ergy in the detector, exciting the organic scintillator molecules. Eventually, these
molecules isotropically emit their excitation energy in the UV-light spectrum. The
application of wave length shifters significantly reduces self absorption within the
scintillator. Due to the isotropic light emission, no directional information is ob-
tainable.

The high light yield of scintillator detectors allows exceptional energy and posi-
tion reconstruction of events and enables sub-MeV real-time solar neutrino spec-
troscopy. However, high radio-purity of the detector material is necessary to mea-
sure the low energetic solar neutrino fluxes.

KamLAND

The KamLAND (Kamioka Liquid scintillator Anti-Neutrino Detector) detector
23] is situated at the former site of the KamiokaNDE experiment. The detector
design of KamLAND is very similar to the Borexino detector, which is described
in sec. 2.3. A nylon balloon of 13m in diameter holds 1kt of organic liquid
scintillator, which is surrounded by buffer oil for buoyancy and shielding. These
components are contained in a stainless steel sphere of 18 m in diameter. About
1900 PMTs mounted on the steel sphere monitor the target mass. The steel sphere
is surrounded by an external water tank, which is viewed by 225 PMTs. It serves
as shielding from external background and as an active muon veto.

The KamLAND experiment was originally designed as a reactor anti-neutrino
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detector, however since 2007 a purification campaign is in progress to enlarge the
detectors capacities into the field of sub-MeV solar neutrino spectroscopy.
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Chapter 2

The Borexino experiment

The scientific importance of a direct measurement of all solar neutrino fluxes lead
to the foundation of the Borexino collaboration in the early ’90s. This international
collaboration has been growing ever since and consists by now of more than 15
institutions from seven different countries. With the main goal to unravel the solar
neutrino fluxes, the collaboration developed the Borexino experiment [24, 25|, a
300t organic liquid-scintillator detector. On basis of the expected low solar neu-
trino signal of a few tens of events per day, an extremely low level of radioactive
contamination of scintillator and construction material was the central challenge
of detector design. In order to test the feasibility of the required high radio-
purity levels, a construction of a prototype of the Borexino detector was started
in the early '90s, named Counting Test Facility (CTF) [26]. Although reduced in
scale with a target mass of about 41, this prototype exhibits all main features of
the prime detector Borexino. Besides the main purpose of studies on scintillator
mixtures and radio-purification, the CTF also performed a wide range of physics
studies [27, 28, 29, 30, 31, 32]. An analysis on cosmogenic "'C' background per-
formed in the third campaign of the CTF [15, 32, 33] has to be emphasized, as
it is important for this thesis. In sec. 4.2.1, those results will be compared with
spectral studies on ''C' in Borexino. Succeeding in achieving high purification
standards by the CTF, the construction of the Borexino detector started in 1996
at the underground site of the INFN Laboratori Nazionali del Gran Sasso (LNGS).
Borexino has been commissioned on May 16th 2007 and is taking data up to the
present day.

This chapter will provide an overview of the liquid-scintillator detector Borexino.
First of all, the principle of solar neutrino detection in Borexino is presented, fol-
lowed by a description of the physics goals and the design of the experiment. In
the last section of this chapter, the first real time detection of 7 Be solar neutrinos
by Borexino [34] is presented.
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Chapter 2. The Borexino experiment

2.1 wv-detection principle

Borexino is sensitive to all neutrino flavors by elastic scattering off electrons via
neutral current interactions:

Vpte —ute (2.1)

Furthermore, v, are capable of interacting with electrons via charged currents
and therefore possess a higher cross section than other neutrino flavors. The
scattered electron deposits its energy in the scintillator producing light which is
detected by an array of photomultiplier tubes (PMT). With a mean free path
of at most a few centimeters in the scintillator, the recoil electron is almost a
point like light source. Therefore, it provides no directional information on the
original neutrino. Moreover, 3- and y-emission from radioactive background in the
detector produce signals which are indistinguishable from v-signals on a event-by-
event basis. Therefore an ultra-high level of radio-purity is the main requirement
for a determination of solar neutrino fluxes.

2.2 Physics goals

Up to now, the measurement of "Be-v is one of the most urgent requirements
in solar astrophysics. The Borexino experiment aims at the measurement of the
"Be-v rate with a precision of at least 10 %.

By means of the luminosity constraint described in sec. 1.3.3, the "Be-v rate is
interconnected with the fundamental pp-v flux, which makes up 91 % of the total
solar neutrino flux. The aimed precision of the determination of ” Be-v rate would
increase the precision of the pp flux by a factor of ~4.

Moreover, the monoenergetic 862 keV-” Be neutrinos are located in the vacuum-
dominated region of neutrino oscillations according to the MSW-LMA oscillation
scenario [14]. A measurement of the “Be-v therefore allows a test of the MSW-
LMA model by comparison with the integral neutrino flux in the transition region
[17, 18] and matter-dominated oscillation region [21, 22].

Besides the determination of the “Be neutrino rate, Borexino has various other
objectives. The subjects of physics amenable by the Borexino detector are as
manifold as the sources of neutrinos. Natural and artificial sources provide insight
in specific neutrino production mechanisms as well as in intrinsic properties of the
neutrino as a particle. A short overview of different sources of neutrinos accessible
by the experiment are outlined in the following:

e Solar neutrinos
Up to the start of data taking by Borexino, 8B posed the only solar neu-
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2.2 Physics goals

trino flux measured in real-time experiments, namely SNO [22] and Super-
Kamiokande [21]. Due to the high radioactive background, the ®B-v spec-
trum has only been determined at energies above ~ 5.5 MeV. However, the
high radio-purity standards realized in Borexino now open the window to
real-time detection of neutrino fluxes down to sub-MeV energies. Besides
"Be-v, also the fluxes of all other solar neutrino production processes are at
hand, i.e. the pp/pep, CNO fluxes and the low energetic part of the ®B flux.
For more details on these neutrino fluxes see Chapter 4.

Furthermore, non-standard physics mechanisms suggest a non-vanishing mag-
netic moment of the neutrino. This could lead to a spin flip in the solar
magnetic field resulting in a v,-7, conversion [35]. This hypothesis can be
tested by searching for a 7, contribution to the solar neutrino flux [36].

Geoneutrinos

Geophysical models suggest that about 20TW of a total of 30-45TW of
Earth’s heat dissipation rate originate from progenies of 238U, 232Th and
YK decays in Earth [37]. The neutrinos and anti-neutrinos emitted by these
decays are called geoneutrinos. The expected rate of geoneutrinos varies
for the different Earth composite models. Thus, by detecting geoneutrinos
these models can be probed. Especially Uranium and Thorium are of great
interest, because their 7, end-point energies are above the threshold of in-
verse beta decay on free protons of 1.8 MeV', which is used to detect these
geoneutrinos:

Tet+p—et+n (2.2)

The positron annihilates with an electron, while the neutron is eventually
captured within the detector. This delayed coincidence is a clear signal of
V. detection. The expected rate of detected geoneutrinos is of the order of
tens per year, depending on the Earth composite model used. Nuclear power
plants introduce a background to this measurement due to 7, emission in the
course of thermonuclear energy production. There are no nuclear reactors in
Italy, while European power plants are at a mean distance of ~ 800 km to the
LNGS. This absence of nearby nuclear power plants benefits the detection
of the extremely low signal rate of geoneutrinos.

Supernova neutrinos

A core collapse Supernova (SN) produces a huge amount of neutrinos in
the formation of a neutron star or a black hole, but even more by Kelvin-
Helmholtz neutrino cooling. All flavors of neutrinos and anti-neutrinos are

19



Chapter 2. The Borexino experiment

emitted in a burst lasting ~ 10 s. These neutrinos can be detected by several
reaction channels in Borexino, i.e. elastic scattering on electrons and pro-
tons, inverse (3-decay on protons, as well as neutrino capture and inelastic
scattering on 12C' [38]. A reference SN explosion at the center of our galaxy
(~10 kpc) with a binding energy of € = 3 - 10°® would produce a total event
number of ~ 180-190, mainly due to 7, [38]. This would provide a test of
Supernova models, neutrino mass limits, as well as neutrino oscillations.

e Neutrino beam

The CNGS (CERN-Neutrinos-to-Gran-Sasso) project [39] is based on a 20 GeV/
v,-beam generated at the CERN and directed to the 730km distant LNGS
site. The experiments OPERA [40, 41] and ICARUS [42] aim to detect neu-
trino oscillations within the v,-beam. Especially OPERA is designed for the
detection of v, appearance in the v,-beam. Borexino is a target for this long
baseline experiment, too. Muon-neutrinos from the beam interact with the
surrounding rock at the LNGS site, or the Borexino detector material itself,
and produce muons in charged current reactions. These can be detected by
Borexino. A beam run recently performed in the time span of 21st till 28th
of September resulted in number of about 900 muon events in Borexino.

2.3 Detector design

Due to an expected low signal rate, the design of Borexino is based on the suppres-
sion of external background and need for high internal radio-purity. The detector
is structured in concentric shells providing graded shielding for the central active
detection volume consisting of liquid scintillator. In addition, the radio-purity
levels of construction and screening material increase from the outer part to the
center of the detector. Figure 2.1 shows the schematics of the Borexino detector.
The Borexino experiment consists of two main detector systems interconnected
within data acquisition (DAQ), but separated by the Stainless Steel Sphere (SSS):
the so called Inner Detector (ID) and Quter Detector (OD). Both detectors are
described in detail in the following.

2.3.1 The Inner Detector

The Inner Detector (ID) monitors the central active volume and also its surround-
ing buffer liquid. Neutrino detection in the Borexino experiment is performed by
the ID. It is composed of several concentrical shells:
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Stainless Steel Sphere:
2212 PMTs
1350m°®

scintillator:
270t PC+PPO

outer Vessel: 5,50

Water tank:
208 PMTs
2100m®
inner Vessel: 4,25m
Carbon steel plates 20 legs

Figure 2.1: Schematics of the Borexino experiment [11].
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Liquid Scintillator and Inner Vessel

In the center of the Borexino experiment is the volume of 320 m? liquid scintil-
lator corresponding to a mass of 280¢. After tests performed in the CTF, the
scintillator mixture was chosen to be pseudocumene (PC, 1,2 4-trimethylbenzene,
CsH3(CHs)s) as solvent with PPO (2,5-diphenyloxazole, Ci5H11NO) as wave-
length shifter at a concentration of 1.5 g/I. Charged particles traversing the scintil-
lator excite the PC molecules which transfer their excitation energy non-radiatively
to PPO. In turn, PPO radiates with a decay time of 1.3 ns at in the optical band
centered near 400nm [34]. At this wavelength the optical attenuation length of
the scintillator is ~7m [34].

The scintillator mixture is contained in the so-called Inner Vessel (IV), a trans-
parent nylon membrane with a radius of 4.25m and a thickness of 125 ym. It is
hold in position by an array of nylon strings which are connected to loading cells
in order to monitor mechanical stress on the IV. As it is in contact with the active
detection volume of Borexino, the IV was subject of intensive radio-purity controls
and production standards. However, in order to reject remaining contents of ra-
dioactive impurites on the IV as well as background from outside, an analysis cut
at 3.276 m defines the so called Fiducial Volume (FV) which corresponds to a tar-
get mass of 100¢. In the “Be energy window, the amount of external background
contributions within the FV is negligible. Fluid handling of the IV is possible via
pipes connected to the upper and lower poles.

Buffer Liquid and Outer Vessel

The IV is enclosed by the Outer Vessel (OV), a second nylon membrane of same
thickness but at a radius of 5.50m. The OV itself provides a barrier for radon
diffusion toward the IV. It contains a buffer liquid composed of PC and 5.0¢/!
DMP (dimethylphytalate) of nearly the same density as the scintillator. Therefore
only a small hydrostatic pressure is applied on the IV. The DMP quenches the
residual scintillation light produced by the PC by a factor of ~20 and therefore
guarantees that the dominant signal arises from the interior of the IV. DMP does
not influence photon propagation and therefore does not distort the reconstruction
of events in the IV [15]. Buffer liquid is also present between the OV and the SSS
which is described next. The overall amount of buffer liquid filled in Borexino is
10401t.

Stainless Steel Sphere

The Stainless Steel Sphere (SSS) represents the central support structure of the
Borexino experiment. It has a radius of 6.85m and is mounted on 20 legs to
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2.3 Detector design

the floor of the external Water Tank (WT). The SSS supports 2212 PMTs on the
inside. 1838 of these are equipped with aluminium light concentrators, which focus
the field of view on the IV and enlarge the light collection efficiency by a factor
of ~2-3. The remaining 374 PMTs without concentrators posses a wider visual
field and are therefore more sensitive to events outside the IV. The combination of
both types of PMTs provides an excellent identification of muon events traversing
the ID (see the so-called Deutsch parameter in sec. 3.3.2). The overall geometrical
coverage achieved in this way is about 30%. Each PMT is connected with a single
submarine cable for signal and high voltage supply, and in addition with an optical
fibre for calibration purpose. A laser signal of 394 nm injected simultaneously in
these fibres provides a reference signal for the whole ID. The glass of the PMTs
emanates a considerable amount of Radon into the buffer liquid. Especially to
protect the IV from any Radon emanation the additional OV was introduced to
the design of Borexino.

Together with its inner components, the SSS forms the Inner Detector system.
Furthermore, the SSS supports on its outer surface an array of PMTs which are
part of the Quter Detector system.

2.3.2 The Outer Detector

Buffer water and external Water Tank

The external Water Tank (WT) is a steel dome of 9m in radius with the highest
point of the dome 17m above the floor, containing the SSS. It is filled with 2400 ¢
of ultrapure water and serves as the outermost shielding of the experiment from
external radiation. Whereas the surface flux of atmospheric muons is reduced by
a factor of 10%, residual muons at the LNGS site can not be screened by this water
shield. However they emit a characteristic Cherenkov light cone in the water.
Taking advantage of this feature, 208 PMTS are mounted on the outer surface of
the SSS and on the floor of the water tank. This Outer Detector (OD) serves as
an active veto of muon events. The inner walls of the dome and the outer parts
of the SSS are covered with highly reflective Tyvek sheets. The PMTs in the OD
are calibrated with an array of near-UV LEDs with optical fibres connected to the
PMT frame. The optical fibres are connected to LEDs, which are mounted in the
LED crates of OD electronics (see sec. 3.2.1). Via the optical fibres each PMT
can be addressed separately.

Organ Pipes

The wiring of the ID and OD is fed through steel tubes, the so-called Organ Pipes,
through the top of the dome. The cables are then directed to the electronics room
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Figure 2.2: Expected electron-recoil spectrum in Borexino considering the detec-
tor’s energy resolution. The black line represents the total neutrino signal rate in
Borexino according to the most recent predictions of the Standard Solar Model
including neutrino oscillations with the MSW-LMA parameters. The red line il-
lustrates the contribution from 7Be neutrinos. pp neutrinos contribute to the
spectrum below 0.3 MeV. The edge at 1.2 MeV is due to pep neutrinos (Picture
from [34]).

located in a building next to the Borexino experiment. In order to secure temporal
correlation of PMT hits, all cables are of the same length of 55m.

2.4 First real time detection of “Be solar neutri-
nos

After three months of data taking, the Borexino collaboration published at the
16th of August 2007 the first real time detection of 7 Be solar neutrinos [34].

Figure 2.2 shows the expected signal of solar neutrinos in Borexino. The spec-
trum of the "Be recoil electron is highlighted, with the distinctive shoulder of the
Compton-like recoil spectrum at 665 kel clearly visible. In Figure 2.3 the spec-
trum taken by Borexino is shown after application of several cuts in order to reduce
background. The following cuts were applied:

e Rejection of muon-correlated background by the OD and several software
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Figure 2.3: Electron-recoil spectrum in the energy region from 270 keV up to
800 keV after the basic selection cuts and a subtraction of Radon daughters and
muon-correlated activity. Also a fiducial cut has been applied and a full o/
statistical subtraction of the '°Po a-decay peak. The fitted remaining 21°Po
demonstrates the high efficiency of this method. Other relevant radioactive con-
taminations present in the analyzed energy range are 8° Kr and 2'YBi. Due to the
similar spectral shape of 2!° Bi $-decay and the CNO-v signal, both contributions
are combined in the fit. The prominent "Be-v signal (marked in red) is clearly
visible at the expected 665 kel (Picture from [34]).

cuts.

e Rejection of external gamma background by a radial cut of 3.276 m, corre-
sponding to the Fiducial Volume of 100t.

e In July 2007, during a temporary refilling procedure due to temperature
changes within the detector, 2 Rn entered the Inner Vessel (IV) of Borex-
ino [34]. The liquids were introduced in the upper pole of the IV (sec. 2.3.1).
Rejection of 2 Rn is achieved by a cut in the z-axis of 1.8 m. Daughter ele-
ments of Radon are rejected by the identification of 214 Bi-214 Po coincidences.

e Statistical subtraction of the prominent Y Po peak by means of an /3 pulse
shape discrimination.

For a detailed description of the data analysis performed on " Be-v, see [34]. The
"Be shoulder is clearly visible in the data at the expected 665 keV . The expected
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rate based on solar models without oscillation is 75 4 4 countsday ' (100¢)~*
whereas the inclusion of neutrino oscillations according to the MSW-LMA os-
cillation solution results in the prediction of 49 + 4 countsday™' (100¢)~*. The
best fit of the "Be rate determined by Borexino is [34]:

counts

47 + 7stat + 125y5m

(2.3)
This result supports the MSW-LMA oscillation scenario.

The main source of systematic uncertainty is the definition of the fiducial mass,

which is currently estimated to 25%. However, work is in progress to reduce this

uncertainty by an intensive calibration campaign in the near future.
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Chapter 3

Data acquisition and structure

An event occurring in the Inner Detector (ID) and the Outer Detector (OD) pro-
duces light via scintillation and Cherenkov radiation, respectively. This light is
collected by the photomultiplier tubes (PMT). For each detected photon, arrival
time and deposited charge are recorded by means of the analogue and digital chain
of the data acquisition (DAQ) system. For consistency checks, two independent of-
fline data reconstruction codes were developed within the Borexino collaboration,
i.e. the Echidna [15] and the Mach4 [43] code. Both codes process the data and
reconstruct all relevant physics parameters of an event. The analysis performed in
this diploma thesis is based on the Echidna code.

This chapter presents the main features of DAQ, and describes the modification
of Borexino electronics performed within this thesis. A pulser system for iden-
tification of malfunctioning DAQ channels of the OD has been constructed and
implemented into the electronics read-out chain of the OD. The last section outlines
the Fchidna event reconstruction code and covers the variables used for analysis
in Chapter 5.

3.1 Trigger system

3.1.1 Main Trigger System

The ID and OD are read out when the DAQ receives a trigger issued by at least one
of the two detectors. The ID activates the trigger when 30 PMTs are hit within
60 ns, corresponding to an energy threshold of about 60 keV. The condition for
the OD trigger is that at least 6 PMTs are firing within a time window of 150 ns.
In case of a trigger, the time and charge information of each PMT hit in a given
time gate are written to data base for both detectors. For the time period of data
considered in this thesis (07/10/07 until 10/27/07), hits in the ID are recorded
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within a time gate of ~ 7.5 us, whereas for the OD the time gate is ~ 8.5 us. The
time resolution of these hits is of about 0.5ns, which is smaller than the intrinsic
time jitter of the PMTs of 1.1 ns. Details on time and charge determination in the
analogue and digital chain of Borexino can be found in [15].

