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Introduction

Neutrinos are undoubtedly the most elusive of all the known elementary particles. Al-

though they are present in large numbers in the Universe, with hundreds of trillions of

them crossing the Earth every single second, it is very difficult to catch one of them.

This is because neutrinos are nearly massless and electrically neutral elementary parti-

cles which only interact very weakly with matter. Although they were discovered more

than half a century ago, it is still not known whether neutrinos are their own antipar-

ticles or not and what their masses are. However, because of their intrinsic properties

neutrinos appear to be a useful tool to probe the Universe for interesting physics.

The past few decades a new field in astrophysics emerged, called neutrino astro-

physics, in which neutrinos rather than photons are used to study the Universe. Because

of their aforementioned properties, neutrinos propagate virtually unhindered through the

cores of their astrophysical sources and through the Universe. The challenge is then to

detect these neutrinos on Earth, with so-called neutrino telescopes.

The IceCube Neutrino Observatory is a giant neutrino telescope embedded in the

Antarctic ice at the geographical South Pole, detecting atmospheric and extraterrestrial

neutrinos, with energies from 10 GeV to several PeV, through the Cherenkov effect.

When a neutrino interacts with a nucleon in the ice, the charged leptonic partner of

this neutrino is produced, carrying a large fraction of the original neutrino energy and

travelling in almost the same direction as the initial neutrino. When these leptons travel

faster than the speed of light in ice, they cause the medium to emit UV/blue light in

a typical cone wave front, the Cherenkov cone. These Cherenkov photons are detected

by optical sensors called Digital Optical Modules, mounted on strings in a one cubic

kilometer grid structure in the ice.

An upgrade for the IceCube detector is proposed to lower the energy threshold down

to a few GeV. New concepts for optical sensors are being investigated as part of the

R&D for PINGU and possible future upgrades of the IceCube detector. The goal of this

master thesis research was to start up a working experimental setup to test the feasibility

of using wavelength shifting materials as the active part of a Cherenkov detector.

1



Introduction 2

In Chapter 1 of this thesis report, an extensive introduction on the neutrino is given,

both from the perspective of particle physics and astroparticle physics. Chapter 1 also

introduces the concept of neutrino detection through the Cherenkov effect. The IceCube

Neutrino Observatory is discussed in Chapter 2. Chapter 3 describes the experimental

setup designed and constructed for this thesis. The physics happening inside the dif-

ferent parts of the detector, such as the relevant properties of a wavelength shifter, are

explained. A Monte Carlo simulation of the detection principle is described in Chap-

ter 4. The results of the measurements are shown in Chapter 5. Finally, Chapter 6

summarizes the current status of the research and provides an outlook.



Chapter 1

Neutrinos

In the first section of this introductory chapter neutrinos are discussed from the view-

point of particle physics. Subsections 1.1.1 to 1.1.3 deal with the Standard Model of

particle physics (SM) and the physics beyond this model. The role of the neutrino in

and beyond this model is discussed separately in Section 1.1.4, where we look at the

phenomena of neutrinoless double beta decay (0νββ) and neutrino oscillations. Sec-

tion 1.2 and Section 1.3 address neutrinos as cosmological messengers and how they can

be detected. This provides the basic information needed to discuss the IceCube Neutrino

Observatory in Chapter 2.

1.1 Neutrinos in particle physics

Neutrinos are nearly massless and electrically neutral elementary particles which only

interact through the weak interaction (WI). Although neutrinos were discovered more

than half a century ago, it is still not known whether they are their own antiparticles or

not and what their masses are. In this section, the characteristics of the neutrino, both

in the Standard Model and beyond, are described.

1.1.1 Particle physics: a historic overview

It is hard to imagine now how the physics community in the early 1900s believed they

were close to a complete understanding of the laws of nature, knowing that they had

only discovered one elementary particle at that time, the electron1.

1Discovered in 1987 by J.J. Thomson [1].

3



Chapter 1. Neutrinos 4

In 1905, Albert Einstein published four papers which had a major influence on modern

physics, including the field of particle physics. In his paper on the photoelectric effect [2],

he proposed the idea of energy quanta, building further on the theoretical findings of

Max Planck on black body radiation. The concept of light quantization contradicts

the wave theory of light which follows the well-established Maxwell equations. These

light quanta were baptized photons in 1926, and the consequent particle-wave duality

lies at the heart of quantum mechanics. Einstein also proposed a stochastic model on

the Brownian motion2 [3], giving extra support to the idea of atoms being real physical

objects, which was still under debate in the beginning of the 20th century. In his two

other papers written that same year, Einstein introduced special relativity [4] and the

mass-energy equivalence [5]. It is the combination of the principles of quantum mechanics

and special relativity, quantum field theory, which is the language of present day particle

physics theories.

The history of elementary particle physics can be divided in four major periods [6],

starting with “the birth of modern particle physics” in the 1930s and 1940s, followed by

the period of “particle explosion” in the 1950s and 1960s, and “the rise of the Standard

Model” from the mid ’60s until 1979, to a period of “normal science”3 from the ’80s

on. The road to the SM was long and bumpy, but serves as a great example of the

importance of a continuous interplay between experiment and theory.

In 1911 Lise Meitner and Otto Hahn found that the energy spectrum of the elec-

trons emitted by beta (β) decay was continuous rather than discrete, implying a non-

conservation of energy4. In a desperate attempt to save the conservation laws of energy,

momentum, and angular momentum in β decays, Wolfgang Pauli postulated in 1930

the existence of a new electrically neutral, spin 1
2 , and nearly massless particle which

interacts very weakly (hence why it was not observed) in order to explain the continuous

energy spectrum [10]. Enrico Fermi was the first to successfully describe the β decay

theoretically in 1934 [11], assuming the existence of this new particle, which he baptized

the neutrino. Because neutrinos interact so weakly, it was not until 1956 that they were

discovered by Fred Reines and Clyde Cowan [12]. They detected electron antineutrinos

(ν̄e) coming from a nuclear reactor.

