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Abstract

The LENA (Low Energy Neutrino Astronomy) detector is pro-
posed to be a large-volume liquid-scintillator device which will
be highly suitable for the investigation of a variety of topics in as-
trophysics, geophysics and particle physics. In a cylindrical tank
of about 100 m length and 30 m diameter, ~ 50 kt of PXE will
act as scintillating material while 12000 photomultipliers will
readout the signals. To reduce background radiation, in partic-
ular atmospheric muons, possible locations for this detector are
deep underground or deep sea laboratories. In this thesis, the
potential of such a detector concerning the search for proton de-
cay in the SUSY favored decay channel p — K7 is investigated.
Based on Geant4, Monte Carlo simulations of the proton decay
in the LENA detector as well as of the background radiation in
the detection energy windows have been developed. For both
proton decay and background studies, 20000 events have been
simulated, taking into account quenching, absorption and scat-
tering effects within the liquid scintillator and the effects of the
photomultipliers in the signal output. From these simulations
an efficiency of 65% for the detection of a possible proton de-
cay has been determined. Within ten years of measuring time a
lower limit for the proton lifetime, concerning the decay channel
investigated, of 7 > 4 -103* y could be reached.
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Chapter 1

Introduction

With the observation of solar neutrinos, pioneered by R. Davis with the
Homestake experiment [1] in the early 1970s and the observation of neutri-
nos emitted in a supernova in 1987 [2][3][4][5] a new window was opened for
Astronomy.

In recent years important discoveries in the field of low energy neutrino
physics have been achieved. The Sudbury Neutrino Observatory (SNO) [6]
has provided a solution to a 30-year old mystery, the puzzle of the missing
solar neutrinos [7][8][9]. The solution does not lie in the Sun, but in the
neutrinos, which change its flavour as they travel from the core of the Sun
to the Earth. Therefore, a clear transition from v, to v, , has been demon-
strated [10]. Nowadays, the pp-cycle has been recognized as the main energy
source of the sun and the experimental uncertainty on the ®B neutrino-flux
is already below the theoretical one.

In the KamLAND experiment the disappearance of 7, emitted by nuclear
power reactors at an average distances of ~ 180 km, has been observed [11].
These observations can be interpreted as evidence for neutrino oscillations,
which are a direct consequence of neutrino masses and neutrino mixing. In
addition, there is evidence for neutrino oscillations from atmospheric neu-
trino measurements performed in Superkamiokande [12] and other experi-
ments [13]. In this case the disappearance of v, has been observed. Acceler-
ator experiments can also search for neutrino oscillations. For example the
LSND [14] experiment claims an evidence. The experiment MiniBooNE [15]
at Fermilab will be performed to further verify this measurement.

The weak eigenstate neutrinos, which are produced with a definite lepton
flavour in weak transitions, are mixtures of the neutrinos of definite masses.



This mixing can be represented by the matrix [16][17]:

Ve Uel Ue2 Ue3 141
v, = U,ul U'ug UM3 . 1%))
v, Ui Uz Uss V3

or parametrized in the form:

Ve 1 0 0 C13 0 8136_26 Ci12 S12 0 141
v, = 0 Co3 S23 0 1 0 —S12 C12 0 1%}
Uy 0 —S93 (o3 —6‘13616 0 C13 0 0 1 V3

where s;; = sin®;; and c¢;; = cos©;; with rotation mixing angles ©;;. The
imaginary phase § can describe a possible CP-violation. The general form
of this mixing matrix includes two additional phases, called Majorana phases.

From solar, reactor and atmospheric neutrino measurements the mass
squared differences and the mixing angle between the first and the second
family, as well as between the second and the third family have been de-
termined. However, the coupling parameter between the first and the third
family is still unknown and the absolute values of neutrino masses are also not
precisely determined, as oscillation experiments measure only mass squared
differences. An upper limit for the sum of neutrino masses of about 2.2 eV
have been achieved in different Tritium experiments [18][19] and also cos-
mological experiments have given limits of m, ~1 eV, being modell depen-

dent [20]. In addition, the term with the mass difference \/Amg,,? allows
to set a lower bound on the absolute neutrino mass. At least one of the
neutrino mass eigenvalues should satisfy an inferior mass m, > 50 meV. Fu-
ture neutrino experiments aim to measure the mentioned missing neutrino
properties: the mixing angle ©3 and absolute neutrino masses.

Neutrinos can now be used as probes in order to receive information from
astrophysical objects, which otherwise would be unaccessible. Thus, new re-
search fields have been opened, e.g., supernovae neutrinos, geoneutrinos or
the search for proton decay. In order to have high statistics in those mea-
surements, a new generation of large neutrino telescopes is required. In this
line, large (~Mt) water or ice Cherenkov detector or a (~100 kt) liquid argon
Time Projection Chamber (TPC) are going to be investigated.



With the experience accumulated with liquid scintillator detectors, for
example BOREXINO [21] at the Italian Gran Sasso underground labora-
tory, the optical properties of a liquid scintillator based on PXE are basically
understood. The electronics required is already developed and the volume
required to compete with a Mt water Cherenkov detector would be smaller
(~50 kt). That motivates detailed feasibility studies of the potential of such
a liquid scintillator detector.

A large liquid scintillator detector is an interesting instrument, especially
to look for several branches of possible proton decay events, which are dif-
ficult to observe in water Cherenkov detectors. In the present work, first a
summary of the proposed LENA (Low Energy Neutrino Astronomy) detec-
tor physics program is given. Thereafter, a description of the detector and
its possible location are presented. Then, a phenomenological theoretical
framework of the proton decay into the channel p — K7 is explained. The
main part of the thesis will be a detailed description of the simulation of the
possible proton decay and the analysis of the first simulation data obtained
including a discussion about background suppression. The analysis of this
data will result in a derivation of the efficiency of the LENA detector and its
sensitivity for the proton decay.






Chapter 2

The LENA Experiment

LENA (Low Energy Neutrino Astronomy) is a large-volume liquid-scintilla-
tor neutrino telescope planned to be built in the near future. First of all, this
chapter reviews the physics program of the LENA project and then explains
the design of the detector and the possible locations under consideration.