3.1.2 Analogue Neutron Trigger

The analogue neutron trigger is a tributary trigger system to the OD trigger. Its
purpose is the detection of spallation neutrons produced by muons traversing the
detector. The neutron trigger logic is depicted in Figure 3.1.

(a muon crossed the WT triggering the Outer Detector)
MTB H

800 us
GATE “ >

Analogue —| ﬂ ﬂ

Sum N -
(25 mV threshold. A neutron yields about 100 mV)

1
Analogue 200us ,‘
Trigger

Figure 3.1: Timing sequence of the analogue neutron trigger after a muon crossed
the Water Tank (WT) (sec. 2.3.2) triggering the OD [44].

The trigger board of the OD, the so called Muon Trigger Board (MTB), opens
a time gate of [25,800]us for the analogue neutron trigger. A deadtime of 25 us has
been chosen to prevent fake events usually following muons, the so-called “muon
afterpulses”. Muons produce a huge amount of light and therefore often ionize
rest-gas inside the PMTs, which can produce noise signals for several ms after the
muon. For more details on muon afterpulses see sec. 4.4.1.
The neutron trigger sets a threshold of 25 mV' (~ 150 photoelectrons) to the ana-
logue sum of the output of all ID PMTs. In this way, it suppresses most of the
afterpulses, while neutron signals (with a typical height of 100 mV’) are recorded
and specially flagged by DAQ.
However, detection of neutrons is complicated by the Three Fast Trigger Coinci-
dence (TFTC) veto, which is activated when DAQ is triggered twice in less than
~200pus. In this case, the veto prohibits any additional read-out of Borexino
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within the next ~2ms. This drastically affects muons which produce multiple
neutrons. Usually, only one neutron of such a muon-induced neutron shower can
be detected by the neutron trigger. For more detail on neutron detection with
respect to the analogue neutron trigger and TFTC veto, see Section 4.4.2.

3.2 Implementation of the Outer Detector pulser
system

A physical event occurring in the detector is registered by the PMTs and trans-
ferred via an electronics chain to the data base mainframe bxzmaster [15]. Data
acquisition and analysis are strongly dependent on the status of the DAQ. Broken
signal channels affect the quality of event reconstruction, like position and energy.
Thus, calibration and monitoring of the signal channels are necessary for each run
to obtain reliable results. A signal channel with zero output in DAQ can be the
result of malfunction of either PMT or electronics chain. PMT disfunction can
not be fixed due to their position within the detector, in contrast to the DAQ elec-
tronics. The major portion of the electronics chain is assembled in the electronics
room positioned next to the Borexino experiment, and thus is easily accessible.
For detector maintenance it is indispensable to identify the source of disfunction in
signal channels. On this account a pulser system for the OD has been constructed
and assembled within DAQ electronics as part of this thesis. At first this section
will present an overview of the OD DAQ electronics, and afterwards describe the
newly installed pulser system.

3.2.1 Outer Detector electronics

The signal from the 208 PMTs of the OD is processed by an electronics chain
located in two crates, the High-Voltage-Decoupler (HVD) rack and the Signal-
Processing (SP) rack, shown in Figure 3.2. The first step of signal processing is
performed in the HVD rack, i.e. the decoupling of the PMT signal from the high
voltage powering the PMTs. Within the SP rack, the decoupled signal is converted
from an analogue signal to a logic pulse and afterwards digitized. In addition, the
signal of the OD PMT's is used to address the muon trigger board and the scalers,
which are both located in the SP rack. The electronics chain is presented in the
following with respect to both crates.
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Figure 3.2: Schematics of the High-Voltage-Decoupler and Signal-Processing elec-
tronics racks of the Quter Detector [15].
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3.2 Implementation of the Outer Detector pulser system

Electronics chain within the HVD rack

The 208 PMTs of the OD are powered by AC high voltage via coaxial cables, which
also transmit the PMT signal. These coaxial cables leave the detector through the
organ pipes of the Water Tank (WT) described in chapter 2, and enter the nearby
electronics room. To preserve temporal correlation all cables are of the same
length of 55m. In the electronics room, the cables arrive at top of the HVD rack
and are connected to the Patch Panel (see Figure 3.2). The signal from the 208
PMTs is then forwarded by junction cables (SHV) to 9 High Voltage Decoupler
(HVD) frames, each containing 2 boards a 12 channels. The HVDs decouple the
PMT response from the AC high voltage, and transmit the decoupled pulse to
the QTC-boards in the SP rack. The HVDs are powered by the High Voltage
Mainframe (HV Mainframe), which is located at the bottom of the HVD rack.
The new pulser system, which is described in section 3.2.2, has been installed into
the HVD frames on the front end side.

Electronics chain within the SP rack

The decoupled pulse is fed to 14 Charge-To-Time-Converter (QTC) boards
located in the SP rack, each containing 16 input and 3 output connectors. For
each PMT the decoupled pulse is processed and three different output signals are
produced:

e Primary Output (PO): The PO produces a logic signal with the first edge
providing the time of the input signal, and the length corresponding to the
detected charge of the PMT pulse. The POs of the 16 channels are grouped
to a 34-Pin connector at the front end side of the board. They are connected
with two Time-to-Digital- Converter (TDC) boards which continuously
digitize incoming pulses into their memory buffer, which has a time window
depth of ~8.5us. Data is periodically overwritten until a trigger occurs.
In this case, the physical event is recorded within the time window and the
memory buffer is written to data base. The Scalers are also connected to
the PO, which are located on the bottom of the SP rack in Figure 3.2. They
provide realtime information on event rates and can be accessed via a web
interface. They enable a quick check of the OD status.

e Secondary Output (SO): The SO produces a one-per-board logic step func-
tion with its height corresponding to the number of PMTs firing in coin-
cidence. Its length gives the coincidence time window. The SO is used
for identifying muons by activating OD triggering via the Muon Trigger
Board (MTB).
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Figure 3.3: Front-end side of a High Voltage Decoupler (HVD) frame, upside down.
A pulser signal can be injected into both boards of the HVD via the newly installed
Pulser System Connectors (PSC) (marked in red).

e Tertiary Output (TO): This output delivers a one-per-board analogue pulse,
which is the sum of all analogue input-pulses with a built-in fixed amplifi-
cation factor of 2. Due to geometrical reasons some muons produce their
Cherenkov light only in a small area. Therefore, only a few PMTs are illu-
minated by a huge amount of photons. The purpose of the TO is to identify
these muons by activating the Muon Trigger Board.

As will be described in sec. 3.3.1, offline data processing requires electronics
calibration of the detector within each run. LEDs located on the front of the
LED Boards at the top of the SP rack (shown in Figure 3.2) emit calibration
light pulses, which are transmitted via optical fibres to the OD PMTs. In the
process of detector calibration, the laser reference signal for ID calibration and the
LEDs are fired simultaneously, to calibrate both detectors at the same time.

3.2.2 Pulser system installation

A channel without any output can be easily identified by a look at the Scalers via
the web interface. Zero rate of a channel can be the result of either a broken PMT
or a malfunction in the electronics chain. By injection of a reference signal into the
electronics chain its operational reliability can be checked. The identification of a
fully functional electronics chain would automatically imply a disfunction of the
corresponding PMT. Such a electronics monitoring system had only been present
in the ID and has been installed to the OD as part of this thesis. The newly
installed Pulser System injects a reference pulse simultaneously into each of the
QTC-channels and probes the electronics status of the OD for every run.

The Pulser System has been installed into the 9 HVDs located in the HVD rack as
well as into 2 spare HVDs. Each HVD frame contains 2 boards a 12 channels, with
each board modified as a whole. The Pulser System installed to each board features
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3.2 Implementation of the Outer Detector pulser system

Figure 3.4: Back view of the open HVD frame, with one of the two boards visible.
The new pulser system (marked in yellow) is connected with all 12 output channels
of the HVD board, and can be addressed by the PSC, shown in Figure 3.3.

as the central component a copper bar of 42 ¢m length and 0.4 em depth, as shown
in Figure 3.4. The system is based on the injection of a reference signal via the
copper bar into all 12 output channels of a HDV board. The coupling between the
copper bar and the output channels can be achieved by an inductive or a capacitive
coupling. Prototypes of both types were constructed and their quality of signal
transmission and channel crosstalk studied. A pulse shape generator injected a test
reference signal into the prototypes which was compared with the output of the
HVD boards with an oscilloscope. Both prototypes performed excellent, with little
difference in their signal properties. Due to the lower costs, the HVD boards were
equipped with the inductive coupling. Finally, the copper bar has been terminated
by a 50 €2 resistor on one end, and connected to an additionally installed connector
of the HVD mainframe on the other end. Thus, each board of the HVDs can be
externally addressed by the Pulser System Connector (PSC) of each HVD frame,
as shown in Figure 3.3. Via the PSC the output channels of each HVD board
are addressed simultaneously. To guarantee, that all 18 boards of the 9 HVD are
triggered simultaneously, the pulser signal is spread via two FAN IN/OUT modules
to all 18 PSC (shown in Figure 3.5). A reference pulse generated by the Pulser
System triggers data acquisition and is recorded by the detector with a special
trigger type (see description of event properties in sec. 3.3.2). By now, the Pulser
System is an inherent part of detector calibration and maintenance work.

The first 1000 events of each normal data taking run consist of artificial calibra-
tion pulses, which also contain the pulser signals for the OD. These pulses are also
injected into DAQ during data taking with a rate of 0.1 Hz to monitor detector
performance over the duration of the whole run. On basis of this Pulser System
an evaluation program for OD diagnostics has been written within the Borexino
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Figure 3.5: On the right side, the modified HVDs can be seen in the HVD rack,
with the integrated PSC highlighted red. The PSC are connected to two FAN
IN/OUT modules (marked in green), which are located in the SP rack on the left
side.

collaboration and added to the Echidna frame work.

3.3 Echidna data structure

FEchidna [15] is one of the two independent data reconstruction codes used within
the Borexino collaboration. It is a very modular network-oriented code for offline
data processing, based on C++/ROOT [45]. All analysis performed within the
frame of this thesis has been performed with this code. At first, this section
outlines the general reconstruction procedure performed by FEchidna, followed by
a description of all parameters used in the analysis. For a detailed description of
the Echidna reconstruction steps, see [15].

3.3.1 Event processing

The raw events recorded by DA(Q contain information on time and charge of each
PMT hit. In the process of data reconstruction, first of all an electronics pre-
calibration is performed with calibration events from laser, LED and pulser hits.
These account for the first 1000 events of each normal run and are also injected
into DAQ with a rate of 0.1 Hz. In addition, special calibration runs are performed
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after each modification of electronics and at least every week. By means of the
precalibration and channel calibration, the raw events undergo the first reconstruc-
tion step, i.e. decoding. A full list of decoding steps can be found in [15]. The
decoded hits still contain a great amount of PMT dark noise. Thus, the next step
in data processing is the identification of real physical events in contrast to mere
dark noise background. The clustering module of Echidna searches for groups of
time-correlated decoded hits. The ID clustering algorithm can identify up to three
clusters within the 7.5 us time gate. In general, only one cluster is found, but
in the case of fast coincidences (like 2'2Bi-*'2Po and ® Kr-8™Rb) or accidental
pile-up, more than one cluster may be detected. The efficiency of the clustering
algorithm was checked by means of random triggers and found to be nearly 100%
[34]. Events without a cluster are most likely no real physical events. Clusters
form the basis of further event reconstruction like position of the interaction ver-
tex, energy, pulse shape and many more.

The same procedure is also applied for the OD, with the difference that the OD
clustering module is limited to the detection of one cluster. Considering that only
muons trigger the OD, more than one cluster in a time gate of ~ 8.5 us is unlikely.

3.3.2 Software parameters of analysis

The Echidna data structure provides a large amount of information from single
PMT hits up to numerous properties of reconstructed clusters. A full presentation
of the whole FEchidna data structure would go beyond the scope of this diploma
thesis. Hence, the description of Echidna parameters focus on the relevant param-
eters used for data analysis performed in Chapter 5. All parameters concerning
the ID are designated in the data structure as “laben”-parameters, referring to the
Laben S.p.A. company which provided the digital boards for the digitalization of
charge and time information of every PMT hit in the ID. Software parameters of
the OD are designated as “muon”-parameters in the Echidna code.

Event properties

The General Borexino Trigger (GBT) condition is met if either the ID or the OD
trigger are activated. In this case, the full detector is read out and data written
to the data base. The activation of the GBT condition is designated as an event.
Recorded events are not necessarily real physical events but can also be service
trigger pulses or caused by electronics problems.

e Trigger type (trigger.trgtype):
The parameter trigger.trgtype identifies the type of a detected event. Calibra-
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tion triggers (trigger.trgtype == 32), artificially random generated triggers
(trigger.trgtype == 64) and laser (timing) and LED triggers (trigger.trgtype
== 8) pose the Borexino service triggers and are injected into DAQ for de-
tector maintenance and performance studies. Any event within Borexino
which is not caused by these artificial triggers is recorded as trigger type
1 respectively 2. Trigger type 2 corresponds to an event which occurred
only in the OD, e.g. a muon crossing the periphery of the Borexino WT.
However, any event triggering the ID is recorded as trigger type 1, even if
the OD triggered too. Neutrino events detected by Borexino are therefore
designated as trigger type 1, as well as any radioactive decay within the ID
or muons crossing the whole detector. To distinguish neutrino events from
these background sources, additional software parameters are necessary.

e Number of reconstructed clusters by the ID clustering algorithm
(laben.n_clusters):
As stated above, in general events are reconstructed with only one cluster,
except for fast coincidences and accidental pile-up in the trigger time gate.
Events without any cluster are most likely no actual physical event.

e Number of functional signal channels of the ID (laben.n_live_pmts):

This parameter provides the number of active signal channels during data
taking. Due to malfunction of PMTs or electronics, the number of fully func-
tional signal channels may vary between different runs. A reduced number
of channels results in a reduced number of detected photons of an event. For
calculation of the real energy of an event, one has to correct for the active
number of signal channels. Usually, all events are normalized to 2000 active
channels.

e GPS time information (trigger.gpstimes/]):
Any event is recorded with its GPS time for coupling events to absolute time.
This is necessary in case of a supernova explosion or analysis on events which
are correlated in time. The precision of the GPS time is several pus.

Inner Detector Cluster properties

The following properties concern events which feature at least one cluster identified
by the ID clustering algorithm. Only in exceptional cases an event contains more
than one cluster, like very fast delayed or accidental coincidences.

e Number of hits (laben.clusters[].nhits):
The nhits parameter of a cluster is the number of hit PMTs associated to
the cluster. In this thesis this parameter is normalized to 2000 PMTs using
the laben.n_live_pmts, as stated above.
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e Charge (laben.clusters[].charge):

An event is detected by its emitted photons, which are recorded by the PMTs.
Each photon hitting a PMT creates one photoelectron. Photoelectrons are
multiplied in the dynodes of the PMT and eventually the multiplied charge
is collected. The multiplication of the initial photoelectrons is a statistical
process, however the mean multiplication factor of a single photoelectron can
be determined. By dividing the total measured charge at the PMT by this
mean multiplication factor, one obtains the number of initial photoelectrons
of the event. The charge parameter provided by FEchidna is the number of
photoelectrons of a hit, determined in this way.

The charge of a whole cluster is the sum of deposited charge of all hits within
the cluster. In this thesis, charge will always refer to the total number of
photoelectrons (pe) within a cluster. This parameter is normalized within
this thesis to 2000 PMTs using the laben.n_live_pmts, as stated above.

e Charge of PMTs with light concentrators (laben.clusters/].charge_conc):
charge_conc is the sum of deposited charge (see above) of only those clustered
hits, which were detected by one of the 1838 PMTs with light concentrator.
This parameter is normalized within this thesis to 2000 PMTs using the
laben.n_live_pmts, as stated above.

e Position reconstruction (laben.clusters/].position_dbn.x y z):

Four different reconstruction algorithms are present in the Echidna code.
A crude baricentrator code computing the geometrical center of an event,
has been used as starting point by other algorithms. The three sophisticated
position reconstruction algorithms used in the Echidna data structure are the
Milan [15], Moscow [15] and Dubna [15] codes. All three reconstruction codes
are subjected to continuous development and improvement, and have been
checked on reliability by means of simulations. All three codes have proven
themselves and are consistent among each other. The position reconstruction
code used in this diploma thesis is the Dubna code.

e Cluster mean time (laben.clusters/].meantime):
This variable provides the mean time of all hits of a cluster in relation to the
cluster start time.

e Tail to total (laben.clusters[].tailtotfi]):
The tailtot variable is derived by a pulse shape analysis of the hit time distri-
bution of the cluster. The pulse is first integrated over the whole distribution
and then compared with an integration over a part of it. In this thesis the
variable tialtot/3] is used which compares the tail above 100ns with the
whole distribution.
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Outer Detector Cluster properties

The main task of the OD is the identification of muons by their Cherenkov light
emission in the pure water of the WT. In addition, the OD has been subject
to programming work on a muon track reconstruction algorithm. This code was
not part of the Echidna code during the analysis performed within this thesis.
However the code was implemented manually to the analysis programs created
within this thesis and has been successfully applied in the analysis on neutrons
and cosmogenic background in chapt. 5.

e Muon Identification (muon.has_cluster):
The OD clustering algorithm checks the OD PMTs for a group of time-
correlated hits and identifies in this manner muons with an efficiency of at
least 99.9% [11].

e Muon track reconstruction:
No official component of the Echidna code during the analysis performed
within this thesis. The general procedure of the algorithm is outlined in sec.
4.4.1 [46].

Declared parameters of data analysis

Besides official parameters present in the continuously developing Echidna data
structure, additional variables were defined on basis of these parameters for data
analysis within this thesis. They are based on the characteristic light emission of
muons, and are used in analysis to identify muons crossing the ID, which were not
identified by the OD.

e Deutsch parameter:

charge_conc

Deutsch =1 — (3.1)

charge
The Deutsch parameter provides a measure of eccentricity of an event within
the ID. The 1838 PMTs with light concentrator cones are focused on the
Inner Vessel (IV) and therefore don’t register events far outside, in contrast
to the 374 PMTs without concentrator cones. Comparing the detected charge
of the PMTs with light concentrator (charge_conc) to the total detected
charge (charge) one can identify events producing light outside the center,
like muons crossing the ID at its boarder. For more details on this parameter
in muon identification, see 5.2.2.
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a, # and v events are point-like light sources in the IV. Outside the IV, light
emission of these events is strongly suppressed as result of quenchers in the
buffer liquid (see sec. 2.3.1). The Deutsch parameter results in values below
~ (.18 for these events. On the other hand, muons traversing the detector
emit a huge amount of light due to scintillation and Cherenkov effect along
their track. This eccentric amount of produced light is registered by the
PMTs without cone. A detailed study of the efficiency of this parameter can
be found in [11].