In 1933 Carl David Anderson discovered the positron, the antiparticle of the electron,

by examining cosmic rays (see also Section 1.2.2.1) [13]. Its existence was predicted by

2The random movement of particles in a liquid or gas due to consecutive collisions with fast-moving
atoms or molecules in that same liquid or gas.

3As coined by Thomas Kuhn in The Structure of Scientific Revolutions, referring to a period where
the focus of particle physics was to test the predictive power of the Standard Model.

4At that time the nuclear beta decay was modelled as: (A,Z)→ (A,Z + 1) + e−, where Z (A) is the
atomic number (mass number) of the decaying nucleus. Note that the atomic nucleus was discovered
that same year and that the proton and neutron were only discovered in 1919 and 1932 respectively [7–9].
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Paul Dirac one year earlier5 and Anderson’s discovery was a great triumph for the

developing discipline of quantum mechanics. Further studies of cosmic rays6 led in 1937

to the discovery of the muon [16], a heavy brother of the electron, and to the discovery of

the pion [17] and kaon [18] in 19477. Especially the discovery of the muon was surprising

to many physicists, as it had no evident role in the structure of matter8. Also the pion

and kaon were a bit special, since they were the first known strongly interacting particles

(hadrons) aside from the nucleons.

Passing the GeV energy barrier with particle accelerators and with the arrival of more

sensitive visual detectors such as the high-pressure diffusion cloud chamber [19] and the

bubble chamber [20], the ’50s and ’60s revealed the existence of many new particles.

Following the spectacular success of quantum electrodynamics (QED) in the early 1950s,

big steps forward were taken in the theories on the strong and weak interactions.

With the discovery of many new hadrons such as the delta (∆) and sigma (Σ) par-

ticle, the list of particles rapidly increased and the search for an underlying structure

was at full speed. Up to then, all particles were still believed to be elementary, but

this idea gradually changed over the following years. In 1955, the first experimental

hint for a proton substructure was given by Robert Hofstadter, using electron-proton

scattering [21]. In 1961, Murray Gell-Mann and Yuval Ne’eman classified the known

strongly interacting particles (baryons and mesons separately) in a scheme based on the

mathematical symmetry group SU(3) [22, 23]. Their scheme required the existence of

another particle, the omega minus baryon Ω−, which was discovered in 1964 [24]. In

the meanwhile, Gell-Mann and George Zweig explained the quantum numbers of these

hadrons in terms of quarks (up, down, and strange quark), massive spin 1
2 particles with

fractional electric charge [25, 26]. Originally introduced as a mathematical concept to

create order in the hadron zoo, deep inelastic electron-proton scattering experiments

at the Stanford Linear Accelerator Center (SLAC) showed in 1969 that quarks are real

physical entities [27, 28]. Hadrons are made of (valence) quarks and thus do not appear

to be elementary. Mesons are composed of a quark and an antiquark, while baryons

consist of three quarks. More specifically, the proton (neutron) is made up by two (one)

5In 1928, Dirac introduced the Dirac equation allowing electrons to have both positive and negative
energy solutions [14]. However, he did not explicitly predict the existence of an antielectron yet. For
most other particles the antiparticle was discovered almost simultaneously with the particle itself. The
proton is another exception, for which the antiproton was only discovered in 1955 [15].

6Particle accelerators did not reach high enough energies yet, so cosmic rays were the only source of
high-energy subatomic particles at that point. Cosmic rays are discussed in Section 1.2.2.1.

7The pion’s existence was predicted by Hideki Yukawa in 1935 in his model of the strong nuclear
force, where they play a role as force carriers.

8And it still does not. Although three lepton families are required to explain CP violation in the
lepton sector, this does not explain the reason of existence of the muon (or the tau lepton).
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up quarks and one (two) down quark9. In 1964, an additional quark quantum num-

ber, color charge, was introduced to achieve an antisymmetric wavefunction (required

by the Pauli principle) for the Ω− and ∆++ hadrons [29]. The foundation of quantum

chromodynamics (QCD) was laid.

During that same period, the theory of the weak interaction slowly evolved into what

it is right now. Although the Fermi theory of the weak interaction reproduced the

available experimental data at low energies rather well, it runs into trouble at higher

energies, predicting an ever increasing cross section. In 1957, Julian Schwinger and

others took the first step to solving this problem by including an intermediate vector

boson (IVB) to the story [30]. The β decay is assumed to be mediated by a massive

W boson10. In 1957, C.S. Wu and her colleagues found a clear violation of parity

conservation in the β decay of cobalt-60 [31, 32], showing that the weak interaction is

not a pure vector interaction, but involves an axial vector part too. In 1962, a team of

physicists including Leon Lederman, verified at the Alternating Gradient Synchrotron

(AGS) in Brookhaven that the neutrinos accompanying muons are distinct from those

accompanying electrons, as inferred earlier from theoretical considerations [33]. The

leptons could then be organized in two families, the electron and electron neutrino being

the first one, and the muon and muon neutrino the second one. In 1963, Nicola Cabibbo

introduced the Cabibbo angle to preserve the universality of the weak interaction11. The

Cabibbo angle is related to the relative probability that down and strange quarks decay

into up quarks and it was the first hint towards mixing in the quark sector [34].