2.1 Physics

The physics program of LENA covers a great variety of topics which can
be devided into three fields: astroparticle physics, geophysics and particle
physics. This section briefly describes some of the main subjects of these
three fields, giving the current status of other existing experiments on mea-
suring these processes and showing the potential of the LENA detector.

2.1.1 Supernovae Relic Neutrinos

It is generally believed that core-collapse supernovae have ocurred through-
out the Universe since the formation of stars. In such an explosion a great
quantity of energy is released, most of it, 99% of its binding energy, in the
form of neutrinos. Neutrinos from a supernovae explosion were measured
once, in the case of the supernova SN1987A [2][3][4][5]. There should exist
a diffuse background of supernova relic neutrinos (SRN) and its detection
would deliver valuable information about the history of star formation in the
Universe.

The measurement of the SRN flux is one of the aims of LENA. All types of
neutrinos and antineutrinos are emitted in a core-collapse supernova but 7, is
the most likely to be detected. The currently best value for the 7, flux comes

from the Superkamiokande detector and gives an upper limit of 1.2 cm ?s ™!
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with a threshold of 19.3 MeV [22]. With LENA the sensitivity for the SRN
search would be drastically improved, as the delayed coincidence between
the prompt positron and the captured neutron in the inverse beta decay
reaction, 7, + p — n + e, can be utilized. These two delayed signals would
strongly reduce the background and an energy threshold of ~ 9 MeV should
be achieved. No lower threshold is reachable because of the ubiquitous 7,
from nuclear plants. According to the most recent models [23], the predicted
SRN flux at 10 MeV is about 0.6 cm~2s~'MeV ™" and LENA should observe
an event rate of about 4/year.

2.1.2 Supernovae Neutrinos

What happens in a supernova core? [24][25][26] Core-collapse supernovae are
the final stage of a star which has a mass above about eight solar masses.
When its nuclear fuel is consumed and it is no longer supported by the release
of nuclear energy, its core collapses and releases a huge amount of energy,
most of it in the form of neutrinos. This causes a blast wave that ejects the
star’s envelope into interstellar space. The result of the collapse may be, in
some cases, a rapidly rotating neutron star that can be observed many years
later as a radio pulsar or even a black hole.

In case of a supernova explosion at the center of our galaxy, i.e., at a
distance of ~ 10 kpc, a neutrino burst of ~ 15000 events can be expected in
the LENA detector. Using an organic scintillator containing 2C allows the
distinct flavour-specific neutrino and antineutrino detection by the following
reactions:

Ue+p—n+et (Q=1.8 MeV)

U, + 2C — et + 2B (Q=17.3 MeV)

Ve + 12C — e~ + 12N (Q=13.4 MeV)

vy + 12C = 12C* 4y, with 12C* — 12C + 5
vz +p — vy + p (elastic scattering)

vy + e — vy + e (elastic scattering).

The dominant contribution comes from the first reaction because the
inverse beta decay for 7, has the largest cross-section. Using the delayed
coincidence between the prompt positron and the neutron capture on hy-
drogen, the 7, contribution can be distinguish from the others. The next
two reactions can be tagged by the re-decay of the daugther nuclei, *B (57,
Ty/2 = 20 ms) and ®N (8*, Ty, = 11 ms). As all the neutrino flavours
participate in the fourth reaction, information on the total SN neutrino flux



is received. In the last two reactions the recoil energy of protons or electrons
can be detected and give the neutrino spectrum for all flavours.

Observation of such a v burst would reveal important details of the ex-
plosion mechanism. In addition, the 7, energy spectrum would show wiggles
which are caused by oscillation matter effects when neutrinos cross the Earth
before entering the detector depending on the v-mass hierarchy and on the
value of ©3 [27][28]. From such a measurement v-oscillation parameters and
information about the mass hierarchy can be derived.

2.1.3 Solar Neutrinos

The precise knowledge of the functioning of the solar energy release is a
crucial question in astrophysics. The future solar neutrino experiments,
BOREXINO and KamLAND are supposed to measure directly the solar “Be-
v flux for the first time. However, the pep- and CNO-fluxes are faint and
the always present cosmic ray background make those measurements very
difficult [29]. With LENA in a fiducial volume for solar neutrinos of about
18-103 m?, the solar v rates would be ~ 5400 d™! for "Be-v, 150 d~* for pep-
v and 210 d"'for CNO-v. After measuring these fluxes and together with
the known solar luminosity and v-oscillation parameters, the fundamental
pp-flux can be determined wih an accuracy of better than 0.5%.

Due to the high statistics measurement of the "Be-v flux, a test on tem-
poral fluctuations of the solar density profile can be achieved with high pre-
cision. Such temporal density fluctuations could eventually be created by
solar g-mode waves, which are not observed so far by helioseismology. A
further observation could be a day-nigth asymmetry on the "Be flux (1%)
due to the MSW effect [31][32] in the earth [30]. In addition, the predicted
solar MSW effect for low energy (E, < 6 MeV) in ®B can be searched for.
Also transitions v.;, — 7.r which entail helicity-flipping AL, = 2 can be
investigated [33].

2.1.4 Geoneutrinos

The sources of the thermal heat flow emitted by the Earth (60 mW/m? or
40 TW, integrated for the hole surface [34]) are not completely understood.
One partial explanation is the heat produced in the decay of natural radiac-
tive isotopes. In order to quantitatively know this radiogenic contribution a
measurement is necessary. In the Uranium and Thorium chains, neutrinos
are emitted in beta decays. These so-called geoneutrinos have energies up to
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3.2 MeV and could be detected by the inverse beta decay 7, +p — n +e™.
This reaction has however an energy threshold of 1.8 MeV. One can distin-
guish them from reactor neutrinos which have energies up to about 8 MeV
but it depends on the detector location and the statistics.

With a large detector like LENA the flux of geoneutrinos coming from the
crust, the mantle and the core of the Earth can be measured and the abun-
dances of Uranium, Thorium and Potassium can be derived. An event rate
of ~ 3000 y~! is estimated. For LENA an angular distribution of 26° (half
cone aperture). Details can be found in the thesis of Kathrin Hochmuth [35].