“Strange” events flag:

As will be described in sec. 4.4.1, the charge value of muons can significantly
differ from the charge expected via the value of nhits of the event. On the
basis of the Poisson distribution, the expected charge (charge,,) and number
of hits (nhits) of an event are connected via the correlation:

nhits

_ 3.2
n_live_pmts (3:2)

chargee,, = —n_live_pmts - log(1 —

Events with a charge value that strongly differs from chargec,, have a dis-
torted charge information and are classified as “Strange” events.
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Chapter 4

Solar neutrino fluxes and
cosmogenic background

With the first real-time spectral measurement of ” Be neutrinos [34], Borexino has
proven its excellent capability to perform spectroscopy on sub-MeV solar neutrino
fluxes. Further effort is currently performed in order to determine the remaining
solar neutrino fluxes, i.e. from the pp/pep fusion processes, from the three neutrino
emissions of the CNO cycle as well as the low energy part of the 8B branch.

As presented in this chapter, the main background source for the more energetic
fluxes from pep, CNO and ®B is caused by muon-induced radionuclides, so called
cosmogenic background. A muon beam experiment has been performed at CERN
[47] in order to determine production rates of cosmogenic radionuclides. A short
description and the results are outlined in this chapter. The experiment pointed
out, that the main cosmogenic background in Borexino arises from two Carbon
isotopes 'C" and °C. The Three-Fold Coincidence (TFC) technique, a method
developed to suppress these cosmogenic radionuclides, is described in detail. The
technique is based on tagging cosmogenic background in coincidence with a muon
and subsequent neutrons. The experimental signature of both particles within
data acquisition is outlined in the end of the chapter.

4.1 The pp/pep, CNO and °B solar neutrino fluxes

4.1.1 Physics goals

pp/pep flux
The major contribution to the solar neutrino luminosity arises from the pp

fusion process producing 91% of the total neutrino flux. A direct measure-
ment of the pp flux would constrain the total neutrino luminosity to a great
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extent. The comparison between the neutrino and photon luminosity yields
a crucial check of the Sun’s stability over a time scale of 10° — 10° years.
Moreover it could probe the validity of the Standard Solar Model (SSM)
energy production schemes which are based on thermonuclear energy pro-
duction and the Sun being in a quasi-steady state [15].

As mentioned in sec. 1.3.2, the pp and pep solar neutrino fluxes are directly
related. Their relative ratio is only weakly model dependent and theoretically
known to a good accuracy. Therefore, a measurement of the pep flux would
determine the fundamental pp flux with high precision. Moreover the mo-
noenergetic pep neutrinos with an energy of 1.44 MeV are located directly
in the expected transition region between vacuum- and matter-dominated
oscillations according to the MSW-LMA oscillation solution [14] (see sec.
1.2.2 and 1.3.3). The expected signal of the monoenergetic pep neutrinos in
Borexino is a Compton-like electron-recoil spectrum extending to 1.22 MeV
and can be used to test the predictions of this neutrino oscillation model.

CNO flux

The fusion rates of the CNO-cycle in the Sun is highly temperature depen-
dent and almost undetermined. The measurement of CNO neutrinos would
provide information on the contribution of the CNO-cycle to solar energy
production and the CNO-cycle itself. In the Sun, the CNO cylce contributes
only with about 2%. However, it is the major energy production mechanism
in heavy stars larger than a few solar masses.

The fraction of energy released in a star by the CNO cycle is also a measure
of its age. Therefore the CNO cycle plays a key role in the age estimation
of globular clusters, and is thus essential in setting a lower limit for the age
of the universe [48].

8B flux
Spectral measurements of ®B neutrinos have been already performed by the
Cherenkov detectors SNO [22] and Super-Kamiokande [21] (sec. 1.4.2). Both
detectors are based on the detection of Cherenkov light emitted by electrons
which were scattered by neutrinos. As a result of the low light yield and the
high radioactive background of both detectors, 8 B-v have been measured
only above an energy of 5.5 MeV. A spectral measurement of ®B-v below
5 MeV is of great interest as a spectral deformation is expected due to the

MSW-LMA effect.

As described in the next section, cosmogenic background is the main back-
ground source for the high energetic solar neutrino fluxes, i.e. pep, CNO and 8B
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dominant v-flux  energy range v-rate (SSM)

"Be-v 250 — 800 keV ~ 50
pep- & CNO-v 0.8 — 1.4 MeV ~1.5
8B-v 2.8 —5.5MeV ~ (.53

Table 4.1: Expected v-rates within the three neutrino windows in counts per day
and 100t according to the SSM [47].

fluxes. With respect to this diploma thesis on cosmogenic background, only these
three higher-energetic neutrino fluxes are addressed in the further course of this
thesis.

4.1.2 Signal and background sources

The energy spectrum in Borexino is divided in three main energy regions according
to the neutrino fluxes most prominent within these regions (see Table 4.1). As
one can easily see, due to the low event rates the detection of pep/CNO and ®B
neutrinos is challenging. Therefore, intense control of background contributions is
necessary in order to accomplish a measurement of these fluxes. The background
consists of internal radioactivity, external v-ray background as well as radioactive
elements produced by cosmic muons within the detector, so called cosmogenic
background.

Due to the ultrahigh purification standards of Borexino, the internal radioactivity
fulfills the requirements to detect the given neutrino fluxes. The radiopurity level
is less than < 2-107'7g/g in 23U and < 0.3-1077g/g in 232Th [34]. However,
the natural isotopic abundance of radioactive *C' in the scintillator can not be
reduced by means of purification. With a 156 keV 3 decay, the high *C rate sets
the energy threshold for neutrino detection to 200 keV, as can be seen in Figure
4.1.

The external v-ray background originates from the construction materials of the
detector and from the surrounding rock. In Borexino this problem was addressed
by using radiopure buffer materials to screen the environmental radioactivity as
well as construction materials of extremely low radioactivity. 20871, present in
the glass of the photomultiplier tubes (PMT), emits a 2.6 MeV + in its decay
and enlarges the v-induced background in the pep/CNO- and ® B-window. The
higher-energetic neutrino fluxes are therefore subject to a larger v background than
"Be-v. This can be solved by redefining the fiducial volume for the measurement
of the higher energetic neutrino fluxes. Considering the 100¢ fiducial mass used
for " Be-v measurement, an external v background of 1 event per day is expected
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Figure 4.1: Fit of the energy spectrum of Borexino. The rates of solar pep-, CNO-
and ®B-v fluxes are fixed to the expectations according SSM and MSW-LMA
oscillation solution [9]. Free solar fluxes in the fit are "Be- and pp-v. Radioactive
background arises from ®Kr [fixed], 2°Po, 2*Po and *C. The huge [-decay
spectrum of 1*C is used to determine the light yield (L.Y.) in the low energy region
of the spectrum. Cosmogenic background is mainly caused by 'C' and °C. The
spectral fit applies a single 3T-decay spectrum to describe °C' and the external
y-background from 2%, fixed to a combined total rate of 4 counts day=" (100¢)~!
[50].

within the pep/CNO window. Reducing the fiducial mass to 70¢, the increased
self-shielding would lower the background by a factor of 10 while losing only 30%
of the signal [33, 49].

However, the most prominent background source for pep, CNO and B neutrinos
comes from cosmically induced radionuclides. High energetic muons produced
in the atmosphere can traverse the shielding provided by the rock and induce
reactions in which radioactive elements are produced within the Borexino detector.

Taking a look at Borexino data (Figure 4.1), one can see that the pep/ CNO window
is dominated by cosmogenic ''C. With a rate of ~ 26 countsday™" (100¢)~" [50],
the M C exceeds the expected v-signal rate of ~ 1.5 countsday™! (100¢)~" (Table
4.1) by an order of magnitude. Therefore, it is necessary to handle cosmogenic
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background in order to perform a reliable measurement of the higher energetic
neutrino fluxes.

4.2 Cosmogenic radionuclide background

In the Laboratori Nazionali del Gran Sasso (LNGS) at a depth of 3800 m.w.e.
(meter water equivalent), the atmospheric muon flux is reduced by a factor of 10°
relative to the surface. However, with a rate of 1.1 muons m =2 h~! corresponding
to ~ 10* muon events per day in the detector, it is still significant. This residual
muon flux induces electromagnetic and hadronic cascades, mainly consisting of
~-rays, electrons, neutrons, protons and 7 mesons. By interacting with the scintil-
lator mass, the muon and its secondaries can produce radioactive nuclides within
Borexino. Because of the very low signal rate of pep, CNO and B neutrinos, this
cosmically-induced background is a serious problem.

4.2.1 Muon beam experiment at CERN

At the end of the 90s, a target experiment at CERN has been performed [47] in
order to determine the production rate of cosmogenic radionuklides expected in
the Borexino detector. A muon beam was focused on 240 cm of concrete in which
the muon shower was built up, followed by 200 ¢m of water and a set of scintillator
detectors. Therefore, the experimental setup simulated the main material prop-
erties of Borexino at the underground site of Gran Sasso. The muon beam was
operated at two different energies (100 GeV and 190 GeV') to enable the extrap-
olation of the energy dependence of the measured cross sections to 320 GeV, the
average muon energy at the LNGS site. The results of this experiment are shown
in Table 4.3 with the three main neutrino windows considered separately.

These results show that cosmogenic background plays only a minor role in “Be-v
detection, but it is crucial for pep- & CNO-v detection and - though to a much
smaller extent - also for ®B-v detection. The two Carbon isotopes 'C and °C
make up almost entirely the cosmic induced background within the pep/CNO and
the 8B window.

As a result of its very high rate compared to the expected v-signal, special interest
is directed towards the 'C contribution. *C has been studied in the Counting Test
Facility (CTF) [32, 33] and in simulations performed with FLUKA [51, 49, 33],
a code to describe both hadronic and electromagnetic interactions up to 20 TeV.
Both studies agree with the CERN experiment within 1o.

Comparing the *C-rate of ~ 15 countsday=' (100¢)~! determined by the CERN
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Isotope  *B Ui SHe )C 9Li 8B %He °Li
Ty 0.02s  0.09s 0.12s  0.13s 0.18s 0.77s 0.81s 0.84s
Isotope  ''Be e e "Be W Be
Ty 13.80s 19.30s 20.38m 53.3d 1.5-10%a

Table 4.2: Halflife times of all radioactive isotopes, which can be produced by
muons and their secondaries in organic scintillator (*2C' targets) [47].

Isotope full range 250 - 800 keV 0.8-1.4MeV  28-55MeV
"Be-v pep/ CNO-v 8B-v
SHe+%Li  0.034 4 0.007 <6.8-1074 <1.0-107° < 0.014
°C 0.077 £0.025 0 0 0.016 £ 0.005
8B 0.11 +0.02 0 (3.340.6) - 1075 0.020 & 0.004
SHe 0.26 + 0.03 0.040 £ 0.004 0.07 +£0.01 0.011 £ 0.001
8Li 0.070 +£0.017 (2.5+0.6)-10~* (8.042.0)-107* 0.020 £ 0.005
U Be < 0.34 <4.3-107* <1.0-107* < 0.01
e 1.95 £+ 0.21 0 0 0.56 + 0.06
o 14.55 +1.49 0 7.36 +0.75 0
"Be 0.34 +0.04 0.34 +0.04 0 0
Total sum ~17.4 ~ (.38 ~T74 ~ 0.65
v-rate (SSM) ~ 50 ~1.5 ~0.53

Table 4.3: Expected muon-induced background and solar neutrino rates within
the different energy ranges defined by the neutrino windows (see Table 4.1). The
rates are stated in counts per day and 100 tons [47]. Halflife time of cosmogenic
radionuclides are listed in Table 4.2.
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experiment [47] with current spectral fits in Borexino of ~ 26 counts day~"' (100¢)~*
shown in Figure 4.1, a discrepancy has to be noted. The quality of the spectral
fit of the 'C-spectrum over two orders of magnitude leaves no hint of unknown
background sources in Borexino. Therefore, it stands to reason that this differ-
ence origins from the larger dimension of the Borexino detector (nearly 300 tons
of scintillator liquid) in which electromagnetic and hadronic cascades can develop
to a larger degree. The CERN experiment, as well as the FLUKA simulation or
the direct measurement in the CTF were performed on the basis of a much smaller
exposed target mass (CERN: < 11kg; CTF & FLUKA simulation: 4¢).

4.3 The Three-fold Coincidence technique

The very short-lived radioactive nuclides shown in table 4.2 have a halflife time of
less than 1 second, and can be easily tagged with their parent muon. By discarding
the first 2 seconds after each muon, this background can be suppressed by a factor
of 10 for the pep/ CNO-v window and by a factor of 3 for the ® B-v window, losing
only ~ 10% of active data taking time. Thus, the only relevant radioactive nuclides
left within these two v-windows are °C' and 1'C', which decay with mean lifetimes
of 27.84 s and 29.40 m, respectively. Due to a muon rate of ~ 5000 per day within
the Inner Detector (ID), these events cannot be discarded by applying a deadtime
cut after each muon without blinding out the whole detector. In order to suppress
these background sources an event-by-event tagging has to be applied.

4.3.1 Tagging of ''C and °C

First proposed in the 90s by Martin Deutsch [52], the Three-Fold Coincidence
(TFC) technique is based on the assumption that, no matter how the muon induced
shower develops, obtaining Carbon isotopes out of a 2C atom requires to knock
off at least one neutron. According to this, the net reactions for 1°C' and ''C' are:

p(+secondaries) + *C — p(+secondaries) +'C +n (4.1)
p(+secondaries) + *C — p(+secondaries) + '°C + 2n (4.2)

The free neutrons travel a range of a few dozen cm until it is fully thermalized in
the scintillator. Eventually after ~ 250 ps the neutrons are captured on Hydrogen,
emitting a characteristic 2.2 MeV ~-ray [15, 33, 32].

n+p— d+ V2.2 MeV (43)

Neutrons can also be captured on 2C' emitting ~-rays with a combined energy
of 4.9 MeV. However, the cross section for this reaction is two orders of magni-
tude lower than the neutron capture on Hydrogen. The coincidence of a muon
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Figure 4.2: Schematics of first and second level suppression of cosmogenic back-
ground by means of the TFC technique [15].

followed by a neutron capture v flags the production of cosmogenic radionuclides,
in particular the production of Carbon isotopes.

4.3.2 Background suppression
First level suppression

After identification of such a p — m-coincidence, a first level suppression of the
produced radionuclides can be achieved by blinding out a spherical volume of
radius r around the reconstructed position of the v for a given time window t, as
depicted in Figure 4.2. The time window ¢ should be equal to a few times the
mean lifetime of the respective radionuclide. The radius r should be considered
with respect to the mean distance between the reconstructed 7, 2 a7y position and
the radionuclide. This mean distance is composed of:

e The mean free path of neutrons produced along with radionuclides until
thermalization (~ 40 cm) [49].

e The mean free path of the neutron capture v of about 20-30 ¢m [15], which

is reconstructed by the position reconstruction algorithm approximately in
the middle of the track.
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e Convective currents on the time scale of ¢, which can displace the radionu-
clide. Due to a temperature gradient in the whole detector of about 4 K,
there are no convective currents even on the time scale of several days in
Borexino .

Second level suppression

In addition to the v also the parent muon can be used to tag possible cosmogenic
radioactive nuclides. Considering that cosmogenic radionuclides are only produced
within a given radius around a muon track, one can define a cylinder whose axis
is taken along the track. Only the intersection of this cylindrical volume with the
sphere defined around the reconstructed «y is blinded out (see Figure 4.2). Thus,
the fraction of data loss can be reduced significantly.

4.4 Signatures of muons and neutron capture gam-
mas within DAQ

As stated in the previous chapter, the tagging of muon induced *C' and '°C is
based on the muon and the v which is emitted in the neutron capture process.
This section provides a description of the identification and special features of
these particles within data acquisition.

4.4.1 Muons

After passing the Gran Sasso rock shielding, muons enter the LNGS site with a rate
of 1.1m~2h~! and mean energy of (E,) = 320 GeV, corresponding to an exposure
of 5000 muons per day to the ID of Borexino. 99.9% of these muons are identified
by the Outer Detector (OD) clustering algorithm (see sec. 3.3.2). However, muons
crossing the ID show very distinctive features which can be used for identification,
further increasing the already remarkable efficiency of muon detection.

For minimal-ionizing particles like muons, the characteristic energy deposition is
about 2 M eV /cm in the scintillator (p = 0.89 kg/l). Thus, a muon passing through
the Inner Vessel (IV) produces a huge amount of scintillation light and saturates
immediately all 2212 PMTs. These events are usually identified by their very
high energy (charge variable at several tens of thousands photoelectrons; nhits
at saturation of all fully functional PMTs; parameter description in sec. 3.3.2).
However, the huge signal from a muon can cause problems in the data acquisition
process, i.e.:
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2 hequisitions

=] ]

r-; mu. e 180 mv

Figure 4.3: The oscilloscope is triggered on the logic signal of the Muon Trigger
Board (MTB) (see sec. 3.2.1), which flags muon detection in the OD. Channel 1
shows the M'TB signal, whereas channel 2 monitors the integrator output behavior
of a single channel after a detected muon pulse. It takes several hundreds of us
to stabilize the integrator output. The charge information of these muon events
is distorted and not reliable. These fluctuations can even influence the charge
determination of muon-induced neutron events [44].
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4.4 Signatures of muons and neutron capture gammas within DAQ

e Distortion of the charge variable:

As shown in Figure 4.3, after a muon crosses the scintillator, a huge pulse
is generated in the Front-End (FE) boards, which is followed by a large
overshoot. The channel’s integrator output, used to determine the charge of
an event, oscillates around the baseline for a time of up to several 100 pus.
Thus, the integrated signal produces very distorted values of the charge
variable of the muon event. On basis of the long oscillation time, this affects
also neutron capture gammas which occur ~ 250 pus after muons producing
1 and 1°C. However the variable nhits of these y-events is still reliable.
For a description of the software parameter used in this analysis see sec.
3.3.2.

e Afterpulses following a muon:

Scintillation light generated by a muon produces a large amount of pho-
toelectrons within the PMT. In the process of this massive photoelectron
multiplication along the dynodes, residual gas atoms within the PMT can
be ionized. Because of their high mass, the charged atoms move only slowly
within the electric field of the dynodes. According to the position where the
atom was ionized, several different path lengthes are possible and therefore
several different drift times. After a prompt signal from the photoelectrons,
delayed signals from ionized gas atoms occur in the PMT producing fake
events in the DAQ, so-called muon afterpulses.

To handle these afterpulses the Borezino Trigger Board (BTB) code has
been modified. After the detection of a muon by the OD Muon Trigger
Board (MTB), the threshold for events in the ID is greatly increased for a
few ms. Due to the higher threshold afterpulses are not recorded anymore by
the system. However, this does not count for the neutron analogue trigger
described in sec. 3.1.2. This trigger suppresses these afterpulses by applying
a 25 ps lower time limit following the muon itself (see also sec. 4.4.2).