The attempts towards a theory for the weak interaction eventually culminated in a

unification of the electromagnetic and weak interaction, proposed by Sheldon Glashow,

Steven Weinberg, and Abdus Salam in the late 1960s [35–37]. Apart from the already

introduced W bosons W±, the unified theory also included a new intermediate vector

boson, the neutral Z boson. These bosons are described by an SU(2)W × U(1)Y gauge

theory, where this symmetry is spontaneously broken down to the U(1)EM symmetry

by the Higgs mechanism, independently proposed in 1964 by Robert Brout and Francois

Englert, Peter Higgs, and Gerald Guralnik, C. R. Hagen, and Tom Kibble [38–40].

This symmetry breaking is necessary in order to give the weak vector bosons a mass (as

inferred from experiments), while keeping the electromagnetic vector boson (the photon)

massless (as known from experiments).

9Note that it was not until the end of the ’70s that the consensus was reached that hadrons are
composed of quarks, held together by the strong interaction through gluon exchange, rather than being
elementary particles. The name gluon refers to its function of holding quarks inside a hadron, acting as
a sort of glue.

10It needs to be massive to account for the short range of the weak interaction.
11The transitions between up and down quarks in particles and between lepton and lepton neutrino

had similar amplitudes, suggesting a universal coupling in weak interactions. However, the coupling
constant for strange quarks, e.g. in the beta decay of a Λ, turned out to be about four times smaller.
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During the ’70s, the SM12 evolved into its final form. To account for the apparent

suppression of the flavor-changing neutral currents (FCNC), and more specifically the

strangeness-changing neutral currents13, Sheldon Glashow, John Iliopoulos, and Luciano

Maiani came up with the GIM mechanism in 1970 [35]. This mechanism requires the

existence of a fourth quark, the charm quark, in order to have mixing between two

quark families ((u,d) and (c,s)). An extra quark family, containing the top and bottom

quark, was added by Makoto Kobayashi and Toshihide Maskawa in 1973 to explain the

CP (Charge conjugation and Parity) violation in weak interactions [41], observed by

James Cronin and Val Fitch in kaon decay in 1964 [42]. Meanwhile, David Gross, Frank

Wilczek, and David Politzer discovered the phenomenon of asymptotic freedom in the

strong interaction in 1973, restoring the faith in quantum field theory as the language

of particle physics14 [44, 45]. With the discovery of the charm quark in 1974, the tau

lepton in 1975 (adding a third family to the lepton sector), the bottom quark in 1977,

the gluon in 197815, the W and Z boson in 1983, the top quark in 1995, the tau neutrino

in 2000, and very recently the detection of a Higgslike scalar boson16 in 2012 at the

Large Hadron Collider (LHC), the Standard Model has repeatedly proven its predictive

strength and consistency [46–56].

Although the Standard Model has booked success after success, still numerous ques-

tions remain unanswered, suggesting that this model is only a low-energy limit of a more

general theory.

Originally, neutrinos were included in the SM as massless particles (see also Sec-

tion 1.1.4.1). In the late 1960s, the Homestake experiment in South Dakota was the

first of many experiments to observe a systematically lower solar neutrino flux than

expected from theoretical models of the solar interior. This was the beginning of the

so-called solar neutrino problem, which is now ascribed to neutrino oscillations (see also

Section 1.1.4.2 and 1.3.3). Neutrino oscillations imply non-zero masses for at least two of

the three known neutrino flavors. The long-awaited proof for neutrino oscillations only

came in 1998 (atmospheric muon neutrino deficit at SuperKamiokande [57]) and 2001

(solar electron neutrino deficit at Sudbury Neutrino Observatory [58]). The absolute

values of these neutrino masses are not known yet and are currently being looked for.

Knowing that neutrinos must have a mass, the question of whether these masses are

12The combination of the Electroweak theory and the Strong Interaction theory.
13These are interactions that change the flavor of a fermion current without altering its electric charge.
14Up to then, it was thought that field theory failed to give a correct description because the interac-

tions became infinitely strong at short distances. At larger distances the strong interaction is governed
by the confinement principle, introduced by Kenneth Wilson in 1974 [43]. This implies that two quarks
cannot be separated as the attractive force between them increases with distance. Hence why quarks
are never observed as free particles.

15Observed indirectly as jets at the DESY accelerator.
16The particle associated with the Higgs field which gives mass to the weak gauge bosons and all other

massive elementary particles.
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Dirac masses (like all the other masses in the SM) or Majorana masses arises (see also

Section 1.1.4.1).

Other problems of the SM include the fact that thus far one has not been able to write

down a quantum field theory for the gravitational interaction that can be incorporated

in the SM. Furthermore, the Higgs mechanism gives rise to the hierarchy problem17. The

SM also does not provide any explanation on why there is more matter than antimatter

in the Universe (baryon excess problem), nor can it account for all the (expected) dark

matter in the Universe. These and other problems are currently being looked at both

theoretically and experimentally, and it is not unlikely that we are at the verge of a new

particle physics era, a “beyond the Standard Model” period.

1.1.2 The Standard Model of particle physics

The SM is the most successful attempt so far to describe the properties of elementary

particles and their interactions. All known matter in the Universe can be decomposed in

terms of the 24 elementary particles, the quarks and leptons (listed in Table 1.1 together

with their antiparticles), and the three fundamental interactions between them18, which

are mediated by so-called gauge bosons (also listed in Table 1.1) [59].