2.1.5 Long Baseline Experiments

In case a high energy neutrino beam is directed to LENA, the detector could
also be used for the long baseline oscillation studies [36] including the matter
effects and eventually for the search for CP-violation in the leptonic sector.
Muon events should be separable from electron events due to their different
lenghts in the detector and by observing the succeding decay of the muon.
For this purpose the axis of the detector should be placed parallel to the
neutrino beam.

2.1.6 Atmospheric Neutrinos

With LENA, the low energy part of the spectrum of atmospheric neutrinos
could be explored in more detail. The quasi-elastic reactions 7, +p — n+e*
and 7, + p — n+ p* could be used to measure the corresponding antineu-
trino fluxes in the energy region between ~ 100 MeV and 1 GeV. For the
second reaction, as the p* decays after 2.2 us the 7, would be tagged by a
three fold delayed coincidence. Thus, one can separate those events clearly
from 7, events.

At 200 MeV, the oscillation lenght of 7, due to Am,? should be around
7000 km and this should lead to oscillations of the type 7, <+ 7, ;. At 1 GeV
however, the oscillation lenght is about at 35000 km and the oscillation prob-
ability should become significantly smaller. On the other hand 7, oscillation
into 7, due to the Amy,? splitting should always be present and lead to a
depletion of the 7, flux. This implies, that a well defined energy dependent
ratio 7, /7, due to the various oscillations should be observable in LENA.
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2.1.7 Proton Decay

In the context of Grand Unified Theories, the proton is predicted to decay
leading to a non-conservation of the baryon number. The simulation of the
proton decay in LENA constitutes the body of this thesis. The theoretical
frame where predictions of proton decay appear will be presented as well as
the details of the simulation and first results.

2.2 LENA Detector

2.2.1 Detector Design

The LENA detector is planned [37] to have a cylindrical shape with an outer
volume of ~ 100 m length and 30 m diameter. In the figure 2.1 an artistic
representation of the LENA detector is given.

0m

Figure 2.1: Artistic representation of the LENA detector.

This large volume will be divided into two parts, an inside one of about
13 m radius that will contain approximately 50 kt of liquid scintillator while
the outside part (13 — 15 m radius) will be filled with water. Using the
Cherenkov effect, the water will act as muon veto. A fiducial volume for
proton decay will be defined having a radius of 12 m. This radius will be
determined offline by using the time of flight and the pulse height infor-
mation of each photomultiplier. Covering about 30% of the surface, 12000
photomultipliers of 50 ¢cm diameter each will collect the light produced by
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the scintillator. To have an idea of this structure in figure 2.2 a section of
the outer part is ilustrated.

Muon Veto

D

Fiducial
Volume

Figure 2.2: Lena detector section. The fiducial volume shown corresponds to
the proton decay research and will be defined in the data analysis by using
the time of flight and pulse high information.

2.2.2 A liquid Scintillator based on PXE

PXE (phenyl-o-xylylethane, C16H;s) is foreseen as scintillator solvent because
of its high light yield and its save handling procedures. Figure 2.3 shows the
molecular structure of PXE.

CH,

CH,

C..
©/H CH,

Figure 2.3: PXE Formula.

The optical properties of a liquid scintillator based on PXE have been in-
vestigated in the Counting Test Facility (CTF) for BOREXINO at the Gran

10



Sasso underground laboratory [38]. A yield of 372 + 8 photoelectrons per
MeV (pe/MeV) has been measured in this experiment with an optical cover-
age of 20%. The attenuation length of ~ 3 m (at 430 nm) was substantially
increased to ~ 12 m purging the liquid in a weak acidic alumina column [38].
With these values an expected photoelectron yield of ~ 120 pe/MeV can be
estimated for events in the center of the LENA detector. Currently the op-
tical properties of mixtures of PXE and derivatives of mineral oils are under
investigation [39).

2.3 Possible Locations of the Detector

Two possible locations for this detector are currently under discussion. The
first site considered is an underground mine in the center of Finland (Pyhé-
salmi, CUPP!). The map of the location is given in figure 2.4.
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Figure 2.4: Map of the Pyhéasalmi mine in Finland.

LCenter of Underground Physics in Pyhésalmi.
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The mine is in a depth of 1450 m which corresponds to a shielding of
cosmic rays of ~ 4000 m.w.e.. The muon flux has been measured at the
greatest depth and is less than 10~* m~2s~!. Because of being far away from
nuclear power plants, the reactor 7, background is low. The accessibility
to the mine is via a truck road and a lift that covers all the way down.
The liquid scintillator could be transported via railway to the surface of the
mine and then loaded into the experimental area by an already existing di-
rect pipeline. The mine also has no fundamental problems concerning the
excavation of new caverns in the size required by the LENA detector. The
construction of LENA in Pyhéasalmi is feasible due to all the advantages men-
tioned.

The second site could be under water close to the coast at Pylos in Greece
("The NESTOR Independent Institute for: Deep Sea Research Technology
and Neutrino Astroparticle Physics”). The NESTOR, experiment takes ad-
vantage of the unique fact that it is deployed near the deepest part in Europe
(depth up to 5200 m). At a distance of about 14 km off the shore, at a water
depth of 4000 m there is a fairly large abyssal plane that is perfectly suited
for several deep-sea installations. Also this site is favored because of being
away from nuclear power plants.

Figure 2.5: Map of the coast of Greece.
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Chapter 3

Theoretical Predictions of
Proton Decay

After the unification of the electromagnetic with the weak force by Glashow,
Weinberg and Salam [41][42][43] between 1961 and 1969, the next goal was
the unification with the strong force within the Grand Unified Theories
(GUTs). One of the earliest of such theories placed the SU(3), ® SU(2);, ®
U(1)y Standard Model groups into a single SU(5) [44][45]. For this model, the
quarks and the leptons can be accomodated in the 5- and 10-representations.
However, other unification symmetry groups, like SO(10) where one family
of quarks and of leptons sit in the 16-dimensional spinor representation, can
be constructed and are currently studied [40].