Another type of muon events are muons traversing only the buffer liquid. Be-
cause of the quencher added to the buffer liquid the scintillation light is dampened
by a factor of ~20. These muons are recorded with a much smaller energy than
muons crossing the IV itself. Simulations [53] within the Borexino collaboration
indicate that even these muons still produce a high amount of light, and thereby
are distinguishable to neutrino signals. However, muons crossing the ID near its
border, i.e. behind the PMTs, have a quite high chance of being recorded by the
DAQ with a visible energy comparable to a neutrino signal.
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Chapter 4. Solar neutrino fluxes and cosmogenic background

Identification of muons

In order to identify these muons in addition to the OD, several properties of a
muon signal within the ID can be used. For the analysis described in Chapter 5,
the following muon identification cuts have been performed (for description of the
variables used, see sec. 3.3.2):

o Quter Detector clustering:
The OD clustering algorithm identifies 99.9% of all muons [11].

o Cluster mean time:
Muon signals (as well as « signals) show a very broad time distribution
compared to /v like events (e.g. neutrinos from the Sun). Therefore by
applying a cut on the mean time, muons (and « events) can be tagged.

e Deutsch parameter:
As described in Section 3.3.2, the Deutsch parameter identifies light contri-
butions external to the Fiducial Volume (FV), especially muon tracks.

e “Strange” events:
As already noted above, the determined charge of muons can greatly differ
from the expected charge (charge) on the basis of detected number of hits
(nhits). Therefore, the ratio of reconstructed charge to measured charge
serves especially to identify muons.

Muon track reconstruction

Based on the OD, a reconstruction algorithm for muon tracks passing Borexino
[46] has been developed. The code used in this thesis is one of the first versions
(date: November 2007). The muon track reconstruction algorithm identifies clus-
ters of PMT hits in the OD according to their time and position. The algorithm
selects the first cluster on the Stainless Steel Sphere (SSS) as entry point. The
exit point is choosen to be the largest cluster either on the bottom of the SSS or
on the floor. If no cluster is found, the algorithm searches for this cluster on the
whole sphere. If there is only one cluster present on the sphere, the algorithm tries
to split this into two smaller ones. By identifying the entry and exit point, the
muon track is defined.

This muon track reconstruction is used for the analysis of neutrons and *C de-
scribed in Chapter 5 by applying the TFC technique. In addition a validity check
of the muon track reconstruction itself has been performed and is stated in Section
5.4.8.
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4.4.2 Neutron capture gammas

Several problems in the first stage of Borexino data taking hindered the detection
of gammas emitted in the process of neutron capture (see eq. (4.3)). Most of
the problems have been solved by now, however work on the neutron detection
ability of Borexino is still in progress. A summary on current improvements of the
Borexino’s neutron detection capability is outlined in Chapter 7. The following
section covers the status of neutron detection in the time period of 07/10/07 until
10/27/07. Data taken during this time period is the basis of the analysis presented
in Chapter 5.

Identification of neutron capture gammas

Gammas produced in the neutron capture process on Hydrogen (or Carbon iso-
topes) of the scintillator molecules are identified by the neutron analogue trigger
depicted in Section 3.1.2. Events within a time window of [25,800] us after the
muon and an energy larger than ~ 300 keV" activate this neutron trigger. The 25 us
lower time limit prevents the major portion of muon afterpulses to be recorded in
the neutron time window. Nevertheless, about 10% of all neutron events have a
non negligible amount of afterpulse hits in this time gate. These neutrons have
badly reconstructed spatial positions, though they can be identified by their large
mean time caused by the broad time distribution of afterpulse hits. A mean time
cut of more than 100ns identifies these badly reconstructed neutrons quite good
(no efficiency study performed yet).

In general, the charge value of all neutron candidates is spoiled, regardless wether
afterpulses occurred or not (as described in sec. 4.4.1). The nhits variable gives
reliable values for neutron events which are not affected by the afterpulses.

Three Fast Trigger Coincidence Veto

The Three Fast Trigger Coincidence (TFTC) veto is activated when 2 triggers are
fired less than ~ 200 us apart. When this condition is met, the veto prohibits any
additional trigger within the next ~2ms.

This has a dramatic consequence for muon-induced showers, which can produce
several neutrons at once (up to more than hundred neutrons). The higher the
neutron multiplicity of an event, the higher the probability of a neutron capture
process within 200 us (7, ~ 250 us) after the muon. Consequently, the activation
of the TFTC veto prohibits the detection of any other neutrons. Hence it follows,
that with a neutron time window of 800 s after a muon, the neutron trigger can
detect 3 neutrons at best.
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Since most of the neutrons are not detected, this states a serious problem in apply-
ing the TFC technique (as stated in sec. 4.3) in order to discard the cosmogenic
radionuclide *°C' and 'C.

However, for the determination of the rates of these two radionuclides, it is not
necessary to detect all shower induced neutrons. The analysis concerning *C'
identification is described in the next chapter.
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Chapter 5

Analysis and results

As outlined in the previous chapter, the tagging of muon-induced 'C and °C
background is the most critical issue for detection of the high energy part of the
solar neutrino spectrum, i.e. the pep-, CNO- and ®B-v energy region. The Three-
Fold Coincidence (TFC) technique described in Section 4.3 is a powerful method
to reject these cosmogenic radionuclides. Therefore its efficiency is of great inter-
est. On this account, a detailed study on the feasibility of the TFC technique in
Borexino has been performed within this diploma thesis. On basis of the TFC,
correlations between muon, neutron capture v and cosmogenic 'C' were studied.
The analysis is based on data taken by Borexino between 07/10/07 and 10/27/07
and spans an active measuring time of 54 days. With the given data set, analysis
on 19C is not feasible due to its low production rate of ~ 2 countsday=! (100¢)~*
(see Table 4.3 in sec. 4.2). However, an outlook on the main features of a possible
10C" analysis based on more statistics is given in Chapter 7.

First of all the preparation of data and event selection, are described in the first
two sections of this chapter. The next three sections present the results of anal-
ysis concerning the participating particles of TFC technique: neutron, muon and
cosmogenic radionuclide 1 C.

The section about neutrons outlines the general problem of multi-neutron show-
ers in Borexino and their identification in data analysis. Furthermore, properties
of neutrons are analyzed and presented, i.e. measured energy distribution, decay
time, as well as the spatial distribution with respect to the parent muon.

The next section covers the analysis performed on the cosmogenic radionuclide
1. First, the production channels of 1'C' within muon-induced showers are pre-
sented and intrinsic inefficiencies of the TFC technique due to so-called “invisible”
channels is pointed out. As a result of analysis artifacts, the time distribution of
signal and background is convoluted with additional contributions. A model to
describe the convoluted distribution was developed within this thesis and is dis-
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cussed in detail.

Afterwards, 1'C is analyzed with respect to its knock-off neutrons and to its parent
muon. Spatial correlations and time distributions of these pairs provide a wide
range of information on details of the TFC. Correlations in space allocate the mean
free path of neutrons as well as the mean distance between muon and "C. On
the other hand, by means of the time distribution, the "C decay time is fitted
and its rate determined. Eventually, the comparison between the rate obtained by
neutron-1C" and muon-''C' correlations provides an excellent test of consistency
and the reliability of TFC technique. Finally, the TFC technique is applied to
discard 1'C from data, and the variation of the spectrum examined.

5.1 Data set preparation

The analysis presented in this chapter is performed on data taken by Borexino
between 07/10/07 and 10/27/07. From this data some runs had to be removed
due to various problems in data acquisition (DAQ). The selected data was filtered
removing the following types of events:

e Calibration events
The first 1000 events of a run consist of laser and pulser events for detector
calibration. After this initial calibration, these events are still injected with
a rate of 0.1 Hz into the system in order to observe the detector response
stability. These events, as well as complete calibration runs are discarded
from the data set.

e 24Bj and #'*Po decays
When air is introduced in ultrapure scintillator, a contamination by 222 Rn is
inevitable. The Radon contamination results in several radioactive daughter
elements according to the 233U-chain.
In July 2007, during a temporary refilling procedure due to temperature
changes within the detector, 22 Rn entered the Inner Vessel (IV) of Borexino.
The a-decay of Radon (5.49 MeV') is quenched to an energy well below the
pep/ CNO energy window of 0.8-1.4 MeV. However, its radioactive daugh-
ter elements produce background within this window. The most important
contribution arises from 24 Bi, which deposits up to 1.51 MeV energy in the
detector by its (-decay.
Fortunately, 2'*Bi can be tagged by its fast coincidence with its daughter
element 2 Po:

24p; , 24Py 4 o~ 47, (5.1)
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2P0 —210Pb + (5.2)

Both decays can be discarded by identification of a coincidence of two events
less than 708 us (3-7(*4Po)) apart and of appropriate energies. The charge
value of 21 Po candidates has to be within [150,500] pe, while the charge range

for 1Y Bi candidates is [100,2000],pe. The 100 pe charge threshold prevents
accidental coincidences with the intrinsic scintillator radioactivity from *C').

After removing these types of events the resulting data set spans an active mea-
suring time with fully functional neutron trigger of 54.04 days.

5.2 Event selection

The declaration of muon, neutron and radionuclide (1!C, 1°C') events is based on
several identification criteria listed in this section. The analysis performed in this
thesis is based on the offline data processing code Echidna [15], which has been
developed by the Borexino collaboration. FEchidna and all variables used for the
event selection are described in Section 3.3.2.

5.2.1 General criterion

The variable laben.n_clusters provides the number of clusters which an event con-
tains. Events without cluster do not have any physical meaning and are neglected
therefore in the course of the analysis.

5.2.2 Criteria for muon identification

As described in Section , muons can be identified not only by the OD clustering
algorithm but also by the ID on the basis of their characteristic light emission and
influence on electronics. The parameters used for muon identification are described
in Section 3.3.2. An event is identified as a muon, if one of the following criteria
is fulfilled:

e OD clustering: muon.has_cluster == 1 identifies more than 99.9% of all
muons crossing the detector [11].

o (Cluster mean time: A cluster mean time of more than 100 ns identifies muons
as well as « events.
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e Deutsch parameter: The Deutsch parameter is a measure of eccentricity
of light production in the ID. Muons traversing the detector emit a huge
amount of light along their track due to scintillation and Cherenkov effect.
The eccentric amount of produced light is revealed by this parameter. In
this thesis, muons are identified by Deutsch parameter being larger than a
value of 0.18. A detailed efficiency study of this parameter can be found in
[11].

o “Strange” events: Especially muons which cross the scintillator in the IV
produce a huge amount of light. The detector electronics require several
100 s to recover from the huge light pulse. Until the electronics have stabi-
lized, a distorted charge value is measured (described in sec. 4.4.1). A large
deviation of the this parameter with respect to a an expected charge value
according to the detected number of hit PMTs (nhits parameter) identifies
these muon events. The ratio of expected charge to detected charge is set to
be below 0.6 photoelectrons (pe) respectively above 1.4 pe in order to count
an event as a muon candidate.

The efficiency of the OD clustering itself is already impressive. Along with
the additional cuts of the ID, the overall efficiency is well beyond 99.99% [11].
This corresponds to less than one unidentified muon event in 2 days within the
ID (muon rate: 5000 muons per day within the ID). In terms of this analysis, the
efficiency of muon identification is in accordance with 100%.

5.2.3 Criterion for neutron / neutron capture v idenfica-
tion

Neutrons produced by muon-induced showers are detected by the analogue neutron
trigger by means of the characteristic vy of 2.2 MeV'. It is emitted in the process of
neutron capture on Hydrogen or stable Carbon isotopes, as described in sec. 4.3.
These events are flagged in FEchidna data with trigger type 128, which poses the
identification criterion for the data analysis performed in this chapter.

As events detected by the neutron trigger identify neutron production, these events
are classified as “neutrons” in the further course of this analysis, instead of the
technically more correct term of “neutron capture ~”. Differences between these
two are pointed out in situations where it becomes necessary.

5.2.4 Criteria for radionuclide candidate identification

According to the TFC described in sec. 4.3, events qualify as radionuclide candi-
dates by their energy deposition in the detector as well as the time difference to
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Figure 5.1: Charge spectrum of events with trigger type equal 1 in the Fiducial
Volume (R < 3.276 m, corresponding to 100¢). The spectrum is filtered from
neutron, muon and calibration events. Also 2'*Bi-2'*Po coincidences are removed
from data. Below a charge of 400 pe, the rest of the huge 2 Po peak as well as the
"Be-v shoulder are present. In the charge range of 400 to 900 pe the prominent
decay of 11C'is clearly visible. Between 900 and 1300 pe the contribution of external
~vs from 2°8T7 arises, covering °C in that region. Beyond 1300 8 B-v and °C' decays
appear.

the last muon-induced neutron event. With respect to data analysis, radionuclide
candidates have to fulfill the following criteria:

e The trigger type of the event has to be equal 1. This means, the event has
occurred only in the ID and is no artificial service trigger of Borexino. For
more details on triggers, see sec. 3.3.2.

e The event is not identified as a muon (according to the muon criteria de-
scribed above).

e If not otherwise stated the possible radionuclide has to be within the Fiducial
Volume (FV) defined by the radial software cut of R < 3.276 m corresponding
to 100t of fiducial mass.
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Figure 5.2: Charge spectrum of "' C' determined by spectral fits [50].

e The charge parameter has to be within limits according to the expected
energy deposited by the radionuclide.

e The event occurs after a neutron within a time window of several mean
lifetimes of the respective radionuclide.

The values of the two crucial identification criteria of a radionuclide candidate,
i.e. charge and time difference to a previous neutron, are described for both Carbon
isotopes in the following;:

11 ¢ decays with a mean lifetime of 29.40m and a 0.96 MeV [T end-point ac-
cording to the reaction:

Ho - UB4et +u, (5.3)

The annihilation of the positron within the detector shifts the deposited
energy of the decay by an additional energy of 1.022 MeV to an energy
range of 1.022 to 1.982 MeV. As stated in sec. 3.3.2, for higher energies
the correlation between deposited energy in the detector and the charge
variable of Echidna deviates from linear behavior. Taking a look at the
charge spectrum of the data for the FV (Figure 5.1), one can see the spectrum
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Figure 5.3: Charge spectrum of °C' determined by spectral fits. The background
of 29877 has been fitted together with °C' [50].

100

of 11 in the range of about 400 to 900 pe. The 'C' charge spectrum has been
also extracted by means of spectral fits within the Borexino collaboration,
and is shown in Figure 5.2. According to these results, the charge window of
U candidates has been set to 400-950 pe. For determination of 'C' mean
lifetime and rate, possible !C' events also have to be within a time window
of 4 hours to the last muon-induced neutron event, which corresponds to
about 8 times the mean lifetime of 1*C.

is subject to 61 decay with a decay time of 27.84 s:

00, 0B% et 4y, (5.4)

The decay of 1°C' leads to an excited state of 1B and therefore to an addi-
tional emission of y-radiation. In 98.53 % (main decay channel) this radiation
contributes 0.72 MeV to the energy deposition within the detector, whereas
in 1.47% (suppressed decay channel) the radiation accounts for 1.02 MeV .
Combined with the energy deposited in the positron annihilation, the to-
tal energy of the main decay channel spans from 1.74 MeV to 3.642 MeV .
The suppressed decay channel results in a total energy deposition between
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2.04 MeV and 3.942 MeV. In Figure 5.1 above a charge of 900 pe the con-
tributions of °C" and external background by 2°T1 get dominant. 277 is
present in the glass of ID PMTs and emits a 2.6 M eV y-ray in the process of
radioactive decay. This v-radiation can lose energy due to scatter processes
and attenuation before it reaches the IV of Borexino. Thus, the monoener-
getic Thallium gamma emission is not visible as a clear peak in Figure 5.1
but as a broad distribution. Figure 5.3 shows the charge spectrum obtained
by fitting the combined spectral contribution of °C' and external background
with a single S7-decay spectrum.

The major decay channel of 1°C' and external background dominate the spec-
tral fit, whereas the suppressed decay channel contributes insignificantly.
Neglecting the contribution of the suppressed channel above the upper limit
of the main decay channel (i.e. E > 3.642 MeV), possible 1°C candidates
are chosen within a charge range between 700 pe and 1750 pe. In addition,
possible °C' events have to be within 4min (~ 8- 7(*°C)) to a previous
neutron-event. With an expected rate of about 2 counts day=' (100¢)~! (Ta-
ble 4.3), there should only be ~ 100 °C' events in the data set. Due to
the intersecting energy regions of [1.74,1.982] MeV between both Carbon
isotopes, an additional charge cut is necessary to discard 'C in the 1°C
analysis, further reducing the already low number of events. Thus, an anal-
ysis on correlations by means of the TFC technique is not feasible with the
given data set. Chapter 6 outlines the main features of a possible 1°C' analysis
based on more statistics.

5.3 Neutron analysis

Via interaction with the surrounding rock or the detector material itself, muons can
produce electromagnetic and hadronic showers in which neutrons and radionuclides
are produced. In order to reject these cosmogenic radionuclides from data, the ap-
plication of the TFC technique depends on the detection of the muon-induced
neutrons.

The status of neutron detection outlined in this section reflects the situation of the
electronics system during the time period 07/10/07 to 10/27/07. The data, which
is analyzed in this thesis, was taken in this time period. As will be pointed out in
this section, the main DAQ system of Borexino was limited in its neutron detection
capabilities for the given time period. Due to electronics problems, usually only
one neutron of a muon-induced multiple-neutron shower was recorded by DAQ.
It has to be remarked that great progress in neutron detection has been achieved re-
cently and this problem is solved by now. For more details on recent improvements
on neutron detection in Borexino, see the outlook on the cosmogenic radionuclide
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Figure 5.4: Distribution of neutron multiplicities in muon-induced showers of at
least one neutron [55].

analysis in Section 7.2.

5.3.1 Neutron multiplicity

The neutron multiplicity of muon-induced showers is usually equal to one, however
multi-neutron showers up to one hundred neutrons are possible. As stated in sec.
4.4.2, due to the Three Fast Trigger Coincidence (TFTC) veto of the main Borex-
ino data acquisition (DAQ) system, only up to three neutrons of these showers
can be detected at best. On this account. work is performed to improve the neu-
tron detection capability of Borexino. In parallel to this analysis, multiplicities of
neutron events have been studied independently by two analysis groups [54, 55].

Neutron showers within auxiliary DAQ

With the main DAQ system being subject to the TFTC veto, an auxiliary DAQ
system has been connected to the detector. When the OD is triggered by a muon,
a PC collects the analogue cumulative output of all PMTs of the ID. The collected
data covers the time window of 10 us before to 490 us after the muon trigger.
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To qualify as a neutron candidate, a detected peak has to be more than 25 us
after the muon and produce a signal of at least 47mV corresponding to ~ 300
photoelectrons. The time threshold of 25 us is set to avoid the major portion
of afterpulses created by the muon (for more detail on muon afterpulses see sec.
4.4.1). The result of this study on neutron multiplicity with the auxiliary DAQ is
presented in Figure 5.4. About 60% of all neutron showers contain only 1 neutron,
the majority of all produced neutrons is generated in neutron-showers with more
than 20 neutrons.