Particle properties

Every elementary particle is described by a unique set of quantum numbers19:

− The electric charge quantum number Q is the charge of QED and determines how

a particle couples to an electromagnetic field. The electric charge q is quantized

and comes in integer multiples of the elementary charge e = 1.602 × 10−19C, so

q = Qe. Leptons have charge multiples −1, 0, or +1, while quarks have charge

multiples −2/3, −1/3, +1/3, or +2/320. Q is a conserved quantity in all four

fundamental interactions, meaning that in a certain interaction between particles

the total charge of the initial particles equals the total charge of the final particles.

17Due to radiative corrections, the Higgs mass blows up in the SM, in conflict with the observed Higgs
mass of about 125 GeV/c2. This can be avoided by introducing supersymmetric partners for the SM
particles, which is the starting point for supersymmetry theories.

18The gravitational interaction (GI) is not incorporated in the SM. At extremely high energies, near the
Planck scale, quantum gravitation will play a role and a gravitational quantum field theory is necessary
at these scales.

19Note that the mass of a particle is not a quantum number in the SM. It is put in the model by hand,
i.e. from measurements.

20Such that hadrons also have an integer electric charge number.
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− The color charge is the charge of QCD and determines how quarks interact with

gluons and other quarks. Three different color charges exist, namely red, green and

blue. Quarks carry one color, antiquarks carry one anticolor, and gluons carry a

combination of a color and an anticolor. All hadrons have no overall color, and are

said to be white21. Color charge is conserved in all four fundamental interactions.

− The strong isospin I is a quantum number related to the strong interaction and

was initially introduced because up and down quarks are identical particles, apart

from a different electric charge and a slightly different mass. The isospin projection

I3 for a certain particle is given by I3 = 1/2 × [(nu − nū) − (nd − nd̄)], where nu

is the number of up valence quarks, nd is the number of down valence quarks, etc.

I is conserved in the strong interactions. I3 is not conserved in the charged weak

interaction.

− The weak isospin T is a quantum number related to the weak interaction. It is

similar to the strong isospin concept. The third component T3 is conserved in all

four fundamental interactions.

− The spin S is the intrinsic angular momentum of a particle. It is similar to the

orbital angular momentum L of a particle, which is the quantum mechanical coun-

terpart of the angular momentum L̄ = mr̄ × p̄. It was originally introduced to

explain the observed angular momentum of particles that could not be accounted

for by rotational angular momentum alone [60]. The total angular momentum

J̄ = L̄+ S̄ is a conserved quantity in all four fundamental interactions.

− P is the intrinsic parity of a particle. The parity operator acts as a mirror in

configuration space. Parity is conserved in the electromagnetic and strong inter-

action, but not in the weak interaction. This parity violation implies that charged

weak currents only couple to left-handed fermions and right-handed antifermions22.

Because the photon has a negative intrinsic parity (Ē 7→ −Ē under P 23), electron-

positron annihilation implies that the electron and positron have opposite parity.

By convention the electron, and more generally all the fermions, have P = +1.

Antifermions have P = −1. Bosons and antibosons have the same parity.

− C is the charge conjugation quantum number which is related to the charge con-

jugation operator that mirrors in charge space, and thus converts particles in

antiparticles and the other way around. C is only defined for particles which are

21Similar to the case of light where red, green, and blue together form white light. e.g. each valence
quark of a proton carries one of the three color charges in such a way that the proton is white.

22Handedness or chirality is related to the more easy-interpretable concept of helicity. The helicity of
a particle is defined as the sign of the projection of its spin onto its momentum vector.

23In one dimension: F = m d2x
dt2

and F = qE. Knowing that x changes under parity operation, while
q, m, and t do not, one can deduce that E is mapped onto −E by the parity operator.
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their own antiparticles, such as the photon, the gluons, and the π0. It is conserved

in the electromagnetic and strong interaction, but not in the weak interaction.

The combined CP parity is conserved in almost all weak interactions.

− L is the lepton number of a particle. It is +1 (−1) for a (anti)lepton, and 0 for

non-leptonic particles. Every lepton family also has its own lepton flavor number,

e.g. the electron lepton number Le for the first lepton generation. The total lepton

number is thought to be conserved in all interactions, while the flavor lepton

numbers are not conserved in the weak interaction due to neutrino oscillations.

− B is the baryonic counterpart of the lepton number. Baryons have B = +1,

antibaryons B = −1, and all other particles have B = 0. Since baryons are made

up of three valence quarks, quarks are assigned B = +1/3. The different quark

flavors also have a corresponding flavor quantum number, such as strangeness S

for the strange quark and topness T for the top quark. These are not included

in Table 1.1. By convention, the strange quark has S = −1, while the strange

antiquark has S = +1. All the other quarks have S = 0. Similar rules apply

for the other quark flavor quantum numbers. In the SM, the baryon number is

conserved in almost all interactions.

Particle interactions

The four known forces in nature are gravitation, the electromagnetic interaction, the

weak interaction, and the strong interaction. Formally, these interactions are described

by gauge theories, which are field theories in which the Lagrangian24 is invariant under

a continuous group of local transformations25, the gauge transformations. These trans-

formations together form a symmetry group, U(1), SU(2), and SU(3) being the ones

present in the Standard Model. Every group has its own algebra of group generators26,

and for each generator of a group a corresponding vector field, the gauge field, can be

defined. These gauge fields are included in the Lagrangian expression of the field theory

to ensure gauge invariance. Just like the quanta of a particle field are particles, the

quanta of the gauge fields are the gauge bosons. These gauge bosons are the mediators

of the corresponding interaction.

24The concept of Lagrangians originates from classical mechanics, where it is defined as the difference
of kinetic and potential energy L = T − V for a certain dynamical system.

25A local transformation is a transformation which depends on the coordinates of the space in which
this transformation is performed. e.g. a local transformation of a field in configuration space depends
on the position coordinates, and thus acts differently in every space point.