A prominent feature of the GUTs is the non-conservation of the baryon
(B) and lepton (L) numbers [44][45] which implies the possibility of nu-
cleon decay. The particles into which the nucleon may decay are limited
by symmetry principles, for example A(B — L) = 0. In GUT SU(5) nucle-
ons decay via the exchange of gauge bosons with GUT scale masses (Mg),
resulting in dimension-6 baryon-violating operators suppressed by a factor
(1/Mg). The nucleon lifetime is calculable and given by 7y oc M§/(agm))
where ag and m, are the unification constant and the mass of the proton
respectively. The dominant decay mode of the proton (or baryon-violating
decay mode of the neutron) depends on the value of the grand unification
mass (Mg > 10'* GeV) and on «ag. If the masses of the new gauge fields
which mediate baryon number violating processes were not very large, the
proton would decay at an unacceptably fast rate.

A measurement of such a rare event as proton decay could be a test of
the validity of those theories and further evidence of the existence of physics
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beyond the Standard Model. Experimental searches for nucleon decay be-
gan with the Kolar Gold Mine, Homestake [46], Soudan [47], NUSEX [48],
Frejus [49], HPW [50] and IMB [51] detectors. Until now, no proton decay
event has been measured. Today, the most stringent limits are provided by
Superkamiokande.

In this chapter, together with a description of the different GUT predic-
tions for the proton decay, the current best experimental lower bounds for
the proton lifetime are presented.

3.1 Grand Unified Theories

In the minimal GUT SU(5) [52], the nucleon decays via exchange of gauge
bosons with GUT scale masses (~ 10* GeV). For the proton, the dominant
decay mode predicted is p — e™7® with a lifetime of 7 ~ 103! y.

The Super-Kamiokande Collaboration has set the current lower limit for
this channel to 7 > 5.4 - 103 y at 90% confidence level (C.L.) [53][54]. This
result together with the fact that, in this theory, the three running coupling
constants do not meet in a single point give reasons to look also at other
theories.

3.2 Supersymmetry

In Supersymmetric GUTs (SUSY), the nucleon decay is affected by opera-
tors of dimensions 4, 5 and 6. They involve B- and L-violating processes but
conserve B —L. The Mg is of the order of 3-10'® GeV. For the proton decay
mode p — et 70 a lifetime of 7 ~ 5-10%**! y has been calculated. This rather
long lifetime results from the large value of the unification mass, Mg, given
by those theories. For the decay channel p — Ko (v =% {i=e,u,r} Vi) @ range
for the lifetime 7 ~ (0.3 — 3) - 103* y [55] has been predicted resulting in an
‘upper bound’ value for the proton lifetime. Also previous studies on SUSY
theory have found the same decay channel p — K7 to be the dominant one
with a lifetime range of 7 ~ (10%° — 10* y) [56].

The kaon produced in the dominant SUSY proton decay channel is ‘invisi-
ble’ in water Cherenkov detectors because its momentum is below the thresh-
old for producing Cherenkov light (T3, (K™) = 253 MeV). For this reason,
the Super-Kamiokande experiment could only perform an indirect measure-
ment with efficiencies of 4.4% and 6.5% corresponding to two different meth-
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ods [57]. The lower limit that they reach at 90% C.L. is 7 = 2.3-10% y [58],
which is about a factor of two worse than the limit given above for the channel
p — etnl.

3.3 Supergravity

In supergravity models, proton decay proceeds mainly through the exchange
of superheavy Higgsino and Higgs color-triplet particles. In those models,
the gauge hierarchy requires for the Higgs mass My < Mgyt and places the
unification mass into the range 0.4 - 10 < Mgyr < 1.6 - 106 GeV [59].

Those theories provide also predictions for the possible decay channels of
the proton. The dominant mode here is p — 777 with a branching ratio of
65.7%. However, again the proton decay mode p — K7 is predicted with a
branching ratio of 33.5% [60].

Lifetime of Proton in LENA

To test the validity of these theories, a limit of some times 10%* or even 103
has to be achieved for the decay channel p — K*7. The LENA experiment
can be expected to reach this goal or at least be quite close to it. As it will
be presented in Chapter Results, from the simulation performed a limit of
7 > 4 - 103 for the lifetime can be achieved.
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Chapter 4

Detection Mechanism

The protons expected to decay in the LENA detector are the ones from the
molecules of the liquid scintillator itself. That means that LENA is, for the
proton decay, target and detector at the same time. Within the detector vol-
ume, about 1.45-103* protons, both from H- and C-nuclei , are candidates for
the decay. This number has been calculated taking into account the chem-
ical composition of PXE, CigHys (see Chapter The LENA Experiment), its
density (0.985 g/cm?) and its molecular weight (210.3 a.m.u.). Protons from
H nulei are called free protons. It is assumed that proton decay should occur
in equal probability for both free and bound ones.

The decay products of the proton will produce, due to ionization pro-
cesses in the PXE molecules, scintillation light with a mean wavelength of
approximately 430 nm. This light will propagate through the detector to the
walls where photomultipliers are placed to collect it.

In this chapter, an analysis of the event structure of proton decay from
H- and C-nuclei is described and also the microscopic details of the decay
mechanism are given.

4.1 Free Proton Decay

In the case of protons from H-nuclei (0.23-103* protons in the fiducial volume
of LENA), the decay problem is simplified because those protons decay at
rest. Therefore, the proton decaying in the channel p — K*7 can be con-
sidered a two-body decay problem where K+ and 7 always receive the same
energy. The energy corresponding to the mass of the proton, m, = 938.3 MeV
is thereby given to the decay products. Using relativistic kinematics, it can
be easily calculated that the particles receive fixed kinetic energies, the neu-
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trino 339 MeV and the kaon 105 MeV.

In LENA, the kaon will cause a prompt mono-energetic signal while the
neutrino escapes without producing any detectable signal. After 7(K*) =
12.8 ns, the kaon decays via K™ — v, with a probability of 63.43 %. The
kaon decays 90% of the times at rest [57] and from this kaon decay, a second
mono-energetic signal arises, corresponding to the p* with 152 MeV kinetic
energy. Later, after 7(u™) = 2.2 us, also the muon will decay: pu* — e*v.7,,
the et will produce a third long-delay signal. Since the last decay is a three
body decay, the e™ does not have a fix energy but a spectrum.