Except the first 25 s, the auxiliary system can detect all neutrons within a neutron
shower. However, it does neither provide spatial reconstruction nor communicate
with the main DAQ. Therefore, the information of the auxiliary system is not
present in the Echidna data structure and can not be used in the application of
the TFC technique. Nevertheless, this study sheds light on the reliability of the
main DAQ system with respect to the TFTC veto.

Neutron showers within main DAQ

The analogue neutron trigger of the main DAQ system (see sec. 4.4.2 and 3.1.2)
identifies events as neutron candidates when they are within a time window of
[25,800] s after a muon event and have an energy greater than 300kel. The
Three-Fast-Trigger-Coincidence (TFTC) veto is activated, when two triggers oc-
cur less than ~ 200 us apart. Within the next ~2ms, any additional trigger is
prohibited by the TF'TC veto. Therefore single-neutron showers are detected cor-
rectly by the main DAQ system, which accounts for ~ 60% of all neutron showers.
All higher multiplicity neutron showers are subject to TFTC veto, with usually
only one of these shower neutrons being recorded by the main DAQ system. Thus,
muons followed by more than one neutron are quite rare in Fchidna data. Never-
theless, multi-neutron showers are recorded by the main system, however with a
limited maximum number of three neutrons. As a result of the time window of the
analogue neutron trigger (as mentioned above), detected neutrons corresponding
to the same muon can be about 775 us apart at most. In the data analysis per-
formed within this thesis, showers are identified as neutron events when they are
less than 2ms apart.

Shower neutrons are generated by the muon itself or by its shower particles, and
are therefore produced approximately at the same time. The neutrons travel a
few dozens of centimeters until they thermalize. Eventually, they are captured
with a mean time of ~ 250 us on Hydrogen or Carbon, emitting a characteristic
v (E, = 2.2MeV for capture on Hydrogen). In order to determine the spatial
distribution of neutrons within a shower, one can take a look at the distances be-
tween neutrons of a shower.

Figure 5.5 shows the distance distribution between consecutive shower neutrons.
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Figure 5.5: Distribution of distance of consecutive neutrons within a shower.

As one can easily see, shower neutrons are not located in the same area of the
detector, but well distributed over several meters.

5.3.2 Nomenclature

According to the neutron multiplicity of muon-induced showers, different terms
are used throughout this analysis. The terms used are presented in the following:

e neutron event: An event is recorded by the analogue neutron trigger as
described in Section 4.4.2.

e single-neutron shower: This type of event is characterized by the detection
of only one neutron event in a muon-induced shower

e multiple-neutron shower: The detection of several neutron events (i.e. more
than one) accompanying a muon. Neutron showers are identified in Echidna
as a culmination of neutron events less than 2ms apart.

e neutron shower: The sum of single-neutron showers and multiple-neutron-
showers. Thus it represents the detection of at least one neutron and there-
fore identifies neutron production in general.
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Although the main DAQ system of Borexino is not able to detect all the neutrons
for the analyzed time period, several properties of neutrons within the detector
can be studied.

5.3.3 Neutron rate

In the analyzed data set, neutron showers occur at a rate of 56 showers per day.
Each shower is the result of a muon-induced knock-off reaction of neutrons from
a nucleus and therefore flags the production of cosmogenic radionuclides. Because
the main DAQ system of Borexino usually detects only one neutron of a shower, the
rate of neutron events in the ID is almost equal the rate of neutron showers. The
rate of neutron events determined in the analyzed data (54 days of data taking) is
63 events per day in the ID.

5.3.4 Badly reconstructed neutrons

Badly reconstructed neutrons are the result of muon afterpulses, which reach into
the neutron trigger window (sec. 4.4.1). The position and energy reconstruction
of neutrons, which are affected by afterpulses, is significantly distorted. These
badly reconstructed neutrons are identified in this thesis by their cluster mean
time (parameter described in sec. 3.3.2) being larger than 100 ns. Figures 5.6 and
5.7 demonstrate the influence of muon afterpulses on the nhits parameter of the
neutron candidates. The significant impact of muon afterpulses on the positional
reconstruction of these neutrons is illustrated in the distance distribution between
1 and neutrons in sec. 5.4.5.

About 16% of all neutron events feature a cluster mean time of more than 100 ns.

5.3.5 Neutron energy

As described in the Sections 4.4.1, 4.4.2, the charge information of all neutron
events is spoiled due to the stabilization time of several 100 us required by the
DAQ electronics. Nevertheless, the energy of neutron events can be determined by
the nhits variable, i.e. the number of hit PMTs. This parameter is not affected by
this problem. However, it can be distorted by muon afterpulses (also described in
sec. 4.4.1). Taking a look at Figure 5.6, one can see the nhits spectrum of neutron
candidates without influence of muon afterpulses (clustermeantime < 100ns). A
clear peak of the neutron capture gamma is visible at about 700 nhits correspond-
ing to the 2.2 M eV ~ from neutron capture on Hydrogen. Figure 5.7 illustrates the
effect of afterpulses on the nhits variable. Regardless of the occurrence of muon
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Figure 5.6: Number of hit PMT (nhits) of neutron candidates. The cluster mean
time cut of 100ms for the neutron cluster rejects badly reconstructed neutron
events. A definition of the nhits parameter can be found in sec. 3.3.2.
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Figure 5.7: Number of hit PMT (nhits) of badly reconstructed neutron candidates
(cluster mean time >100ns). As one can see, the nhits parameter is distorted. A
definition of the nhits parameter can be found in sec. 3.3.2.
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afterpulses, the charge parameter of all neutron events is spoiled (not shown in
the plots).

5.3.6 Spatial neutron-muon correlations

First of all, the spatial correlation of events identified by the neutron trigger to the
parent muon is based on the intrinsic mean free path of muon-induced neutrons
in the scintillator. This expected exponential behavior is broadened by three
contributions:

e Mean free path of the neutron capture ~:
The event recorded by the neutron trigger originates in fact from the ~
created in the process of neutron capture. It has a mean free path of 20-
30 cm and is reconstructed approximately in the middle of its path [15]. The
emission of the v is isotropic and therefore allows no conclusion on the exact
position of the captured neutron.

e Spatial resolution of reconstructed ~:
The position reconstruction algorithm itself features an intrinsic uncertainty.
The resolution of reconstructed events is ~ 10-20 cm depending the deposited
energy [34].

e Resolution of muon track reconstruction:
The resolution of the muon track has not been determined so far.

All these uncertainties contribute to an overall broadening of the spatial dis-

tribution. Due to this, the determination of the real mean free path of neutrons
is impeded. However, for an application of the TFC technique it is sufficient to
determine the effective range between detected neutron captures and the recon-
structed muon track.
In Figure 5.8, the distance between the reconstructed neutron events and the track
of their parent muon is plotted. On basis of the cylindrical symmetry (defined by
the muon track) combined with exponential decrease due to neutron capture, the
following cylindric radial distribution is expected:

A __»e
dN(p) =2mpdp- (—e *ev +a) (5.5)

>\cyl

p is the lateral distance to the muon track and ., the effective lateral mean
free path of neutron events with respect to the muon track. A is the number of
neutron captures in the data set. Due to badly reconstructed neutrons and muons,
the spatial correlation between some n — p is distorted. The parameter a accounts
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Figure 5.8: Lateral distance of neutron events to reconstructed muon track. The
cylindrical symmetry around the muon track causes the steep linear increase of
the event numbers at small distances. The distribution is fitted by eq. (5.5). The
fitted effective mean free path is a result of the real mean free path of neutrons
and of uncertainties due to neutron capture v mean free path, as well as position
and muon track reconstruction.

for these pairs of lost correlation, and also uncorrelated random coincidences within
the neutron trigger window. Function (5.5) is fitted to the distribution as shown
in Figure 5.8. The fit function (5.5) considers only an exponential lateral behavior
of the neutrons and uncorrelated background. Thus, it neglects the additional
broadening mentioned above. However, for analysis on correlations of muon and
neutron events in the data, an effective lateral mean free path is sufficient. The fit
describes well the lateral distribution of the fitted area and results in an effective
cylindrical mean free path of A,y = 0.434 £0.012m.

The analysis on the neutron capture time in the next section will point out, that
accidental coincidences in the neutron time gate are negligible. This means that
the background contribution in Figure 5.8 arises due to n — u pairs with disturbed
spatial correlation. This is the case, when either neutron or muon track are badly
reconstructed. Analysis on 'C-neutron (Sec. 5.4.6) and ''C-muon (Sec. 5.4.8)
addresses this fact.
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Figure 5.9: Time distribution of neutron events relative to their parent muon fitted
with multiple exponentials. The 25 us time threshold of the neutron trigger avoids
the misidentification of muon afterpulses as neutron candidates. For more detail
on this topic, see Sections 4.4.1 and 4.4.2.

5.3.7 Neutron capture mean time

The study of correlations between muons and their induced neutrons also yields
information about the neutron capture mean time 7,. Neutrons are produced
at the moment the muon passes the detector and their capture is detected by
the analogue neutron trigger. Figure 5.9 displays the time distribution of these
coincidences. Also shown is a multiple exponential fit of the time distribution,
based on the consideration, that due to the TFTC veto usually only the first
neutron of a multiple-neutron shower is detected (sec. 5.3.1). Therefore, the
probability that at least one neutron of a shower with neutron-multiplicity M is
captured in a time window of [0,t] after a muon event is:

M
Py(ty=1-JJer=1-€e~ (5.6)

1

Thus, the differential probability of at least one neutron capture within a time
interval dt is:
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M
dPy(t) = —e M=dt (5.7)
T
Taking into account the probability that a neutron shower of multiplicity M is
generated with a certain probability W (M), one can describe the time spectrum
in general:

=Y W(M)dPy(t ZW MLt (5.8)

For a data set with a number of A neutron showers and and background con-
tribution of a, the time profile is described by:

AN(t) = AdP(t) + adt Z ZAM—e M2 dt + a dt (5.9)

Ay o= A-W(M) (5.10)

The Function (5.9) is fitted to the time profile in Figure 5.9 with exponentials up

to a neutron multiplicity M of 5. The contribution of the one-neutron exponential
to the distribution is high, whereas the contribution of multi-neutron exponentials
is quite low, except for the H-neutron exponential. Due to its steep inclination,
this exponential is weighted the most by the fitting algorithm as it describes the
deviation to the 1-neutron exponential in the low time region. This increase is not
a result of 5-neutron showers, but also of the sum of all multiple-neutron show-
ers with M > 5 which have been neglected by the fit function. However, this fit
demonstrates that the contribution of multiple-neutron showers to the later part
of neutron capture time distribution is negligible. Also the minor amount of back-
ground in the time distribution proves that all events detected by the neutron
trigger can be considered as neutron capture processes.
Fitting only the late part of the time distribution, and thereby rejecting the con-
tribution of multiple neutron showers, the mean neutron capture time 7, can be
determined with much less systematic uncertainties. In Figure 5.10 the time pro-
file is fitted by a single exponential in the time region greater than 250 us. Not
shown in the plot, the contribution of a 2-neutron exponential as well as a con-
stant background distribution have been considered and shown to be as negligi-
ble (order of 1077 respectively 107%). The fit results in a neutron capture mean
time of 232 £ 10 us. This result is in reasonable agreement with former exper-
imental determinations of 7,, in scintillator material, performed within the CTF
(1o, = 214 + 11 us [33], respectively 7, = 257 & 27 us [32]) as well as in FLUKA
simulations [51, 32](7, = 254 + 1 us).
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Figure 5.10: Time distribution of neutron events relative to their parent muon
fitted with a single exponential.

5.4 YC analysis

As described in section 4.3, the short-lived cosmogenic radionuclides with a mean
live time less than about one second can be easily rejected from data by a general
veto for ~ 2 s of the detector after each muon. However, ''C' and '°C' have mean
lifetimes of 29.40 m and 27.84 s and can not be discarded this easily. A general veto
of 1 h would be necessary to discard both radionuclides. With a rate of ~ 5000
muons per day in the ID, the detector would be permanently vetoed.

The goal of TFC technique is the tagging of these cosmogenic radionuclides. Es-
pecially 'C' is of interests, which is the main obstacle in detection of pep- and
CNO-v. To determine the reliability of the TFC technique within Borexino, its
tagging strategy can also be used to search actively for 1'C' in the data. Con-
sequently, a 'C rate can be determined and compared with rates determined
by spectral fits of *'C. This section presents the results of the study on 'C as
well as the applicability of the TFC with respect to *'C-neutron and *C-muon
correlations.
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reaction weight
withn  2C(y,n)"C 59.4%
2C(n,2n)1C 13.4%
2C(p,p+n)t'C 9.2%
RO, 7 +n)C  6.8%
2C(u, u - n)HC’ 4.0%
ROt nt +n)C 1.8%
2C(e, e + n)''C 0.7%
invisible 2C'(p, )HC 1.0%
R2O(rt, 7+ p)HC  3.5%

Table 5.1: *'C production channels in muon-induced particle showers as computed
by FLUKA simulations [49, 33].

5.4.1 'C production channels

The muon beam experiment performed at CERN on cosmogenic radionuclides [47]
(described in sec. 4.2.1) demonstrated that, in Borexino, ''C background would
exceed the signal from pep and CNO neutrinos (according to the SSM) by an
order of magnitude. Therefore, simulations on " production in muon-induced
showers were performed by the Borexino collaboration in order to determine the
reliability of the TFC technique that was originally suggested by M. Deutsch [52].
The simulation used the particle transport code FLUKA [51] to calculate the
production rates of the prominent particles induced by muons within the CTF
setup, i.e. neutrons, protons, y-rays, electrons, 7 mesons as well as 1C induced
by these secondaries or the muon itself. The resulting weights of each production
channel are presented in table 5.1.

The study demonstrated that muon-induced showers are dominated by ~ rays and
electrons. Due to a giant dipole resonance of 2C at 25 MeV | the cross section for
~ rays becomes dominant. In consequence, the main production channel for 11C
production is the (y,n) exchange reaction which accounts for 59.4% of the total
production rate. Spallation by electrons is much less effective, as their cross section
is lower by a factor of the fine structure constant o. Other channels with at least
1 neutron in the final state account for additional 35.1% of the total production
rate.

There are 2 production channels without a final neutron, i.e. the *C(p,d)"'C
and 2C(7*, 7% + p)!1C reactions. Due to the absence of neutrons, both reactions
cannot be tagged by the TFC technique and are therefore referred as “invisible”
channels. These invisible channels cause an intrinsic inefficiency of 1'C' tagging via
the TFC. However, they only account for 4.5% of the total 1'C production rate.
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Figure 5.11: Schematics of muon, neutron and *C' correlations. The " C is pro-
duced at time ¢; and is correlated in time and space (blue line) with its knock-off
neutron (nj;) and its parent muon (p;). Because all neutrons induced by p; are
detected approximately at the same, the 'C event is also correlated to all shower
neutrons in time (illustrated by the green line). The muon ps and its induced neu-
trons occur at time ¢, and are completely uncorrelated to the 1'C event (dashed
lines).

5.4.2 Correlations in the data analysis

Muons and their secondaries can produce *C by removing one neutron from a 2C
nucleus. Any produced ''C nucleus corresponds to one neutron and one muon.
For analysis on time correlations between ''C' (selection criteria stated in sec.
5.2.4) and neutron events, usually a time gate of 4 hours after each neutron event
is opened (Tuc = 29.40m). Neutron-inducing muons occur in the ID at a rate
of ~ 60 per day (stated in sec 5.3.3). This corresponds to one such muon every
~ 24 min in average. Thus, a '*C decay can not be unambiguously allocated to its
parent muon and its knock-off neutron. Nevertheless, an analysis on correlations
in time and space between 'C' and neutrons/muons is possible. This shall be
illustrated in the following.

Correlated and uncorrelated event-pairs

Because 'C' can not be definitely allocated to its knock-off neutron, one has to
consider every pair of neutrons and *C' decays, which is less than a few 11C decay
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times apart. In this analysis the time gate is usually chosen to 4 hours.

Due to overlap of these time gates, 'C candidates can be counted several times
by different neutron events. However, only correlated pairs of neutron and *C
will contribute to the characteristic exponential distribution in the time profile.
This is based on the fact, that the capture of the knock-off neutron (7 ~ 250us)
is approximately coincident with the 'C' production, compared to the C mean
lifetime of 29.40m. Thus, the profile of the time difference between the detection
of the knock-off neutron and the decay of its corresponding *C' follows an expo-
nential profile, which is typical for radioactive decays. All neutrons, which are not
correlated with the specific 1'C' result in an uncorrelated flat background.

Figure 5.11 illustrates the correlation between 'C, neutrons and muons. A muon
1 crosses the detector at time ¢; and produces 'C by rejecting a neutron (nq;).
Also, additional neutrons of the muon-induced shower are present (ni2 and n;3).
The whole neutron shower of 1; is marked by a yellow circle in the Figure.

All shower neutrons are produced at the same time by 1 and decay independently
with a neutron mean capture time of ~ 250 us. However, on a time scale of the
1 mean lifetime (711 = 29.40m), all neutrons of the same shower are captured
at the same time. Thus, the "C produced by p,; is correlated with all shower
neutrons of this muon in time (green line). However, the " C' is only correlated
to its knock-off neutron ny; both in time and space (illustrated by the blue line).
The M is also correlated in time and space with the muon ;.

Also shown is another muon s which crosses the detector at time t5. Time t5 shall
be less than 4 h before the ''C' decay at time t¢ (in this example, us produces neu-
trons without any *C). Because the 'C decay is within the 4 h time gate to the
neutrons of po (n9; and ngs), the time correlation to these two neutrons is also
recorded in the data analysis. By reason that the Y'C is completely uncorrelated
with the neutrons of uy (shown as the dashed line), these neutron-*C' pairs result
as uncorrelated background in temporal and spatial distributions between *C and
neutron events. Also the 'C' is completely uncorrelated with ps.

Temporal correlations and shower-correction:

An exponential decay of ' is expected in the relative time distribution between
muon-induced neutron events and *C' candidates. This exponential comprises in-
formation on "' C mean lifetime as well as on the number of 1*C' decays. According
to this number, a rate of 1*C' production can be determined.

As stated above, 1'C' produced in a multiple-neutron shower is correlated in time
with all neutrons of the same shower. The single ''C' decay would be counted
multiple times as a correlated event. One can correct this fact, by only consider-
ing one neutron of the whole shower for analysis on temporal correlations. The
so-called “shower-correction” applied in this thesis considers only the last neutron

5



Chapter 5. Analysis and results

event in time of a detected multiple-neutron shower.
Because there is only one muon per 'C' production, the shower correction is not
necessary for analysis on muon-*C' correlations (performed in sec 5.4.8.

Spatial correlations:

As shown in Figure 5.11 and described above, 'C is only directly correlated in
space with its knock-off neutron and parent muon. Thus, for analysis on spatial
correlations all neutron-''C' pairs can be considered.

5.4.3 Influence of DAQ deadtime

The time gate after a neutron for !C search is chosen to 4 h. Compared to the
average run duration in the analyzed data set of about 6 h, the interruption of open
time gates due to deadtime between two runs is very likely. The goal of the Borex-
ino collaboration is to minimize the deadtime between runs, however especially in
this early stage of data taking, hardware inspections as well as rejections of runs
due to electronic problems can produce long deadtime between runs. Deadtimes
during an open time gate distort the time profile.