26This is either an abelian or a non-abelian algebra. In the end, the difference between both expresses
itself in the gauge charge of the gauge bosons. Abelian gauge theories produce uncharged gauge bosons,
while non-abelian gauge theories produce charged gauge bosons.



Chapter 1. Neutrinos 11

T
a
b
l
e
1
.1
:

E
le

m
en

ta
ry

p
ar

ti
cl

es
in

th
e

S
ta

n
d

ar
d

M
o
d

el
.

T
h

e
d

iff
er

en
t

q
u

a
n
tu

m
n
u

m
b

er
s

a
re

ex
p

la
in

ed
in

th
e

te
x
t.

O
n
ly

if
a

q
u

a
n
tu

m
n
u

m
b

er
is

d
iff

er
en

t
fo

r
th

e
a
n
ti

p
a
rt

ic
le

th
a
n

fo
r

th
e

p
a
rt

ic
le

,
th

is
is

ex
p

li
ci

tl
y

sh
ow

n
.

S
ec

to
r

G
en

./
In

t.
P

ar
ti

cl
e

M
[M

eV
/c

2
]

Q
u

an
tu

m
N

u
m

b
er

s

Q
C

ol
or

I
,I

3
T

,T
3
a

J
P
,C

L
B

L
ep

to
n

s

1
st

ge
n

.
e−

(e
+

)
0.

51
1

-1
(+

1)
–

0,
0

1 2
,−

1 2
(+

1 2
)

1 2

+
1
(−

1
),

–
+

1
(-

1)
0

ν e
(ν̄
e
)

0b
0

–
0,

0
1 2
,+

1 2
(−

1 2
)

1 2

+
1
(−

1
),

–
+

1
(-

1)
0

2
n

d
g
en

.
µ
−

(µ
+

)
10

5.
66

-1
(+

1)
–

0,
0

1 2
,−

1 2
(+

1 2
)

1 2

+
1
(−

1
),

–
+

1
(-

1)
0

ν µ
(ν̄
µ
)

0
0

–
0,

0
1 2
,+

1 2
(−

1 2
)

1 2

+
1
(−

1
),

–
+

1
(-

1)
0

3
rd

g
en

.
τ
−

(τ
+

)
17

76
.8

2
-1

(+
1)

–
0,

0
1 2
,−

1 2
(+

1 2
)

1 2

+
1
(−

1
),

–
+

1
(-

1)
0

ν τ
(ν̄
τ
)

0
0

–
0,

0
1 2
,+

1 2
(−

1 2
)

1 2

+
1
(−

1
),

–
+

1
(-

1)
0

Q
u

a
rk

s

1
st

ge
n

.
u

(ū
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,ḡ
,b̄

)
1 2
,−

1 2
(+

1 2
)

1 2
,−

1 2
(+

1 2
)

1 2

+
1
(−

1
),

–
0

+
1 3
,−

1 3

2
n

d
g
en

.
c

(c̄
)

12
75

+
2 3

(−
2 3
)

r,
g,

b
(r̄
,ḡ
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– The electromagnetic interaction is among other responsible for the binding

of electrons around a nucleus in an atom. All particles with a non-zero electric

charge undergo electromagnetic interactions. It is described by quantum electro-

dynamics, which is an abelian gauge theory with the symmetry group U(1). QED

has one gauge boson, the photon, which is massless, has spin 1, and carries no

electric charge. Following the Heisenberg uncertainty relations, this zero mass

implies an infinite range for the electromagnetic interaction. An example of the

electromagnetic interaction is given in Figure 1.1(a).

– The weak interaction is the force responsible for processes like radioactive de-

cay of subatomic particles, such as the β decay. All fermions interact weakly. It

is mediated by three massive, spin 1 intermediate vector bosons, the W+, W−,

and Z, explaining its short range (< 10−3 fm). In terms of quantum field theory,

the weak interaction is described by the SU(2) symmetry. However, the weak

vector bosons get their mass from spontaneous symmetry breaking of the unified

electroweak interaction below the weak energy scale vweak = 246 GeV. The elec-

troweak interaction is described by a non-abelian gauge theory with the symmetry

group SU(2)W × U(1)Y . The Higgs mechanism breaks this group down to the

U(1)EM group of QED, hereby leaving the photon massless and giving mass to

the weak vector bosons. Note the difference between U(1)EM and U(1)Y . The

former has the electric charge Q as generator, while this is the weak hypercharge

Y for the latter. Q and Y are related by the relation Q = Y/2 + T3, with T3 the

third component of the weak isospin. The weak interactions, mediated by the W

bosons, transform quark flavors into each other, as well as lepton flavors into each

other. An example of the weak interaction is given in Figure 1.1(b).

– The strong interaction is what keeps quarks bound into hadrons, such as the

nucleons. It is described by Quantum Chromodynamics. QCD is an abelian gauge

theory with the symmetry group SU(3) and thus has 8 gauge bosons, the glu-

ons. Gluons are massless particles, carrying strong charge (colour), but no elec-

tric charge. Despite gluons being massless, the strong interaction is short-ranged

(though much stronger than the weak interaction, hence its name) because gluons

interact strongly among themselves. This manifests itself in two opposite phe-

nomena, confinement and asymptotic freedom. The former implying that quarks

cannot exist as free particles. At distances of the order of 1 fm (which is the size

of a nucleon), the energy of the color field has increased sufficiently to create real

quark-antiquark pairs. Asymptotic freedom means that quarks behave as almost

independent particles at very short distances inside hadrons. An example of the

strong interaction is given in Figure 1.1(c).
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The Higgs mechanism

The Higgs mechanism in the SM is the process that gives mass to the elementary particles

(including the weak gauge bosons). The Higgs field spontaneously breaks three of the

four generators of the electroweak symmetry group, causing the weak vector bosons to

be massive, while the photon stays massless. The quanta of the Higgs field, are Higgs

bosons, massive scalar (spin 0) particles. The elementary fermions also acquire their

mass through coupling to the Higgs field. A candidate for the SM Higgs boson was

observed in 2012 at the LHC in Geneva. One of the observed interactions is displayed

in Figure 1.1(d).