With a smaller probability, 21.13 %, the kaon decays, alternatively, via
K* — 7r7% The 7" deposits its kinetic energy (108 MeV) in the detector.
The 7° decays almost immediately, within 7(7%) = 8.4 - 107 ns, into two
gammas with a total energy being equal to the sum of the kinetic energy of
the 70 (111 MeV) and its rest mass (myo = 135 MeV). These gammas can
be seen in the detector as electromagnetic showers. Thus again there are two
mono-energetic signals, firstly the kaon and secondly the one corresponding
to the sum of the kinetic energy of the 77 and the energy of the gammas.
Again, there will be a third long-delayed signal from the succeeding decay
(7t — pty, and pt — etr.7,). Only these two most likely decay channels
are considered in the analysis.

4.2 Proton Decay in C-Nuclei

Since the protons of the C-nuclei (1.22 - 1034 protons) belong to the nucleus,
one has to consider further nuclear effects on the proton decay. In this section
the binding energy of the proton in the nucleus and the Fermi-motion are
discussed. At the end, the processing of these effects is explained in order
to explain the input data used in the simulation performed (see Chapter
Simulation).

4.2.1 Binding Energy

Since the protons are bound to the nucleus their effective mass will be re-
duced by the binding energy. The proton energy available for distribution
between the decay products, will be MI’, = M, — Ej, where MI’, is the modi-
fied proton mass, M, = 938.3 MeV is the rest mass of the proton and Ej, is
the nuclear binding energy. The value of the binding energy Ej, comes from
gaussian probability functions which are centered at 37 MeV and 16 MeV
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for protons in s-state and p-states respectively for C-nuclei [61].

In our case, taking into account the shell model for nuclei, from the six
protons of 2C, two of them will be in an s-state and the other four in p-
states. In figure 4.1 data points of proton separation energy spectra for
12C of a scattering experiment 2C(e, e’p) [61] is given. For different recoil
momentum intervals are also represented: solid curves, result of a fit with
the momentum distributions calculated by Elton and Swift [62] and dashed
curves showing the contribution from the 1p and 1s states.
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Figure 4.1: Data points of proton separation energy spectra for 12C. The solid
curves are the result of a fit with the momentum distributions calculated by
Elton and Swift [62]. The dashed curves show the contribution from the 1p
and 1s states [61].
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4.2.2 Fermi Motion

In case of a proton decay in a nucleus, e.g., carbon, decay kinematics are
different from the free proton due to the Fermi motion of the proton. This
Fermi momenta have been measured by electron scattering on '>C [61]. The
distribution of the Fermi momenta for s-state and p-state are shown in fig-
ure 4.2 as derived from the measurment [61]. From the figure it can be seen

that the maximum momentum is about 250 MeV /c.
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Figure 4.2: Distribution of the Fermi momenta measured in an electron scat-
tering experiment [61] for protons in 1s; o~ (right figure) and 1ps/,-state (left
figure) in '2C. Data point are arbitrarily normalized. The lines represent the
calculated momentum distributions using the bound-state potential given
in [62].

Binding Energy and Fermi Motion Effects in the Proton Decay

In order to quantitatively estimate the kinetic energy change of the decay
particles of the proton, various decay processes have been calculated. First
of all, the mass of the proton was modified due to the binding energy giving
to it the values already mentioned above. Then, two extreme cases were con-
sidered: the neutrino, moving after the decay, in the direction of the original
proton and the neutrino moving in the opposite direction. The momentum of
the proton was chosen to be maximal, corresponding to a Fermi momentum

~250 MeV /c.
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To calculate the relativistic kinematics of the decay including the two ef-
fects described, two equations for the conservation of energy and momentum
were written?.

E, = Ex+ + By (4.1)

2+ 077 = AR B + s

Dp = P+ + pr (42)

where m, = 938.3 MeV, mg+ = 493.7 MeV and p, = 250 MeV/c. For this
problem, the neutrino mass has been considered negligible, m, ~ 0. In the
momentum conservation equation, no vectors are represented because the
limit cases occur in x axis.

By solving the ecuations 4.1 and 4.2, the limiting values of the kinetic en-
ergy of the kaon are: (25.1—198.8) MeV for the s-state and (30.0—207.2) MeV
for the p-state. These limiting values correspond to the two cases where the
neutrino moves in the direction of the proton and where the kaon moves in
the proton direction.

As a first approximation to a realistic simulation (see Chapter Simulation)
all kaons were generated with 105 MeV. Only later, in the analysis of the
simulation data, the energy ranges given for the kinetic energy of the kaon
have been taken into account. Therefore, the energy windows taken in the
analysis are wide enough to include for the kaon the effects discused bove.
Further simulations are planned to be performanced, where an initial energy
spectrum of the kaon including both effects is used.

LE? = mo?c* + p?c? with ¢ = 1.

21



22



Chapter 5

Background

In this chapter the sources of background events that affect the energy re-
gion of the proton decay in the channel p — K'7 is presented. For the
atmospheric neutrinos which are the most important background, the rate
measured by the Superkamiokande experiment is used.

5.1 Atmospheric Neutrinos v,

The main background source in the energy range of the proton decay are
muon neutrinos v, produced by cosmic ray interactions in the atmosphere.
Atmospheric v, can interact with the scintillator producing muons in the en-
ergy range where the search for the proton decay is performed. The rate of
these events in the relevant energy range can be derived from the Superkamio-
kande measurements [58]. Figure 5.1 shows data points of the number of
muon events produced by atmospheric neutrinos in the Superkamiokande
experiment. Also a Monte Carlo simulation of the atmospheric neutrinos
and of the proton decay is presented.

From this data we find an event rate for Superkamiokande of:

[~ 48-107*(MeV 'kt 'y™") (5.1)

where the energy window and the amount of liquid scintillator have to be
introduced in MeV and kt, respectively. In order to calculate this rate, first
the number of events within their energy window was taken (~ 181 events)
and then this value was devided by the mass of the Superkamiokande fidu-
cial volume (22.5 kt), the energy window (41 MeV) and the measuring time
(1489 days).
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Figure 5.1: Muon rate in Superkamiokande as a function of the muon mo-
mentum. The solid points are experimental data. The two lines represent
Monte Carlo simulations of atmospheric neutrinos that create muons in the
detector and of the proton decay in the channel p — K7 [58].