For a determination of '*C properties by means of the time profile, it is critical
to avoid these distortions. For this reason, time gates for 1'C' search are stopped
at the end of a run. However, this procedure introduces its own artificial effect to
the time profile, i.e. a linear decrease in time distribution of signal as well as the
background. But in contrast to distortions caused by deadtime, the linear decrease
due to finite run duration can be modeled and well fitted to the data, as described
in the next section.

5.4.4 Model of the time profile

The effect of limited run duration on the distribution of time between neutron
events and 'C candidates is outlined in this section. First of all the model is
based on a run of duration t,,,, containing neutron and 'C events with rates
R, (t) respectively Ruc(t). After each neutron event an independent time gate
of length ty4 is opened and time differences t4;; to following 'C' events are
recorded. Therefore, a '*C event can be recorded by several neutrons. An active
time gate is prematurely closed when the run ends. The differential number of
recorded n — (' pairs, consisting of neutrons in the time interval [t,t + dt] and
¢ events within [t + taifs, t + tairs + dtaigy], is

dN(t, tdz’ff) = Rn(t) dt - Rllc(t + tdz’ff) dtdiff (511)
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te [O,trun] tdiff € [O,tgate] N [O,trun] (5.12)

The intersection condition of ¢4; expresses the fact that the maximum time
difference between a neutron and a 'C event is limited both by the time gate
length ¢4 as well as the run duration ¢,,,. E.g., when the run duration is shorter
than the chosen time gate, t4¢s can be maximal ¢,,,. Runs with ¢,,, <ty will
be refereed to as “short runs”, whereas “long runs” correspond to £y, > tgate-

Model of neutron and 'C rates

As the neutrons are (as their parent muons) distributed randomly in time, the
neutron rate is constant:

R,(t) = R, (5.13)

The 1 C rate in the time gates is determined by two contributions: a correlated
and an uncorrelated n — 1 C distribution.

RllC(t + td’tff) = RHC;corr<t + tdlff) + RllC’;uncorr(t + tdsz) (514)

Precondition of the time model:

As mentioned in sec. 5.4.2, "C is correlated in time with all neutrons of the
shower, in which it was produced. Each temporal correlation contributes to an
exponential decay in the time profile governed by the 'C decay time. Thus, *'C
contributes for every detected shower neutron to the time profile. To determine a
rate on basis of the time profile, it is essential, that !C decays are not counted as
correlated events multiple times. The model to describe the time profile of ¢4
is based on the precondition, that a 'C event is only correlated in time with a
single neutron. In the actual data analysis performed in this thesis, this condition
is achieved by the application of the shower-correction, which is also described in
sec. H.4.2.

With this precondition, each produced '*C' is only correlated in time with a single
neutron and contributes to the correlated time distribution only once. The un-
correlated pairs of neutron and ' C just increase the flat background of the time
profile. Therefore, the correlated and uncorrelated distributions of Riic(t + ta;fs)
in eq. (5.14) can be described as follows:
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Correlated contribution:
K tdi
RUC’;corr(t + Zfdiff) =—c def (515)
T

K is the mean number of correlated '*C recorded in the time gates.

Uncorrelated contribution:

RllC;uncorr (t + tdsz) = RHC;uncorr (516)

As mentioned above, the rate of uncorrelated n — *'C pairs is time independent.

The combination of the correlated and uncorrelated contribution can be written
as

5.14)(5.15)(5.16
RHC(t + tdlff) = RHC;corr(t + tdsz) + RllC;uncorr(t + Zfdsz) o1t = (519

K _taigs )
= 76 -+ RUC’;uncorr = RllC(tdiff) (517)
EllC’(tdi 7f) is independent of time ¢ and describes the common time profile of a
radioactive decay, consisting of an exponential decay with uncorrelated flat back-
ground. Considering the end of run, the total distribution of recorded events
behaves as

S Ruc(tars) ift < trun — ta
Ruc(tairs) = { 0 oltass) olse w (5.18)

Integration of equation (5.11) in time ¢ with an integration range according to
(5.12) and the definition of rates according to Formulas (5.13) and (5.17) gives

AN (tasr) = RoRuo(taiss) - (trun — taiss) dbaiss
tarsr € [05tgate] N[05 trun] (5.19)

This equation can be rewritten as:

517 ,Ag _tdiss 1
AN (tags) = (e Fa)d = —tayy)
tdiff c [0; tgate] N [O; tmm] (520)
A, =R, - K -tun Total number of correlated 'C events in the
single run.
as = Ry - Rucuuncorr - trun Total rate of uncorrelated background in the
single run.
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As one can see in Formula (5.20), the usual distribution of a radioactive decay
with flat background is now convoluted with an artificial linear decrease due to
the limited run duration, i.e. (1— ﬁtdi 7). This effect shall be illustrated in more
detail. Schematic plots of the The following time profiles are based on a time gate
of 4 h, which is also used in the actual " C analysis in this chapter.

Figure 5.12 shows a typical artificial deformation of the time profile of a long run
(tgate < trun). In Figure 5.13 the deformed time profiles for runs of different dura-
tion t,,, are shown. The black lined time profiles are the distributions described
by eq. (5.19). The purple lined time profiles consider only the uncorrelated back-
ground distributions dNypcorr(taifs). On basis of Formulas (5.17) and (5.19), the
distribution of uncorrelated background is

dNuncorr (tdlff) = Rnénc’;uncorr ' (trun - tdsz) dtdsz
tairr € [0itgate] N [05 trun] (5.21)

As one can see, in the shortest run (¢,,,, = 2 h) the neutron and " C' time difference
is limited by the run duration. No time difference for more than 2h is can be
detected in this short run. Therefore, the linear decrease is broken by the run end
at 2 h.

Multiple runs

Equation (5.19) and (5.20) describe the time profile of a single run. However, the
data set prepared for analysis consists of up to about 140 runs. Every run of this
ensemble contributes with its own time profile according to the stated equations.
Therefore, the total time profile in t4¢ is the sum of all these individual time
profiles. With respect to the model, two factors have to be considered:

Short and long runs:

As mentioned before, one has to distinguish runs on the basis wether their dura-
tion is longer (fyate < tun: long runs) or shorter (¢gqe > trun: short runs) than the
chosen time gate of analysis. Figure 5.13 shows the different behavior of long and
short runs. It illustrates the time profile of the sum of correlated and uncorrelated
distributions (according to eq. (5.19), as well as the time considering only the
uncorrelated distribution (according to eq. (5.21).

For better illustration, the concept of summed time profiles shall be explained for
uncorrelated background, shown in the Figure as purple time profiles. The follow-
ing considerations can be applied completely analog on correlated contributions.
It is obvious, that the background profiles of long runs can be summed up in a

79



Chapter 5. Analysis and results

events

25 3 35 4 45 5
neutron-C11-timedifference [h]

Figure 5.12: Model of " time profile before (black) and after artificial deforma-
tion (blue) according to Formulas (5.20), respectively (5.19).

linear way. Thus, the Summed Background Time Profiles (SBTF) of long runs can
be described by a single linear function. As shown in Figure 5.13, the background
profile of a short run is interrupted by the run end. Because the event number can
not be negative, linear behavior is broken. Therefore, the sum of short runs can
not be described by a single linear function.

This fact is illustrated in Figure 5.14. As expected, the SBTF of long runs results
in a total linear function. In contrast, the SBTF of short runs can be misinter-
preted as a decay effect.

This consideration is completely analog for the correlated distributions. On basis
of this study, only long runs are used for analysis on time profiles, unless otherwise
stated.

Stability of rates:
With the restriction onto long runs, the total time profile of sum of N runs can
be written according to 5.19 as:
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40

events

% o5 1 15 2 25 3 35 4 45 5

neutron-C11-timedifference [hl

Figure 5.13: Deformed time profiles for different run durations. The black time
profiles are the sum of correlated and uncorrelated distributions artificially de-
formed by the finite run duration (according to eq. (5.19)). The purple time
profiles represent only the deformed uncorrelated distributions (according to eq.
(5.21).

events

[
0.5 1 15 2 25 3 3.5 4 4.5 5

neutron-C11-timedifference [h]

Figure 5.14: Summed time profiles of the deformed uncorrelated background dis-
tributions for short runs (shaded red), long runs (blue shaded) and all runs (shaded
green).
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N
dNyotai (tairs) = Z Ry.iRuci(taiss) - (trungi — taigs)dtairy
tdiff € [O;tgate] (522)

Parameter ¢ refers to different runs in the ensemble. The run duration ¢,,,; is
naturally dependant on the specific runs. One would expect the rates R, and
Euc;i(tdiff) to be equal for all analyzed runs. However, electronics and soft-
ware problems can cause fluctuations in the detected rates. To accommodate for
this, R,;; and Ruc,(tass) are treated as run dependent variables in this analysis.
Therefore, using eq. (5.17), the Formula (5.22) can be expressed as

A taiff B b
ANprar(taipy) = —e (1= Sty 1ty
total (taiff) —¢ ( Adff)+a( adff)

A tai
= ?6_%<1 —C'tdiff) +CL(1 —C'tdiff) (523)

A= Ry Kitrun: (.24 > Rucitrun: Total number of correlated ''C

events.

B:=> R,.K; (521 > Rugy Sum of run-specific correlated 'C

event rates.

a = Rucancorr Y, Rnsitrun:i Total rate of uncorrelated
background.

b := Ruc.uncorr 9, Rnsi Sum of run-specific uncorrelated '*C
event rates.

C .= % Decrease factor of correlated

HC events

Decrease factor of uncorrelated

background events

T mean lifetime of ' C.

In the definition of the parameters A and B, the following equation has been used:

Rucy = Ry - K; (5.24)

A fluctuation of the neutron rate R,; automatically results in a fluctuation
of the mean number of correlated 'C detected per neutron time gate, which is
denoted as K; (see eq. 5.15). The product of both results in the total rate of
detected " C of the whole run i, denoted as Ruc.; (eq. 5.24).
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5.4 11C analysis

Uncorrelated background within a neutron time gate (Ri1c,yncorr) is according to
its nature independent from the detected neutron rate, and therefore independent
of specific runs.

As one can see in Formula (5.23), at first glance the correlated and uncorrelated
distribution seem to have different artificial decrease factors C' and ¢, respectively.
In fact, this is not the case and illustrated in the following:

Parameter A can be expressed by a mean value of the product of R,,; and ...

A - N . <R110;itrun;i> (525)

N is the number of analyzed runs, while ¢ represents different runs of this
ensemble. Because the run-specific ' C' rate (Riic,;) and the duration of a given
run (tun;;) are uncorrelated values, one can express A by the mean values of each
single factor:

A=N - (Rucy)(truni) (5.26)
According to this, parameter B can be expressed in the same way:
B =N -(Rucy) (5.27)

Repeating this procedure also for a and b, one can show that

C = ¢ = ({truns))"! (5.28)
On the basis of this result, Formula (5.23) simplifies to

A ta
dNtotal(tdiff) = (?6_% + a)(l - C- tdiff) (529)

The restriction on long runs (i.e. runs of a duration more than the time gate
of 4h), the total time profile of these runs can be expressed by a single function.
The summed time profile of long runs is identical in shape to the time profile of a
single run (compare to eq. (5.20). Thus, Figure 5.12 also illustrates the summed
time profile of long runs for the deformed and non-deformed case.

Formula (5.29) is used for all time profile fits in the analysis on ''C. Parameter
A is the total amount of 'C in the analyzed time profile, while a is caused by
uncorrelated background. Parameter C' is treated as a free parameter in all fits.
This model is only based on the fact, that 1*C'is correlated with one single previous
neutron in data of a run of finite duration of at least 4 h (long runs).

This model can also be applied on analysis of correlations between muons and
1. In this case, ''C is only correlated with its parent muon, and thus fulfills the
requirement of this model.
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5.4.5 YM(C-neutron correlations

After a neutron event is identified by the analogue neutron trigger, events within a
4 h time gate qualify as ''C candidates by a charge value of 400 to 950 pe, according
to sec. 5.2.4. The analysis on correlations between the detected neutron events
and these ''C' candidates is presented in the following.

Spatial 'C-neutron correlations

The distribution of the distance between neutrons and 'C' events is expected to
follow an exponential decrease convoluted with a volumetrical increase according
to the spherical symmetry around the reconstructed neutron position.

A T
dN(r) = 4mr? dr - (Xe_X +a) (5.30)

The definition of variables follows the same style as already used in sec. 5.3.6
for the determination of the effective lateral neutron mean free path to the parent
muon track:

r is the distance between reconstructed positions of neutron and 'C events. A
is the effective mean free path of neutron events. A is the actual number of 1*C'
decays, while a accounts for uncorrelated random coincidences within the time
gate for 1*C search.

Four different plots are shown, illustrating the effect of the two major influences
on the distance distribution: the n-'*C time difference, as well as the influence of
muon afterpulses on the quality of neutron position reconstruction.

e n — C time difference:
Figures 5.15 and 5.16 demonstrate that 'C is in fact produced in com-
pany with muon-induced neutrons. For a time difference of less than 1.5h
(1(11C) = 29.40m) a clear peak due to the exponential correlation in For-
mula (5.30) is visible. On the other hand, for a time difference of more than
1.5 h, no correlation is visible and the distribution is following an uncorre-
lated 72-behavior. As a result of geometrical effects, the distribution bends
down at ~ 3m. Neutrons are not restricted in their position, however 11C
candidates are limited to the FV with a radius of 3.276 m. In order to avoid
this geometrical distortion, the fit in Figures 5.15 and 5.17 are performed to
an upper limit of 2.5m.

e Badly reconstructed neutrons:
As described in sec. 4.4.2, muon afterpulses can reach into the neutron
trigger gate and distort energy and position determination. A criterion to
identify these neutrons is their cluster mean time (described in sec. 5.3.4).
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\ neutron-C11-timedifference < 1.5h \

*3 Entries 3167
] ¥2 ! ndf 63.44 /60
2 60| A 21.4+1.8

A [m] 0.1818 + 0.0075
a 0.5548 + 0.0198

25 3 3.5 4
neutron-C11-distance [m]

Figure 5.15: Radial distance of neutrons and 'C' candidates for a time difference
less than 1.5 h. The distribution is fitted according to Formula (5.30).

neutron-C11-timedifference > 1.5h

Entries 4243

events

25 3 3.5 4
neutron-C11-distance [m]

Figure 5.16: Radial distance of neutrons and 'C' candidates for a time difference
greater than 1.5h.
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‘ neutron-C11-timedifference < 1.5h and neutron-meantime < 100

*3 Entries 2513
o X2/ ndf 68.7 /60
2 50 A 20.66+1.73
A [m] 0.1794 + 0.0074
a 0.4132+ 0.0171

25 3 3.5 4

neutron-C11-distance [m]

Figure 5.17: Radial distance of neutrons and 'C' candidates for a time difference
less than 1.5 h and a neutron-cluster mean time less than 100 ns. The distribution
is fitted according to Formula (5.30).

‘ neutron-C11-timedifference < 1.5h and neutron-meantime > 100
ntries 654

20

events

|

18

16

14

12

10

% 0.5 . 25 3 3.5 4
neutron-C11-distance [m]

Figure 5.18: Radial distance of neutrons and 'C candidates for a time differ-
ence less than 1.5/ and a neutron-cluster mean time greater than 100ns (badly
reconstructed neutrons).
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The influence of a mean time cut of 100 ns is shown in Figures 5.17 and 5.18.
Both plots show the distance distribution for a time difference less than 1.5 h.
However, they differ in the mean time cut applied. As one can see, neutrons
with a cluster mean time < 100 ns feature the clear peak of spatial correla-
tion, in contrast to neutrons with long mean time. Any spatial correlation is
lost as a result of bad neutron position reconstruction. Comparing the fits of
Figures 5.15 and 5.17, the influence of badly reconstructed neutrons to the
fitted effective mean free path is minimal.

The fits performed with eq. (5.30) neglect a gaussian contribution due to the muon
track and neutron positional reconstruction resolution. However, for a study on
correlations in the data, it is sufficient to consider effective values. The effective
mean free path of neutrons in Borexino is determined to 17.94 + 0.74 cm.

Apart from the distance between neutrons and 'C' events, the alignment in space
is also of interest. The majority of muons are entering the detector from above,
also do the muons which produce neutrons in nuclear reactions.

neutron-C11-timedifference < 1.5h and neutron-C11-distance < 1m ‘

Entries 461
Mean  -0.009983

events

18
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12

10

=

'
=TT

08 06 -04 02 0 02 04 06 08 1

neutron-C11-distance in z-direction [m]

Figure 5.19: Distance of neutrons and ''C' candidates in z-direction for time dif-
ference less than 1.5h and neutron-''C distance less than 1m. Negative numbers
correspond to neutrons with are below the detected 1'C' candidate.

Figure 5.19 shows the distribution of the distance between neutron and ''C
projected on the z-axis. Cuts in time (< 1.5h) and space (< 1m) are chosen to
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yield a high number of real neutron-'C pairs. The peak at zero is a consequence
of the radial exponential described in Formula (5.30). This distribution features
a mean value of -0.9 ¢m, which is within statistical fluctuations compatible with
zero. There are as many neutrons above as below the 'C events. The directional
information of the parent muon is therefore not transferred to the induced neu-
trons in the process of "'C production. They are ejected isotropically from the
parent 2C nucleus.

N mean lifetime

With the detection of a muon-induced neutron, the potential production of 1 is
flagged. By recording the time difference between these neutron events to following
¢ candidates, one expects a time profile according to Formula (5.29) (sec. 5.4.4)
due to the effect of finite runtime. As a prerequisite of this formula, only runs with
at least 4 h runtime were chosen for the analysis on the 'C' mean lifetime. The
resulting data set spans a total runtime of 45.40 d with active neutron trigger.

In addition, Formula (5.29) requires, that any *C' is only correlated with maximal
one neutron. This prerequisite is met by application of the shower-correction (sec.
5.4.2).

It has to be noted, that the time difference between neutrons and produced ' C' is
not exactly equal to the life time of the 1'C', which is created in the moment the
muon is passing the detector. However the mean lifetime of neutrons is 231.6 us
(determined in 5.3.7), and therefore negligible on the time scale for all radionuclides
listed in Table 4.3.

Figure 5.20 shows the fit of the temporal distribution. Due to the overlapping
energy region of C and °C' for [1.74,1.02] MeV, 1°C decays are present in the
short time region of the time distribution (7(*°C') = 27.84 s). A time threshold of
2m is chosen for the fit to avoid these °C' decays.

The good agreement of the fitted *'C mean lifetime of 29.79 £ 3.82m with the
literature value of 29.40 m proves, that the TFC technique is a powerful tool for
tagging radionuclides, especially C.