(a) (b)

(c) (d)

Figure 1.1: (a) Feynman diagram for electron-positron annihilation [61]. (b) Feyn-
man diagram for β decay [62]. (c) Feynman diagram of a proton-antiproton collision
producing a neutron and antineutron [63]. (d) Feynman diagram of a Higgs scalar

boson decaying into four leptons [64].

1.1.3 Particle physics beyond the Standard Model

The ultimate goal of theoretical elementary particle physics is to find one theory unifying

the four fundamental interactions, sometimes referred to as the Theory of Everything

(TOE). As already mentioned in Section 1.1.1, it is clear that the Standard Model is

not this TOE. Apart from ‘physics’ problems like the Higgs hierarchy problem, or the
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inability to explain all the dark matter in the Universe, a lot of theoretical physicists also

see an aesthetic problem with the SM. The SM contains 19 free parameters (including

the masses of the leptons, quarks, and Higgs boson) and has three disconnected gauge

symmetries, not really living up to the expectations of the average particle physics

theorist. However, its success cannot be ignored and the SM is nowadays seen as the

low-energy limit of a more general theory. Similar to how the electroweak theory breaks

down into the electromagnetic theory and the weak theory, one expects this TOE to be

a theory based on one big symmetry group which breaks down to the SM symmetry

group at SM energy scales. Many candidates for such beyond the SM theories have been

developed over the years, some more successful than others, but so far one has not yet

found a theory addressing all the problems of the SM at a satisfactory level.

Two popular beyond the SM scenarios are the Grand Unified Theories (GUT) and

Supersymmetry (SUSY) theories [59]. A Grand Unified Theory is a model in which the

electromagnetic, weak, and strong interaction are unified at a high-energy scale (the

so-called GUT scale). At high energies this GUT is described by one gauge symmetry.

The one condition these models, and every beyond the SM model, must meet is that

they need to reproduce the results of the SM at lower energies. A few candidates, such

as a GUT based on the SO(10) symmetry group, are promising. On of the difficulties

accompanying GUT theories is that they involve new physics at this GUT scale, which

is currently far from being in experimental reach for testing. Supersymmetry theories,

such as the Minimal Supersymmetric Standard Model (MSSM), are more appealing

because they predict new physics at the TeV energy scale. The hunt for supersymmetric

particles is currently one of the main goals at the LHC. The idea of supersymmetry

(adding bosonic/fermionic partners for all the SM fermions/bosons), combined with a

GUT model has great potential, as it solves the Higgs hierarchy problem (as mentioned

in Section 1.1.1) and also unifies the fundamental interactions (apart from gravitation)

at higher energies.

1.1.4 Neutrino physics

In the following two subsections the focus is laid on the role of neutrinos in particle

physics. Two phenomena are discussed, the neutrinoless double beta decay and neutrino

oscillations [59], both of which are currently of very high interest in experimental particle

physics.
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1.1.4.1 Neutrinoless double beta decay

Up to now, it is still unknown whether neutrinos are their own antiparticles or not, or in

other words whether they are Dirac particles or Majorana particles. If they are Dirac-

like, neutrinos and antineutrinos are distinct particles with the same mass. A Majorana

nature means that neutrinos and antineutrinos are the two helicity states of the same

particle, i.e. Majorana neutrinos are their own antiparticles. Observation of neutrinoless

double beta decay would imply Majorana nature.

Dirac vs. Majorana

It is important to stress the precise meaning of Majorana particles [65]. As seen earlier,

the weak interaction does not conserve C parity, implying that C parity is not a useful

concept to define Majorana particles. They can be defined by their transformation prop-

erties under CPT (where T stands for time reversal), which is presumably completely

conserved. One can then say for a neutrino |ν(p̄, h)〉, where p̄ is the neutrino momentum

and h the neutrino helicity

CPT |ν(p̄, h)〉 = ηhCPT |ν̄(p̄,−h)〉. (1.1)

The helicity reversal is a consequence of the P operation, and the phase factor ηhCPT is

helicity dependent. We can now distinguish between Dirac and Majorana neutrinos:

− Dirac neutrinos: if the neutrino is not its own antiparticle, then the particle

ν(p̄, h) and the particle ν̄(p̄, h) interact differently with matter. In its rest frame,

such a neutrino is described by a Dirac spinor, consisting of four independent

states, namely the two spin states for both the neutrino and the antineutrino:

νD(p̄,±h), ν̄D(p̄,±h).

− Majorana neutrinos: if the neutrino is its own antiparticle, then the particle

ν(p̄, h) and the particle ν̄(p̄, h) interact identically with matter. In its rest frame,

such a neutrino is described by a Weyl spinor, consisting of only two independent

states, namely its two spin states: νM (p̄,±h) = ν̄M (p̄,±h).