Introducing the LENA fiducial volume (45 kt) and the energy window
that will be taken (550 MeV, see Chapter Analysis) a backgroung rate of
I' ~ 1190.4 y~! results. A pulse shape analysis is required to discriminate
between these background signals and proton decay candidates.

5.2 Fast Neutrons

Very fast neutrons, generated by spallation processes of cosmic muons outside
the detector, may reach the scintillator causing background events. These
neutrons are slowed down through scattering processes and the recoil protons
may produce a background signal in the detector. However, only neutrons
produced by muons passing close to the detector but not through the veto,
have to be taken into account. In addition, these signals can be tagged as
the neutrons are captured by hydrogen in the scintillator after ~ 200 us,
producing an observable 2.2 MeV gamma.
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Chapter 6

Simulation

In order to quantitatively estimate the potential of the LENA detector to
measure the proton lifetime, a Monte Carlo simulation of the proton decay
in the channel p — K7 has been performed. This chapter describes this
simulation, covering both the detector implementation and the obtained sig-
nal output. Concerning the detector description the focus is on the optical
processes that take place in the liquid scintillator. The section on the sim-
ulation output shows the signal structure of proton decay and background
events (compare with chapters 4 and 5).

6.1 Geant4

Geant4 is a C++ commonly used toolkit that simulates the passage of par-
ticles through matter [63]. This software was developed at CERN in order
to give a complete set of tools for all domains of detector simulation. It
was originally designed for high energy physics simulations but due to its
abundant set of physical processes it can handle the diverse interactions of
particles with matter across a wide energy range. Thus Geant4 has now a
multi-disciplinary nature.

As Geant4 is based on the Standard Model of Particle Physics, the pro-
tons of the simulated liquid scintillator do not decay by themselves. To
perform the simulation the event generator was programmed to produce K™
particles of 105 MeV kinetic energy in different positions of the detector vol-
ume and with random directions of motion. The volume considered was a
cylinder of 12 m radius, which has been called (see Detector Design) fiducial
volume. In order to investigate the dependence of the light output on the
event position, the kaons were generated in different radial positions (center,
3, 6,9 and 11.5 m) of the detector.
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In figure 6.1, the visualization output of one proton decay event at the top
of the detector is plotted. First, there is a box that is the defined volume of
the experimental hall and then a cylinder that represents the detector volume.
Perpendicular to the hall walls, there are three straight lines in red, blue and
green that are the x, y and z axes. In Geant4 the particles are represented
with different colours depending on their charge, green for neutral, blue for
positively and red for negatively charged particles, respectively. In the figure
only green lines can be seen, most them (all inside the cylinder) represent
light rays whereas straight lines that leave the detector depict neutrinos. It
can be seen that the light scatters and that sometimes it is absorbed before
reaching the walls. The tracks corresponding to the K and its charged decay
products can not be seen because of being covered by the light tracks.

Figure 6.1: Output visualisation from LENA simulation. The green lines
represent neutral particles, the straight ones that go through the detector
depict neutrinos and the ones that scatter and are absorbed are light rays
produced in the scintillator.
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6.2 Detector Implementation

6.2.1 Physics Processes

Physics processes describe how particles interact with a material. Some ma-
jor categories of processes are provided by Geant4: electromagnetic, hadro-
nic, transportation, decay and optical. From these Geant4 physics lists spe-
cial attention was paid to the optical processes as scintillation, Cherenkov
light production, Rayleigh scattering and light absorption. For the last two
processes a scattering and absorption length of A; = 60 m and A\, = 12 m, re-
spectively were assumed. With these numbers an effective attenuation length
of A =10 m results:

As * Aq

A\ =
As + A

(6.1)

This is a quite conservative approach compared to the measured value
of A = 12 m [38]. However, even with this smaller value a light yield of
~ 110 pe/MeV was obtained. Within this simulation, it was also possible to
verify that the kaons decay according to the branching ratios for the different
channels stated in [40].

6.2.2 Quenching Effects

The amount of light emitted by a scintillating material is not strictly pro-
portional to the energy deposited by the ionizing particle. In reality, it is
a complex function of the energy, the type of particle and the specific ion-
ization [64]. Geant4 uses a light yield depending only on the energy of the
particle. To take into account the so called quenching effects, the semi-
empirical Birk’s formula [65] has been introduced into the code:

de
dL . AE

b - Tde 6.2)
d de (
v l+kBg,

According to equation 6.2, the programm calculates in every step the de-
posited energy (dE) within the distance (dz) travelled by the particle and
derives the light output (dL/dx).
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The parameters of this formula are A: absolute scintillation efficiency

and kB: parameter relating the density of ionization centers to 45 Both are
specific values for every scintillator and are obtained from experirﬁental data.
For the simulation, A = 10® photons/MeV and kB = 1.5-107% ¢m/MeV
have been taken from studies performed by the Borexino Collaboration [66].
Basically, the parameter A is the light output for electrons. By taking this
light output measured for electrons (A) and the corresponding light output
for alpha particles (dL/dz) and substituting both into equation 6.2, the value
of kB is obtained.

6.2.3 Photomultipliers

Also the photomultipliers have been introduced in the simulation but not
as physical objects. Only their effects concerning the output signal were
taken into account. They were assumed to have an efficiency of 17 % and a
time jitter of o = 1 ns originating from the transit time of electrons through
the photomultipliers and from the statistical noise. These features are known
because the type of photomultiplier expected to be used in LENA, has already
been tested in other experiments [67].

6.3 Simulation Output

In this section, the output results of the simulation are presented. First,
the energy deposited by charged particles due to inelastic collisions in the
scintillator and second, the number of photoelectrons produced by the light
once it has hit the photomultipliers. Both, the deposited energy and the
number of photoelectrons are given as a function of the real time, that is
measured by Geant4.