5.4.6 Determination of 'C rate with respect to neutron-
¢ distance

By fixing the 'C' mean life time to the literature value of 29.40m (in analysis
macros: 0.50 k), Formula (5.29) can be used to determine parameter A, which is
the overall number of correlated *C' events in the analyzed data. The analysis is
performed again with application of the shower-correction (described in sec. 5.4.2)
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Figure 5.20: Temporal distribution between neutron events and "C candidates
which a spatial distance of less than 2 m, fitted according to formula 5.23. Analyzed
runs were chosen by their runtime being greater than 4 h.
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and restriction on long runs (runtime > 4 h), in order to meet the prerequisites of
the modeled time profile in eq. (5.29). As described in sec. 4.3, the final objective
of the TFC technique is to reject 1*C without loosing to much data. With respect
to the effective mean free path of the neutron of 17.94 c¢m (determined in the
previous section) and the " C mean lifetime of 29.40 m, reasonable cuts are:

e Distance between neutron and 'C' candidate less than 1m

e Time difference between neutron and ''C candidate less than 1h

neutron-C11-distance < 1m ‘

42 30 Entries 449
[ »2 I ndf 72.91/93
® A 14.25+1.16
= a 2.059 +0.704
E c 0.1942 + 0.0690

E AON I L B B L N IO
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neutron-C11-timedifference [hl
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$ 160 ¥2 [ ndf 118.9/93
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124.7 + 24.6

140 0.1076 + 0.0034
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neutron-C11-timedifference [hl

Figure 5.21: Temporal distribution between neutron events and *'C candidates for
distance between neutron and 'C' candidate of less than 1m (upper plot) as well
as more than 1m (lower plot). Both distributions are fitted according to formula
(5.29). Analyzed runs were chosen if their runtime was greater than 4 h.

With a fitted effective neutron mean free path of 17.94 cm, it is obvious that
nearly all correlated 'C' events are expected to be within a 1m radius to the
neutron. However, there are two reasons which cause a distortion of distance
between correlated neutron and ''C' events.
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1. Badly reconstructed neutrons (described in sec. 5.3.4) :
As shown in Figure 5.18, muon afterpulses tamper the position reconstruc-
tion of neutrons. Correlated neutrons of the '*C event are not positioned
within a radius of 1m, but are rather randomly distributed over the whole
volume. Due to volumetrical increase (r?-behavior), almost all of these neu-
trons are reconstructed with a distance to the 'C of larger than 1m.

2. Misidentification of neutrons within a shower:
As described for the shower correction in sec. 5.4.2, all *'C produced within
a neutron shower is temporally correlated to all neutrons of the shower.
However, each 'C event is correlated in space only with its correspond-
ing knock-off neutron. The Borexino DAQ system usually detects only one
neutron of a muon-induced neutron shower due to the Three-Fast-Trigger-
Coincidence (TFTC) veto. This effect is described in detail in sec. 4.4.2.
For high multiplicity events, it is very likely that shower-neutron is detected,
which is not the knock-neutron. Figure 5.5 illustrates the spatial distance
distribution of consecutive neutrons within a shower. One can see that the
shower is distributed over several meters. Therefore, '!C created in high
multiplicity neutron showers is expected to be correlated in time with the
detected neutron, however correlation in space is most likely lost (see also
sec. H.4.2.
The DAQ sometimes detects more than 1 neutron of a shower, but due to
the application of the shower correction, only one of these detected shower
neutrons is used for analysis on time profiles.

As a result of these two effects, time correlated neutron-*C' pairs occur also
for distances larger than 1m. Figure 5.21 shows the time profile for the two
radial regions of less 1m and more than 1m distance between neutrons and *C
candidates. Due to the two effects stated above, ''C' decays are present in both
distance regions.

In order to transfer the fitted parameter A in a number of events, one has to account
for the time binning of the fitted plots. A variation of data binning results in a
variation of entries within the bins and thus affects the fit parameter A. To get
the number of correlated events, one has to divide by the length of a single time
bin. With the full time gate of 4 h separated in 100 bins, a single time bin has a

length of 14—& = 0.04 h.

Table 5.2 shows the results of the analysis. The rate is calculated by the de-
termined number of events divided by the total runtime of long runs of 45.40d.
52% of all determined ''C' is detected at a distance larger than 1m due to the
effects of badly reconstructed neutrons as well as misidentified neutrons. The
total rate of correlated ''C' events identified by the TFC technique is 16.43 4
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neutron-"C' distance A number of events rate
< 1m 14.25 +£1.16 356 £+ 29 7.85 4+ 0.64
> 1m 15.58 £+ 2.66 390 £ 67 8.58 +1.44
Total sum 16.43 £+ 1.58
Corrected total sum 17.20 £ 1.65

Table 5.2: Table of correlated ''C' events and determination of ''C' rate (75%55)-

Effects considered in the corrected total sum are invisble production channels

(4.5%).

Critical radius rate rate total rate
(< crit. radius) (> crit. radius

1m 8.24+0.7 9.0+1.5 172+ 1.7

2m 11.24+1.0 6.3+24 1754+ 2.6

3m 13.8+1.5 35127 17.3 4+ 3.0

4m 16.8 1.9 04+1.8 17.3£2.6

Table 5.3: Table of correlated ''C' events and determination of 'C' rate
(counts d=' (100¢)~!). The rates are determined by Formula (5.23) and the shower-
correction (sec. 5.4.2) for different radial ranges.

1.58 counts day™" (100¢)~*.  One also has to consider that 4.5% of all muon-
induced 'C is produced via invisible channels, as described in sec. 5.4.1. Con-
sidering these invisible channels, one gets an overall rate of 1'C of 17.20 £ 1.65
counts day=' (100¢)~!. However this is in disagreement with "' C' rates of 26 counts
day™ (100¢)~! determined by spectral fits [50] (see Figure 4.1).

Test of fit stability

The model developed in sec. 5.4.4 as well as the fitting procedure were tested, in
order to determine fitting instabilities. The same fit procedure as in the previous
section was performed, varying the critical distance, i.e. the distance which divides
the distance distribution in two regions. The results of all test fits are shown in
table 5.3. The overall numbers of correlated 'C rate are consistent in all tests.
The analysis on 'C' rates based on the correlations to muons delivers consistend
results (sec. 5.4.8).

The disagreement of 'C rates determined by spectral fits and TFC technique is
the matter of discussion in sec. 5.4.11.
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5.4.7 Spatial !C-muon correlations

As stated in sec. 4.3 about the TFC technique, muons alone are not feasible to
tag the cosmogenic Carbon isotopes due to their high rate (5000 per day in the
ID) and the long mean lifetimes of these radionuclide. For analysis on ''C-muon
correlations, the neutron trigger is still inevitable. The occurrence of a neutron
flags radionuclide production. Thus, only muons are considered for analysis, which
are accompanied by at least one neutrons. These muons can be used for an anal-
ysis on correlations to the generated radionuclides. Information about the mean
distance between muon and radionuclides can decrease significantly the deadtime
target mass loss. This second level suppression is also described in sec. 4.3.
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Figure 5.22: Lateral activation profile ®(p) of ''C with respect to the muon beam,
as determined by Hagner et al. at the CERN experiment [47].

An experiment was performed at CERN by Hagner et al. [47] in order to
determine the production rates of cosmogenic radionuclides in liquid-scintillator
detectors as Borexino. The experimental setup and results of this experiment are
presented in sec. 4.2.1. The experiment studied also the lateral distance between
the muon beam and the 'C' produced within the scintillator. Figure 5.22 shows
the result of this study. ®(p) is the lateral activation profile of ''C' according to
the following formula:
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dN(p) = 2mpdp - (BP(p) + a) (5.31)

The normalized distribution function ®(p) fulfills the condition:
/ O (p)2mpdp =1 (5.32)
0

B is the total number of produced 'C and a represents background in the
data. The lateral distribution function ®(p) is determined by Hagner et al. [47]
as:

1 —0.040372 1 —0.098r
The uncertainty of this function is stated as ~ 3% for p smaller than ~ 10cm
and is increasing to larger lateral distances, e.g. ~ 18% for p ~ 10cm. For a
detailed description of uncertainties see dissertation by Hagner [47].
The contribution in (5.33) is dominated by the gaussian. Neglecting the exponen-
tial contribution in (5.33), the lateral distribution of *C' can be written as:

dN(p) = 27pdp - (Ae 22 + a) (5.34)

o is the effective standard deviation of the modeled gaussian lateral profile,
while A is the product of B and the gaussian normalization factor. The gaussian
in (5.34) is composed by the gaussian activation profile of ''C, as well as the
gaussian resolutions of muon track and ''C' position reconstruction. For analysis
on correlations between reconstructed muon tracks and ''C, it is sufficient to
determine the effective spatial distribution.

Figures 5.23 and 5.24 show the lateral distance between reconstructed muon track
and ''C candidates as observed in Borexino. The plots differ by the time difference
between the muon-induced neutron ''C candidates (less than 1.5h respectively
more than 1.5h). As one can see in Figure 5.24, for a time difference larger than
1.5h no sign of correlated events is visible and the distribution is following the
linear p-behavior of uncorrelated background according to Formula 5.34. With
a mean lifetime of 29.40m, almost all 1!C' has decayed after 1.5h. Due to the
elongation of muon tracks, geometrical effects due to the finite size of the IV play
an even greater role compared to the neutron-''C distance distribution (sec. 5.4.5).
The muon-*C' distribution gets significantly distorted at ~ 2m.

Figure 5.23 shows the lateral distribution for a time difference less than 1.5 h, where
a culmination of events in the low lateral distance region is visible. The distribution
is fitted according to Formula (5.34) up to a distance of 1.5m. The fit results in
a effective standard deviation of the muon-''C lateral profile of o = 31 & 2 cm.
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Figure 5.23: Distance between reconstructed muon track and *C candidates for a
time difference less than 1.5h. The distribution is fitted according to formula 5.34
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Figure 5.24: Distance between reconstructed muon track and 'C candidates for
a time difference more than 1.5h.
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5.4.8 Determination of ''C rate with respect to muon-''C
distance

The determination of rates is performed in an analogous manner to sec. 5.4.6.
The differences in analysis are:

e No shower correction:
The multiplicity of neutron events has no influence on the muon. Muons
used for this analysis just have to be accompanied by at least one neutron
in the data, therefore shower correction (sec. 5.4.2) is needless. This is one
prerequisite for the modeled time profile of eq. (5.29). No problems due to
badly reconstructed neutrons or neutron misidentification arise.

e Total runtime:

For the determination of 'C with respect to the spatial distance to the
neutrons, the total runtime was defined by runs with active analogue neutron
trigger and at least 4 h runtime. The neutron trigger is activated by the
OD and therefore even active when the muon crate is disabled. However,
when the muon crate is offline, no information on hits is written to data
base and thus no track reconstruction is possible. For the analysis with
respect to muon tracks, only the part of a run with active muon crate is
taken. The muon sensitive duration of a run has to be of at least 4h to
be analyzed, resulting in data set with total runtime of 45.26 d. This is the
second prerequisite for the modeled time profile in eq. (5.29).

e Muon track reconstruction efficiency:

The reconstruction algorithm outlined in sec. 4.4.1 is sometimes not able
to reconstruct the muon track. This is the case, when the algorithm does
not find 2 clusters or can not split a detected single cluster. In the data set
2.26% of all muon events could not be reconstructed by the algorithm. As
1 production is independent from the success of muon track reconstruction,
one has to apply this correction factor to the 'C rates determined by the
TFC technique with muon tracks.

Taking a look at Figure 5.23 one can see that for rate determination of 'C' a
spatial cut of 1m for lateral distance between muon and ''C' candidates is reason-
able. According to this cut, time profiles for distance regions of less respectively
more than 1m are plotted in Figure 5.25. They are fitted according to the modeled
time profile function (5.29).

The number of correlated 'C' events is determined again with the fitted value
of A and considering the length of a time bin (0.04 h). The rate is calculated by
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Figure 5.25: Temporal distribution between muon-neutron coincidences and *C'
candidates for lateral distance between muon and 'C' candidate with critical lat-
eral distance 1 m. Both distributions are fitted according to Formula (5.29).
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muon-"1C' distance A number of events rate
<1lm 1598 £1.09 400 £+ 27 8.83 + 0.60
> 1m 12.67 £ 3.97 317 £ 99 7.00 £ 2.19
Total sum 15.83 & 2.27
Corrected total sum 16.96 £ 2.43

Table 5.4: Table of correlated ''C' events and determination of ''C' rate
(countsd=' (100¢)~!). Effects considered in corrected total sum are invisible pro-
duction channels (4.5%) and muons with failed reconstruction (2.26%).

the event number divided by the analyzed total runtime of 45.26 d. Furthermore,
the runtime is corrected for invisible production channels (4.5%) (see sec. 5.4.1)
and failed muon reconstruction (2.26%). Table 5.4 shows the results of these cal-
culations. On basis of the effective standard deviation ¢ = 31 + 2cm of spatial
muon-1C' correlations (measured in the section before), one expects nearly all *'C
decays within a lateral distance of 1m to the muon track.

However, the high number of events for a lateral distance larger than 1m indicates,
that a large number of muons is badly reconstructed. The spatial correlation for
these muons events is distorted, and only temporal correlation to *C' decays re-
mains.

This accounts for 44% of all detected '*C. Thus, the analysis on C rates yields
information on the reliability of the muon track reconstruction. However, it has
to be pointed out, that the used muon track reconstruction algorithm [46] is one if
the very first version of this code. Great progress in the muon track reconstruction
is expected in the near future. An outlook on this topic is given in 7.

The determined ''C' rate of 16.96 + 2.43 countsday™" (100¢)~" is in excel-
lent agreement with the rate determined by neutron-''C' spatial cuts (17.20 +
1.65 counts day=" (100¢)™!) in sec. 5.4.6.

5.4.9 Untaggable ''C' due to deadtime

Besides the invisible channels in '*C production, there is also another source of
untaggable 'C' decays. Due to maintenance work or due to the rejection of runs
caused by DAQ problems, the deadtime between two validated runs can be of the
order of hours. During this time, 1 C is produced and can decay during the active
run. This “deadtime-''C” can not be tagged by the TFC technique because the
corresponding neutron event has not been detected.

Figure 5.26 shows a schematic of this situation. A run is stopped and deadtime
spans the interval [0,f4eqq]- After this deadtime, a new run is started covering the
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Figure 5.26: Schematics of 1'C production during deadtime between runs. 'C' is
produced in the deadtime at time ¢’. The gray area illustrates 'C decay during
the next active run.

time interval [t geqd; tacad+trun). The probability of a 1'C nuclide, which is produced
during the deadtime at time ¢, to decay within the active run is:

1 tdeadFtrun ¢t trun>>T 1 > t—t
Pt) =- e T dt’ ~ - e T dt’
tdead tdead

T T

_ tdead—?
T

(5.35)

=€

The mean duration of runs in Borexino is ~ 6 h and therefore satisfies the ap-
proximation in Formula (5.35) (mean lifetime of ''C is 29.40m). To get the total
number of expected decays in the run, one integrates over the whole deadtime:

tdead tdead tdead—t
N(tgead) = / P(t)Rdt = R/ e dt=
0 0

_ tdead
)

=R7-(l—e¢ (5.36)

R is the production rate of '*C. According to spectral fits, the 'C rate is ~ 26
counts day™' (100¢)~! (Figure 4.1). Applying Formula 5.36 with this rate on the
data set, one gets an total number of expected deadtime 'C' decays of 72 events.
With a runtime of 60.6 days, this corresponds to a mean rate of untaggable 1'C' of
1.2 counts day=* (100t)~1. 35% of the 'C energy spectrum covers the pep/CNO
energy window 4.3. This results in a rate of 0.42 countsday™" (100¢)~! within
this window. Compared to the expected neutrino rate in the pep/CNO window
of ~ 1.5countsday™"(100¢)~' (Table 4.3), this is not a negligible background
contribution.

In combination with the intrinsic inefficiency of the TFC technique of 4.5% due
to invisible channels (sec. 5.4.1) corresponding to 0.4 counts day = (100¢)~! in the
pep/ CNO window (based on the spectral determined " C' rate of 26 countsday™!
(100¢)~1), the total amount of untaggable 'C rate (1.6 counts day=" (100¢)~1)
competes with the v-signal.
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5.4.10 Reduction of cosmogenic 'C' background

The main purpose of the TFC technique is to discard cosmogenic *C' from the
data in order to measure the low rates of pep- and CNO-v. As described in sec.
4.3, the 1 C suppression can be performed on a first and also a second level. As
a reminder, first level suppression discards all events within a given time gate ¢
in a sphere r around the detected neutrons. In second level suppression only the
intersection of the sphere with a cylinder defined by the muon track is blinded out,
in order to reduce loss of exposure.

Based on the effective mean free distance between neutron and C' events of
17.94 ¢cm (determined in sec. 5.4.5), a 1'm cut around the neutron is reasonable.
However correlations on ''C' rates via neutrons show, that 52% of determined
1 is detected at a distance larger than 1m due to badly reconstructed neutrons
as well as misidentified neutrons (see sec. 5.4.6). On the other hand, 'C rates
determined by muons indicate, that muons are badly reconstructed for 44% of all
detected ' C events (sec. 5.4.8). These effects disrupt spatial correlation between
the three particles neutron, 'C and muon and thereby render the second level
suppression inapplicable.

Therefore, reduction of 'C is achieved in this thesis by applying only the first
level suppression. As already mentioned, a spatial cut of *'C-neutron distance less
than 1m, as well as a temporal cut of 1h (i.e. ~ 2-7((C)) are applied. All
events with a charge value greater than 400 pe fulfilling these cuts are discarded.
Figure 5.27 shows the charge spectrum before (red) and after removal of these
events (blue). No restriction on duration of a run is made, resulting in a data
set with a total runtime of 54.04d. According to the results obtained in sec.
5.4.6 (Table 5.2), for a distance less than 1m one expects a 'C rate R,..1,, of
8.2240.61 counts day~' (100¢)~* (effect due to invisible channels (4.5%) included).
Considering also the time cut of 1 h one expects the following number of removed

e

Nremov = Ryetm  transtotar - (1 — €7 ) = 361.96 + 28.56¢pd (5.37)
One can compare this expectation with real event substraction. The charge spec-
trum contains 1974 events in the M C region ([400,950] pe) before TFC is used.
After the removal of events by TFC technique 1599 events are still present, cor-
responding to a reduction of 375 events. It has to be remarked, that this number
of subtracted events also contains other radionuclides. However due to their low
rate, the only mentionable radionuclide is 1°C' which spectrum intersects with 1C
in the energy region [1.74,198] MeV (sec. 5.2.4). Nevertheless this component
is negligible in comparison to the statistical error of expected event reduction
(R(1C) ~ 2countsday™ (100¢)~1) (Table 4.3). Therefore, the expectation is in
good agreement with the results obtained by event rejection. Nevertheless even
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Figure 5.27: Charge spectrum of the Fiducial Volume filtered from neutron and
muon events (red). Blue plot shows the charge spectrum after additional removal
of all events with a charge value greater than 400 pe within 1m and 1h after a
neutron event.
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after application of TFC a lot of 1C is still left. The low " C rejection efficiency
of the TFC technique for the given detector configuration of analysis is the result
of badly reconstructed neutrons as well as misidentification of shower neutrons.
Both sources disrupt the neutron-''C' distance and therefore restrict the cut based
on spatial correlations (described in sec. 5.4.6).