All charged elementary fermions are by definition not their own antiparticles, and

are thus described by Dirac spinors. If we look e.g. at a free electron, its dynamics is

then described by the free Dirac Lagrangian

LDfree = ψ̄(/∂ −mD
e )ψ, (1.2)



Chapter 1. Neutrinos 16

where the second term is the mass term27. However, there is another possible mass

term fulfilling the Lorentz invariance requirement for the Lagrangian, and including the

kinetic energy term the alternative Lagrangian looks like

LMfree = ψ̄ /∂ψ − 1

2
mM
e ψ

TC−1ψ, (1.3)

where C is the matrix representation of the charge conjugation operator. Equation (1.3)

is however not a valid Lagrangian for a free electron, or any other charged elementary

fermion, as it is not invariant any more under the global U(1) transformation ψ → eiαψ.

Invariance under such a global phase transformation implies a conserved charge, e.g.

electric charge Q. Knowing that Q is a conserved quantity, an electron cannot be

described by the Lagrangian in Equation (1.3), also called the free Majorana Lagrangian.

The Majorana mass term is thus only applicable to uncharged particles28. Furthermore,

this Lagrangian describes fermions which are their own antiparticles (which cannot be

the case for charged particles anyway, giving us a second reason why only Equation (1.2)

works for the charged fermions). This follows from the fact that the Dirac mass term

reduces itself to the Majorana mass term for self-charge conjugate particles, for which

ψ = ψc ≡ Cψ̄T . (1.4)

Note that neutrinos are the only uncharged elementary fermions, so the “Dirac vs Ma-

jorana” question only applies to them29.

Neutrino masses in and beyond the SM

It can be shown that neutrinos need to be massless in the SM30. In a Lagrangian theory

for the elementary fermions, where fermions are left-handed and antifermions are right-

handed particles and not assuming the SM symmetries such as charge and lepton number

conservation yet, the most general mass term (put in by hand) is a Majorana term31.

27That this is a mass term can be deduced from dimensional analysis. Knowing that the action
S =

∫
dtd3xL is dimensionless in natural units, one can infer that Lagrangians have a dimension of [E]4,

and Fermion fields have a dimension [E]3/2. Also note that this mass term would explicitly break the
gauge invariance of the SM, and thus cannot be added to the SM Lagrangian by hand. It only appears
in the SM Lagrangian after symmetry breaking, i.e. through interaction with the Higgs field.

28Note that this charge is not limited to the electric charge, but can also be baryonic charge, leptonic
charge, etc. Here we are dealing with fermions, so B does not matter, but L will not be a conserved
quantity in a theory based on the Majorana Lagrangian.

29Note once more the problem with lepton number conservation. However, it is not even sure if lepton
number is really a conserved quantum number.

30See Reference [59], pp. 227–231, for a beautiful and comprehensible derivation of this conclusion.

31This involves a Majorana mass matrix of the form

(
mM mD

mD mM

)
multiplied by a bilinear term (a

Lorentz invariant term) involving the left and right-handed fermion fields. The subscripts M and D
refer to Majorana and Dirac respectively. The off-diagonal elements are called mD because these terms
are the only one that survive in the SM, leading to the well-known Dirac mass terms.
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Imposing the SM structure on this, using the SM doublets and assuming charge and

lepton number conservation, the Majorana masses need to be put equal to zero for the

charged fermions. This is not necessary for the uncharged fermions, namely the neutrinos

(assuming that lepton number conservation is not strict). However, in order to generate

these mass terms through the Higgs mechanism rather than putting them in by hand

the Majorana bilinear needs to couple to a Higgs triplet. Knowing that the SM Higgs

mechanism contains a Higgs doublet, Majorana neutrino masses cannot be generated.

Adding an extra effective term to the Lagrangian32 which can couple to the SM Higgs

doublet is not an option as long as total lepton number conservation is a requirement.

In order to have massive neutrinos, the SM can be extended in two ways. The first

way preserves total lepton number L and leads to Dirac masses for the neutrinos at

the cost of adding right-handed neutrino singlets to the SM33. The second way assumes

neutrino masses of both Dirac and Majorana type. It comes down to adding Majorana

mass terms for the right-handed singlets of the first model to the Lagrangian. This goes

at the cost of breaking total lepton number L, but has the beautiful consequence of

providing a natural explanation for the fact that neutrinos appear to have much lighter

masses than their charged leptonic partners (something that is not provided by the first

model)34. It also addresses the baryon excess problem (the sphaleron mechanism [67]).

To go really beyond the SM, one can argue what the nature of neutrinos is in GUTs.

In all GUT models, the elementary fermions, including the neutrinos, are placed in one

big multiplet (because at high energies all the fundamental interactions are unified into

one interaction, to which all the particles answer in the same way). Knowing that the

charged leptons are massive, it would be very unlikely for a unifying theory that the

neutrinos are not massive either. The question then remains (just like in the case of the

two extensions of the SM discussed in the previous paragraph) why the neutrinos at SM

energy scales have masses that are much smaller than the masses of the other particles.

Again the most popular candidate in GUTs is the see-saw mechanism, which implies

neutrinos to be Majorana particles, as we saw before. In conclusion, most GUTs include

massive Majorana particles [65].

32The SM is only an effective theory, so adding non-renormalizable terms to the Lagrangian is actually
not a problem. An explanation in laymen’s terms of the role of renormalization in gauge theories can
be found at [66].

33Note that such singlets are not protected by the SM, they do not couple to the weak bosons, and
can thus not be observed through SM interactions.