6.3.1 Energy Deposited in the Scintillator

Figure 6.2 presents the energy deposited in the scintillator in timesteps of
0.1 ns as calculated by Geant4. At time 0 ns, the kaon is produced and
deposits its energy during 1.2 ns. Looking at the figure, it can be seen that
the sum of the energy deposited by the kaon is 105 MeV, the kinetic energy
with which it is produced. In this case, the kaon decays into a muon and
a neutrino after ~ 6 ns. The muon deposits its kinetic energy of 152 MeV
during about 2 ns and later (outside the picture) decays into a positron and
two neutrinos.
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Figure 6.2: Energy deposited by a kaon and a muon as fuction of time. The
first points correspond to the kaon which deposits its energy within 1.2 ns. In
the case shown, after about 6 ns the kaon decays into a muon and a neutrino,
the energy deposition of the muon can be seen between 6.5 and 8.5 ns.

6.3.2 Signal Structure

Figure 6.3 depicts signals in LENA, the number of photoelectrons detected
in the photomultipliers as a function of time in ns. As the kaon decays within
a relatively short time (7(K') = 12.8 ns), the signature of such an event will
consist of two shortly delayed signals (see Chapter Detection Mechanism).
Examples of proton decay signals where the separation is clearly visible (top),
where it is almost hidden in the risetime (middle) and of a muon background
signal (botton) can be seen in figure. The on-set time of these examples
is 60 ns as the events are generated at the center of the detector and the
photons need this time to reach the photomultipliers on the walls.

The better the two signals can be separated, the better the background
suppression will be. In the cases where the kaon decays at relatively late
times ¢ > 10 ns, the two peaks can be easily separated; in all other cases,
only a shoulder within the risetime can be seen. In order to distinguish
the real proton decay signals from muon background events, a pulse shape
analysis that will be described in the next chapter, is required.
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Figure 6.3: Proton decay signals where the kaon decays after 18 ns (top) and
after 5 ns (middle). The bottom panel shows a v, background signal. For
further details see explanation in the text.
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Chapter 7

Analysis

This chapter explains the tools used to store, read and analyse the output
data from the Geant4 simulation performed. On this basis, the general anal-
ysis procedure used for the results of this thesis is described. Finally, a
summary of the simulation runs is given.

7.1 ROOT

7.1.1 The Output ROOT Tree

ROOQOT is an object oriented analysis framework that was developed at CERN.
It provides classes which support the efficient processing of event based data
trees. Basically, the tree contains information about the events, which con-
stitute the top level and the parameters of each track of an event. In the
simulations performed, the output data was storaged in such a tree. The
parameters taken were the number of photoelectrons received after the pho-
tomultipliers and the corresponding time vector.

7.1.2 The Analysis Program

For the analysis of the ROOT trees a C++ program is used. The basic idea
is the following: loop over all events of the tree and over all tracks, select
the risetime of the signals and discriminate between the proton decay signal
and the background events. The cuts applied to the data will be explained
in detail in the coming subsections.
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Pulse Shape Analysis: Time Cut

A first step towards a pulse shape analysis has been taken in order to quan-
tify the signal and background discrimination. For these simulations, the
particles were generated and the light produced was followed through the
scintillator including scattering and absorption as well as the photomultiplier
efficiency and its time jitter. This results in the number of photoelectrons
detected as a function of time (see Chapter Simulation). In order to analyze
the risetime of the resulting signal, the maximum number of photoelectrons
is taken and the 15 % and the 85 % values of the maximum signal height are
determined. The difference of the two corresponding time values is plotted
in figure 7.1 for 10000 proton decays and 20000 background events.

As an example, the effect of a cut at 7 ns is shown in this figure. The anal-
ysis performed for 20 000 background events shows that applying such a cut,
a background reduction by a factor of ~ 2-10* is achieved. The background
plot shown applies only to the channel p — K*7and K+ — 7770, A similar
simulation has been performed for the channel p - K7 and K™ — pty,,
resulting in an equivalent result where the same rejection factor is obtained.
An efficiency of e = 0.65 results after this time cut as only 35% of the sig-
nals are lost.

As the analysis is performed within the signal risetime, the latter part of
the signal is lost. Further pulse shape analysis where the complete signal is
taken can be applied. Possible ideas are: Fourier analysis, fitting curves and
neuronal network.

Energy Cut

In order to further improve the signal to background separation a cut in the
energy spectrum can be applied. In figure 7.2, the distribution of the number
of photoelectrons coming from free proton decay events at the center of the
detector as seen in the photomultipliers is plotted.

Two peaks can clearly be identified, corresponding to the two main decay
channels of the kaon. They are related to the energies of 257 and 459 MeV
respectively, which is the sum of the energies deposited by the kaon and
its decay products. To take into account also the protons from C-nuclei
(see section Detection Mechanism), an energy window of 300 MeV for each
channel has been set. The two energy windows overlap resulting in a final
window of 550 MeV. An efficiency of e = 0.995 results, that means that only
five out of 1000 possible proton decay events are not inside our energy cut.
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Figure 7.1: Distribution of time intervals in the risetimes for 10000 proton
decay (top) and 20000 muon background signals (bottom). A cut at 7 ns
yields a reduction factor of ~ 2 - 10* on background events whereas the
efficiency for observing a proton decay p — K7 is 65%.
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Figure 7.2: Distribution of the number of photoelectrons produced in the
photomultipliers coming from proton decay events at the center of the de-
tector. The cuts performed for the two main channels for the kaon decay (at
257 and 459 MeV) are shown. It can be appreciated that the energy windows
taken overlap resulting in a total window of 5500 Photoelectrons ~ 550 MeV.

The signals outside the two main peaks correspond mainly to kaon decay
channels not considered in the analysis. There is also a small loss due to
inelastic hadronic interactions of the decay particles before they are stopped.