5.4.11 Discussion on efficiency of analysis

The expected ' C rate determined by application of the TFC technique is 17.20 &
1.65 counts d=' (100¢)~! for "' C-neutron spatial cuts (sec. 5.4.6) respectively 16.96+
2.43 countsd~" (100¢)~! for " C-muon spatial cuts (sec. 5.4.8). However the de-
termination of 'C rate by means of spectral fits results in a value of 26 counts d—*
(100¢)~" (Figure 4.1).

Therefore, the distortions of correlations in data analysis shall be summarized:

1. Badly reconstructed neutrons

Muons crossing the Inner Vessel (IV) produce a huge amount of light which
often excites the photomultiplier tubes (PMT). These excited PMTs can
produce fake signals (so called afterpulses), which can reach into the time
window of the analogue neutron trigger and disturb the charge and position
reconstruction of a neutron event. Spatial correlation between 'C and neu-
tron is lost, and therefore ''C' can not be tagged by its distance to the neutron
event. These badly reconstructed neutrons are identified within analysis by
a mean time cut of the neutron cluster being larger than 100ns. About
16% of of all detected neutron events belong to this category. This topic is
covered in sec. 5.3.4.

2. Detection inefficiency in high neutron-multiplicity evens
Due to the Three Fast Trigger Coincidence (TFTC) veto usually only one
neutron of a muon-induced shower was detected by DAQ of Borexino. This
neutron is usually not the one corresponding to '*C production in the shower,
and therefore spatial correlation is almost lost. See sec. 5.4.6 for more
information.

3. Badly reconstructed muon tracks
The distribution of distances between reconstructed muon tracks and "C
candidates shows a strong spatial correlation. With a fitted effective standard
deviation of o of 31 +2cm (sec. 5.4.7), almost all correlated "' C' decays are
expected to be within 1 m to the parent muon track. However, determination
of 1'C rates with respect to the lateral distance show, that 44% of all detected
correlated ''C events have a distance to muon track larger than 1m (sec.
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5.4.8). This indicates, that many muons are not reconstructed correctly. The
spatial correlation between these muons and their induced ''C' is disturbed.

4. Time threshold in neutron detection
The first 25 us of the analogue neutron trigger are blinded out, in order
to avoid the main portion of the muon afterpulses. Any neutron decaying
during this time is lost for DAQ. With a measured mean neutron capture
time of 231.6 £ 9.9 us (determined in sec. 5.3.7) this accounts for about 10%
of all produced neutrons. The analogue neutron trigger is covered in Section
3.1.2 and 4.4.2.

Effects 1-3 disturb the spatial correlation between the three particles neutron,
muon and ''C and therefore reduce the efficiency of a first and second level suppres-
sion of ''C' (4.3). However, the total rate determined by temporal correlations is
independent of these effects (rates determined in sec. 5.4.6, 5.4.8). In the analysis
performed in this chapter, a total rate of "' C of about 17 counts day~! (100¢)~! has
been determined, in contrast to 'C' rates of 26 countsday~' (100¢)~! determined
by spectral fits. An unknown inefficiency in the identification of muon-induced
neutron production is the most likely source of this effect.

This does not refer to the fact that the neutron trigger cannot detect all neutrons
in a shower. For correlation in time its enough to detect one neutron of a shower,
as explained in sec. 5.4.2. However if no neutron of a shower at all is detected, the
produced *C' does not contribute to a correlated distribution in the time profile.
As a reminder, an incident with at least one neutron event is referred in this thesis
as a neutron shower.

The neutron trigger has a known inefficiency of about 10%, as stated above. How-
ever this does not make up an inefficiency in correlated neutron-'C' pairs of 35%.
Up to the present, the source of additional inefficiency is unknown. Therefore, ad-
ditional studies on the TFC correlations are important. The next chapter covers a
prospective 1°C', which would provide a cross-check on the reliability of the TFC.
However, it has to be noted, that great improvements in neutron detection have
been recently achieved, and are also expected for muon track reconstruction, de-
scribed in sec. 7.2. Also for the modified hardware and software condition of
Borexino, a study on "'C and also potentially on °C will provide information on
the improved quality of Borexino’s capability to reject cosmogenic background.
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Chapter 6

Prospective 1'C analysis

The analysis performed in Chapter 5 determined a ' C rate of about 17 counts
day™ (100¢)~!, based on temporal correlations using the TFC technique (rates
determined in sec. 5.4.6, 5.4.8). Spectral fits of the energy spectrum result in a
O rate of 26 counts day=' (100¢)~* (Figure 4.1). As stated in Section 5.4.11, one
inefficiency arises due to the 25 s time threshold of the analogue neutron trigger,
though this contribution cannot account for the total inefficiency in " C of about
35%. Thus, an additional analysis on 1°C' by means of the TFC technique (sec. 4.3)
is important to perform a consistency check. According to the CERN experiment
[47], the rate of cosmogenic 1°C is expected to be about 2 countsday™' (100¢)~*
within Borexino (see Table 4.3). Therefore a reasonable analysis on correlations
between neutrons, muons and °C' requires a data set with an active measuring
time of at least 100 days. This section outlines the major considerations for an
analysis on °C based on the TFC technique with sufficient amount of data.

As outlined in sec. 5.2.4, reasonable selection criteria for °C' candidates are a
charge value between 700 to 1750 photoelectrons (pe). This charge cut neglects
the energy deposition above 1750 pe by the suppressed decay channel of 1°C’, which
occurs in 1.47% of °C' decays (see sec. 5.2.4). With a mean life time of 27.84 s,
a time gate after a neutrons of 4m is suitable. A time threshold of 4s avoids
contributions of the short lived cosmogenic radionuclides, e.g. 8Li, °Li, ® He (Table
4.3).

6.1 '9C production channels

No official analysis on the contributions of different channels in the process of
muon-induced '°C' production has been performed yet for Borexino. However,
for application of the TFC technique (sec. 4.3) only the contribution of invisible
channels is important, i.e. channels with no free neutron in the final state. °C
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produced in these channels cannot be tagged by means of the TFC technique. To
produce '°C' in the scintillator, 12C has to lose 2 neutrons by interaction with the
muon or its secondaries. The only invisible channels are:

o 2C(pi)°C

o 2C(nt; 7%+ d)i°C

Both production channels are based on three particle processes with bond final
states, and therefore are extremely unlikely. They are strongly suppressed in
comparison to production channels without bond states, which result in at least
one free neutron. On the basis of this, the contribution of invisible channels in 1°C
production can be assumed as negligible.

6.2 Influence of DAQ deadtime

Due to the short mean life time of '°C' of 27.84 s, several problems (sec. 5.4.11) of
1 analysis are not present. Effects due to finite run duration are not present (sec.
5.4.3), and thus the model of time profile used in ''C analysis is not required (see
sec. 5.4.4). However, shower correction is still necessary to avoid multi-counting
of 19C decays due to multiple-neutron showers (sec. 5.4.2).

6.3 '°C signal and background

The main background sources for an analysis on °C' are cosmogenic 'C and
external y-radiation due to 28T present in the PMT glass. The main difference
of these two background sources with respect to analysis is the temporal correlation
to previous neutron events. Whereas the external y-background from Thallium is
completely uncorrelated and therefore expected as a flat contribution in the time
profile, the 1C' decays are correlated with previous neutrons. The expected time
profile is:

Allc _ldiry AIOC _lisy
e "o 4+ ——¢ T0¢ L g (6.1)
Tilc Tioc

dN (taifs) =

The parameter Ac represents the number of correlated events of °C' respec-
tively 'C', with 7 the decay time of either Carbon isotope. a is the result of
uncorrelated background, from whom the external y-background is part of. Both
background contributions are described in detail in the following:
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e External y-background:

The uncorrelated y-background does not influence the determination of cor-
related °C rate. However, it is quite dominant in the 1°C' energy range and
may reduce the significance of the time profile fit (see sec. 5.2.4 and Figures
5.1, 5.3). The contribution of the external y-rays is strongly limited to the
outer parts of the FV. The FV is defined by a target mass of 100¢ and has
been determined to a radius of 3.276 m. The external background can be
reduced to a great extent by application of radial cuts, though accompanied
by a quite high loss of target mass.

e Cosmogenic 'C background:

Both °C' and ' C are correlated with muon-induced neutron events. Due
to their overlapping time and energy spectra, 1C is expected as the major
background for a °C analysis. "'C radionuclides decay with a mean life time
of 29.40 m and therefore significantly contributes within the *°C time window
of 4m. M C cannot be discarded from the °C' analysis by means of a temporal
cut. However, applying a cut in the energy, one can reject !C. The decay
energies of both Carbon isotopes intersect in the region of [1.74, 1.982] MeV,
corresponding to a charge region of [700, 950] pe. By discarding this energy
region, 1 C is excluded and the time profile stated in Equation 6.1 is reduced
to a single exponential due to 1°C with a flat background contribution. This
charge cut limits the selection of 1°C' candidates to a charge range of 950 to
1750, introducing an inefficiency in the rate determination.

Eventually analysis on °C has to account for inefficiencies introduced by the
possible restrictions in charge selection of candidates, i.e. a low energy cut avoiding
U decays as well as the negligence of 1°C' decays due to the suppressed decay
channel above a charge value of 1750 pe.
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Chapter 7

Summary, Outlook and
Conclusion

7.1 Summary

Borexino has been commissioned on 16th of May 2007 and has published first
results on real time detection of 7 Be neutrinos in 16th of August 2007. The mea-
sured “Be-v rate of 47 £ Tgu £ 12,y counts day~' (100¢)~! is in agreement with
expectations of the MSW-LMA oscillation solution.

With the detection of the " Be neutrinos, great effort has been performed to achieve
a direct measurement of the remaining solar fluxes from pp/pep, CNO and ®B
neutrino emissions. Cosmogenic background from 'C and °C is the main back-
ground source for the high energetic solar neutrino fluxes. The expected °C
production rate of ~ 0.6 countsday~' (100¢)~! in the 8 B-v window is comparable
with the neutrino signal within this window. However, especially the 'C rate of
~ 26 counts day™ (100¢)~! (determined by spectral fits) exceeds the signal from
pep and CNO neutrinos (~ 1.5 countsday=' (100¢)~!) by an order of magnitude
. For a measurement of these neutrino fluxes, it is critical to reject cosmogenic
background.

The Three-fold Coincidence (TFC) technique is a powerful tool to achieve this
goal. It is based on correlations in space and time between the three particles
muon, neutron and the particular cosmogenic radionuclide (*C or 1°C).

The main part of this thesis has been dedicated to the analysis of these correla-
tions and the efficiency of the TFC technique in Borexino. As the most prominent
cosmogenic background, M C suites excellent for these studies.

As participating particle of the TFC, correct muon reconstruction but moreover
correct muon identification are indispensable. Thus, a calibrated and fully func-
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tional detector is essential. In the frame of this work, a pulser system to monitor
the electronics status of the Outer Detector (OD) has been constructed and im-
plemented into the electronics read-out chain. The newly installed pulser system
injects a reference signal into the OD electronics and thereby checks its opera-
tional reliability for each run. By now, this pulser system is an inherent part of
calibration and maintenance work of the Borexino detector.

In addition an analysis has been performed on correlations between the three
particles participating in the TFC, i.e. neutron, muon and ''C. On basis of
Borexino’s offline data processing software Echidna, a data set of 54 d has been
prepared for analysis. Calibration events are excluded, as well as radioactive back-
ground from 2 Bi on basis of the fast coincidences with its daughter nuclide 2'* Po.
Furthermore, a set of identification criteria for the particles neutrons, muons and
the cosmogenic radionuclides establish the basis of analysis on correlations.

The analysis is performed on data taken by Borexino in the time period of 07/10/07
until 10/27/07. Due to electronics problems, Borexino’s main data acquisition
(DAQ) system was limited in its efficiency in neutron detection of multiple neu-
tron showers. As a result of the so-called Three Fast Trigger Coincidence (TFTC)
veto, usually only one neutron of a muon-induced shower was detected. The in-
fluence of this effect on the muon-neutron time profile is discussed and a fitting
model is presented. The mean neutron capture time in the liquid-scintillator de-
tector Borexino has been determined as 232 £ 10 ps.

The study on correlations between muons and neutrons also provides insight to the
distance between reconstructed neutrons and muons tracks. On the basis of these
correlations, an effective lateral mean free path of the reconstructed neutrons with
respect to reconstructed muon tracks of 43 + 1 ¢m has been determined.

The central part of this thesis is the analysis of correlations in time and space be-
tween ''C and neutrons/muons. The analysis on spatial correlations between 'C
and neutrons results in a effective neutron mean free path between reconstructed
neutron and '*C position of 18 & 1 ¢m. In addition, the influence of badly recon-
structed neutrons for the TFC technique is discussed and demonstrated. These
neutrons loose their spatial correlation to '!C and therefore decrease the efficiency
of the TFC technique.

Furthermore, the effect of finite run durations on temporal correlations is discussed
in detail. A model of the time profile is developed and successful applied in deter-
mination of the mean life time of 1*C'. A measured mean lifetime of 29.79 £ 3.82m
is in excellent agreement with the expected value of 29.40 m.

The model of time profile is applied for rate determination of 'C' by means of
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previous neutron/muon events. The total 'C' rate determined by application of
the TFC technique is 17.20 4 1.65 counts day™" (100¢)~! for ''C-neutron spatial
cuts, respectively 16.96 4+ 2.43 counts day=* (100¢)~" for '*C-muon spatial cuts.
Both analysis are in excellent agreement, and prove the reliability of the devel-
oped model of time profiles.

Eventually, the TFC technique is applied to reject *'C from the data. A sphere of
1 m radius around each detected neutron is blinded out for 1. According to the
analyzed correlations, a rejection of a "'C rate of 6.78 4-0.55 counts day = (100¢)~*
is expected. The number of discarded events is in good agreement with this.
After application of the TFC technique, " C is still present with a rate of ~
19 counts day=" (100¢)~'. This is caused by loss of spatial correlation due to
badly reconstructed neutron events, and misidentification of neutrons in a neutron-
shower.

As mentioned above, the total production rate of 'C determined in this thesis
on basis of the TFC is ~ 17 countsday~" (100¢)~!. These values differ from the
rate obtained by spectral fits (~ 26 counts day~' (100¢)~!). This result implies a
total inefficiency of the TFC of 35% within the frame of Borexino’s hardware and
software configuration of the analyzed time period. The most likely source of this
discrepancy is an inefficiency in neutron detection.

An additional test of this technique on basis of the cosmogenic °C' is important
for consistency checks. Due to the low rate of 1°C', analysis on this radionuclide is
not feasible with the data set used in this thesis. However, the procedure and main
features of potential analysis on °C' on basis of sufficient statistics is outlined in
this thesis.

Besides the efficiency of the TFC, the impact of deadtime between active runs
has been analyzed, too. 'C produced during this deadtime can not be tagged
by the TFC technique, however it can decay during an active run. Considering
also invisible channels of *C' production, the total amount of untaggable 'C for
the given data set is determined 1.6 countsday™' (100¢)~! which is in the order
of magnitude of the expected pep/ CNO-v signal of ~ 1.5 countsday=* (100¢)71.
This result was presented during a meeting within the Borexino collaboration and
the importance of short deadtimes between runs has been acknowledged.
However, the status of neutron detection, muon track reconstruction, untaggable
1 described in this thesis only represents the first steps of ongoing work on Borex-
ino’s capability of discarding cosmogenic radionuclides. Great improvements in
neutron detection have been recently achieved by the collaboration and also muon
track reconstruction is constantly improved.

111



Chapter 7. Summary, Outlook and Conclusion

7.2 Outlook

Effort is currently performed by the Borexino collaboration to increase the effi-
ciency of the TFC technique. The detector is continuously modified and tuned for
maximum performance and great improvements in neutron detection have been re-
cently achieved. Also, muon track reconstruction is subject of steady development
and expected to improve significantly.

7.2.1 Neutron detection

Since 11/27/07 the analogue neutron trigger of Borexino has been modified to
solve the problem of the detection inefficiency in high neutron-multiplicity evens.
The Three-Fast-Trigger-Coincidence (TFTC) is activated, when 2 triggers occur
less than ~ 200 us apart. When this is the case, the veto prohibits any additional
trigger within the next ~2ms. This prevented the detection of all neutrons of a
multiple-neutron shower.

The new configuration of the analogue neutron trigger activates a single trigger
with a time gate of 1.6 ms. During this time, all events are written in the same
data acquisition gate. Eventually, an algorithm identifies the neutron candidates
according their energy in the offline data processing of the run. Because all neu-
trons are detected by a single trigger, this method bypasses the TFTC veto and
allows the detection of all neutrons.

A great improvement in the rejection of 1*C' and °C based on the TFC technique
is expected. An additional analysis on M C (respectively '°C') with the new setup
of the neutron trigger will probe the efficiency of the Borexino detector, to measure
pep- and CNO-neutrinos.

7.2.2 Muon track reconstruction

The analysis on muons in this thesis is based on one of the first versions of the
Muon Track Reconstruction (MTR) algorithm of the Outer Detector (OD) (date
of the version: 11/05/07). The analysis performed in this thesis on correlations
between 'C' and muons demonstrated, that this early version of the OD MTR is
capable to correctly reconstruct about 44% muons.

On basis of simulations, the OD MTR has been continuously improved and is an in-
tegrated module of the Echidna software framework by now. Furthermore, the use
of a muon sampler has been recently proposed within the Borexino collaboration.
The deployment of an external muon sampler with high spatial reconstruction ca-
pabilities on top of the Borexino detector would allow a direct comparison to the
reconstructed muon tracks.
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On basis of the enhancement of the OD MTR algorithm, an improvement in the
reconstruction reliability is expected. Furthermore, an additional MTR algorithm
for the Inner Detector (ID) is currently under development. Similar to its OD
counterpart, the algorithm for the ID identifies the entry and exit point of the
muon on the inner surface of the Stainless Steel Sphere (SSS). Due to the higher
area coverage of PMTs and increased light yield in the ID, a good reconstruction
capability of this future ID MTR algorithm is expected. A combination of both
algorithm is under discussion. Nevertheless, an significant improvement in the re-
construction of muons is anticipated.

7.3 Conclusion

The analysis in this thesis demonstrated, that correlations between neutron, muon
and ''C are present in Borexino’s data, and can be utilized to reject cosmogenic
background. Although the configuration of the experiment in the analyzed time
period was not sufficient to reduce the cosmogenic *'C' background to the required
level of pep- and CNO-v detection, this configuration just represents the first steps
of Borexino in achieving this goal. The detector has been greatly modified to
improve the efficiency of the TFC technique, and recent developments in neutron
detection and muon track reconstruction have significantly enhanced the efficiency
of this powerful technique. Further improvements in muon track reconstruction are
at hand, which will provide an additional tool to tag cosmogenic radionuclides in
the data. According to these results, it is anticipated that Borexino will succeed in
reducing the cosmogenic ''C' background via the TFC technique to the necessary
level for pep- and CNO-v detection.

Thus also in the future, studies on correlations between neutrons, muons and C
(respectively °C') will provide crucial information on the reliability of the TFC
technique and the efficiency of the improved configuration of Borexino.
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