7.2 Summary of the Simulations Performed

Two kinds of input data were used for the Monte Carlo simulations, first
proton decay events: kaons of 105 MeV as primary particles, and second
background: muon with energies corresponding to the signals of proton de-
cay expected. The muons were produced with energies of 257 and 459 MeV
respectively because this is the sum of the energy of the kaon and the kaon de-
cay products that make a signal in the detector. The first energy correspond
to the channels p — K*v and K™ — p*v,, the sum of the kaon and the
muon energy, and the second to the channels p — K7 and K+ — 770,
the sum of the kaon and the two pions energies. Both, proton decay and
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Radial Position | Proton Decay | 257 MeV Muon | 459 MeV Muon
Center 20000 20000 20000
Center 1000 1000 1000
3.0 m 1000 1000 1000
6.0 m 1000 1000 1000
9.0 m 1000 1000 1000
11.5 m 1000 1000 1000

Table 7.1: Number of events simulated, proton decay and muon background

signals of 257 and 459 MeV in different radial positions in the detector.

background events were produced in different radial positions in the detec-
tor in order to check the effect of the position on the light output. The
dependence on the event position will be discussed in the next chapter. In
table 7.1 the number of events simulated is summarized. To look further into
the background suppression 20 000 events were simulated at the center of the

detector. For each of the other positions 1000 events were simulated.
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Chapter 8

Results

In this chapter, the two most important parts of the results are presented,
the detector efficiency as determined from the simulation and the lifetime
limits reachable with LENA.

8.1 Detector Efficiency

Once the time cut and the energy cut have been applied, the final efficiency
of the proton decay detection in the considered channels, € = g - e can be
calculated. In table 8.1 the efficiencies for events at different radial positions
in the detector are presented as well as the background rates for the same
positions. No dependence of the efficiency on the event position within the
statistical error has been found as it can be appreciated in the table 8.1.

The background rates presented have been obtained by multiplying the
background rate in LENA detector derived from the Superkamiokande exper-

Radial Position | e €E € B(y?)
Center 0.649 | 0.995 | 0.65+0.04 0.05
3.0m 0.675 ] 0.994 | 0.67£0.04 0.05
6.0 m 0.650 | 0.994 | 0.65+0.04 0.05
9.0 m 0.679 | 0.995 | 0.68+0.04 0.05
11.5m 0.666 | 0.995 | 0.66+0.04 0.05

Table 8.1: For 1000 events produced in different radial positions in the de-
tector, the efficiency in the time-cut e, the efficiency in the energy-cut g
and the background rate B are given.
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iment (1190.4 y~!, see chapter Background) and the background suppression
from the time cut (2- 1074, see Chapter Analysis). As the detector is sym-
metrical along the cylinder axis the points considered are at the middle of
the z axis and at different radial distances. For example, for the 20 000 de-
cays taking place at the center of the detector an efficiency of 65% has been
obtained.

8.2 Proton Decay Sensitivity

The proton fulfils the radioactive decay law and thus the activity for its de-
cay is given by:

a = eNpt, /T (8.1)

where ¢ is the total efficiency already explained in the previous section;
N, = 1.45-10* is the number of protons in the fiducial volume; ¢, is the
measuring time and 7 is the lifetime of the proton.

For the current proton lifetime limit (7 = 2.3-10% y) [54], about 40.7
proton decay events would be observed in LENA after ten years of measur-
ing time with an upper limit of about 0.5 background events. If no signal
is seen in the detector, the lower limit for the lifetime of the proton can be
determined. To calculate the lower limit for the proton lifetime the Poisson
distribution was used. The Poisson distribution occurs when the probability
p— 0 and the number of trials N— oc, such that the mean ¢ = N.p remains
finite. The probability of observing r events is given by:

P(r) = (8.2)

If no events are measured after ten years measuring time, r = 0 and
P(0) = e™*, the activity at 90% confidence level can be easily calculated. The
corresponding lifetime of the proton reachable will be placed at 7 > 4-103* y
at 90% (C.L).

The succes in reaching this limit is based on the distinct pulse shape of
the proton decay mode p — K7 which is clearly observable in the LENA
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detector. Basically, no energy cut was used and hence the efficiency for
observing the proton decay including free and bound protons is high. This
is the substancial difference to the Superkamiokande experiment, where the
total efficiency for this decay mode is of 4.4% and 6.5% for two different
methods [57]. Since the value predicted by the theory for the proton decay
in this channel is in the order of magnitud of the value resulting from our
simulation, it is obvious that LENA measurements would have a deep impact
on the research field of proton decay.
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Chapter 9

Conclusions and Outlook

LENA is a large-volume liquid-scintillator detector proposed to cover a rich
physics program including particle, astroparticle and geophysics. It is fore-
seen to use PXE as scintillating material and photomultipliers for signal
readout. In the current design a mass of ~ 50 kt and ~ 12000 photomulti-
plier will be required which would be much smaller than a comparable water
Cherenkov detector, e.g., the proposed Hyperkamiokande experiment with
1 Mt of water and 100000 — 200000 photomultipliers [53].

One major point of interest will be the search for proton decay events
because of the important implications for particle physics. In this thesis a
detailed simulation has been performed for the decay channel p — K*7. For
the detector implementation, special attention has been paid to the optical
processes taking place in the scintillator, the quenching effects and the prop-
erties of the photomultipliers.

From this simulation an efficiency of ¢ = 65% has been obtained for the
detection of the proton decay in the LENA detector. The underlying anal-
ysis is based on a pulse shape analysis and an energy cut for background
substraction. No strong dependence on the radial event position has been
found. Taking into account the current limit for the proton lifetime for this
channel (7 > 2.3-10% y [58]), 40.7 proton decay events and an upper limit
of 1 background event are expected to be observed in LENA after 10 years of
measuring time. If no event is detected a lower limit of 7 > 4-103* y could be
reached. It should be pointed out that the also proposed future experiment
Hyperkamiokande will not be able to surpass this value [53].

Several ideas exist to further improve the pulse shape analysis and there-
fore the efficiency for the proton decay for the channel mentioned above, for
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example a Fourier analysis of the signal pulses could be applied. This anal-
ysis could further improve the signal to background separation. Although
other probably subdominant proton decay channels as well as other possible
background sources, e.g., K+ production via high energy atmospheric neu-
trinos [53] have to be studied, we can conclude already now that the LENA
detector will have a great potential concerning the search for proton decay
events.

For future research and feasibility studies a deeper knowledge of the scin-
tillator material PXE and its optical properties is needed, for example the
precise measurement of the absorption and scattering lengths separately [68].
This, in combination with the simulation will allow a full description and
understanding of the LENA detector. The simulation itself constitutes a
flexible tool to look also into other physical processes of interest, for example
the search for supernovae neutrinos.
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