34This is also referred to as the see-saw mechanism. See [59], pp. 234–239. In short: the small SM
neutrino masses are a consequence of the extremely high masses of the right-handed Majorana neutrinos.
Since these are singlets in the SM, they cannot be observed by studying SM interactions. They are also
referred to as sterile neutrinos
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Neutrinoless double beta decay

In order to experimentally check the particle nature of the nature, we need to compare

the behavior of e.g. νµ(p̄,−h) and ν̄µ(p̄,−h). The experimentally available neutrinos are

always polarized, the neutrinos always being left-handed and the antineutrinos always

right-handed. Thus, we rather compare the interaction with matter of νµ(p̄,−h) and

ν̄µ(p̄,+h). Different results do not necessarily imply that the νµ is a Dirac particle,

since this outcome might also merely be the consequence of the different polarizations.

If helicity reversal were experimentally feasible, the neutrino nature could simply be

tested by examining the neutrino/antineutrino-nucleon scattering [59].

The most promising experiment to test the neutrinos nature is the 0νββ decay ex-

periment. 0νββ decay is the process where a nucleus (A,Z) decays into the nucleus

(A,Z + 2) by the transition of two neutrons into two protons with the emission of two

electrons

(A,Z) −→ (A,Z + 2) + 2e−.

The diagram of this decay is displayed in Figure 1.2. A pair of virtual W bosons is

emitted by the parent nucleus, which then exchange a Majorana neutrino of mass MM

to produce the two outgoing electrons. At the emission vertex, the virtual neutrino is

created together with an electron and thus needs to act as an antineutrino, while at the

absorption vertex the virtual neutrino is absorbed, creating another electron, and thus

it now needs to act as a neutrino. The interaction is only suppressed by a factor of order

MM/EνM for the neutrino to be emitted as a left-handed particle at the first vertex.

A zero neutrino mass (MM = 0) thus implies that 0νββ decay cannot exist35. Since

the neutrino is a Majorana particle, this left-handed “antineutrino” acts exactly the

same as a left-handed “neutrino”, and it can be absorbed at the second vertex without

any problem. Even for very small Majorana masses MM , this 0νββ decay can still be

observed because competing decays are highly suppressed. Two consecutive single beta

decays could mimic a 0νββ signal, but this background source can be suppressed by

choosing the appropriate nucleus. The regular double beta decay is another possible

background process, but this is highly suppressed due to phase-space considerations and

has only been observed for a few isotopes.

The amplitude for the 0νββ decay can be written as

A [0νββ] = Meff ×N, (1.5)

35Remember from the SM that only for massive fermions both the left and right-handed particle and
antiparticle states exist.
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where N is the nuclear matrix element corresponding to the transition and Meff is the

effective neutrino mass for this process. N can be calculated from theoretical models

but suffers from large theoretical uncertainties. Meff can be expressed in terms of the

Majorana masses MM , and observation or non-observation of the 0νββ decay implies

limits on the neutrino masses36.

Figure 1.2: Feynman diagram of the 0νββ decay process in the case of the exchange
of a virtual Majorana neutrino [69].

1.1.4.2 Neutrino oscillations

The fact that neutrinos must have non-zero mass is a consequence of the observation of

neutrino oscillations.

Just like there is mixing in the quark sector (charged weak currents convert quark

flavors into each other), which is quantified by the CKM mixing matrix, also mixing in

the lepton sector exists. Depending on the nature of neutrinos, the mixing phenomenol-

ogy is different. From the previous subsection we know that there are three cases for

the neutrinos: pure Dirac particles, pure Majorana particles, and a mixture of both

(meaning that the mass term in the Lagrangian is a mixture of both a Dirac and Majo-

rana term). One can show that the physics of neutrino oscillations is independent of the

nature of the neutrino37. Therefore, for simplicity reasons only the case of pure Dirac

neutrinos is given38.

The neutrino Dirac mass term is of the form (generated through the Higgs mecha-

nism)

LD = −ν̄ ′RMν ′L + h.c., (1.6)

36If right-handed currents, and/or beyond the SM weak bosons exist, then these could lead to extra
mechanism contributing to the total amplitude A [0νββ], making the analysis much more complicated.
However, according to the Schechter-Valle theorem, observation of 0νββ decay would still imply a non-
zero neutrino mass, even if more exotic diagrams are responsible for it [68].

37Hence, neutrino oscillations do not provide any information on the nature of neutrinos.
38Note that this discussion is actually the first extension of the SM to accommodate for neutrino

masses, as already mentioned briefly in the previous section.
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where h.c. denotes the hermitian conjugate. M is complex-valued 3× 3 matrix39, which

is in general non-diagonal, and ν ′L and ν ′R are the neutrino fields

ν ′L =


νeL

νµL

ντL

, (1.7)

and a similar expression holds for the right-handed field. If we work out the Lagrangian,

non-diagonal ‘mass’ terms appear. To retrieve the physical mass terms, the mass matrix

M needs to be diagonalized

Mdiag = U−1MU = U+MU =


m1 0 0

0 m2 0

0 0 m3

, (1.8)

where U is a unitary 3 × 3 matrix. U rotates the neutrinos from one base to another,

just like a rotation matrix in configuration space rotates the configuration frame. Here

we go from the flavor base to the mass base. This has no net effect on the Lagrangian,

and thus no physical consequences40

LD = −ν̄ ′RMν ′L + h.c. = −ν̄ ′RUMdiagU
+ν ′L + h.c. = −ν̄RMdiagνL + h.c., (1.9)

where we used ν̄R = ν̄ ′RU and νL = U+ν ′L. Using ν = νL + νR and writing down the

components, this becomes

LD = −ν̄Mdiagν = −
3∑
j=1

mj ν̄jνj . (1.10)

From this we can conclude that the neutrinos observed in weak interactions are actually

superpositions of the neutrino mass eigenstates, and thus have no definite mass. Note

that this formalism can easily be generalized to the case of n lepton families.

From quantum mechanics it follows that this mixing implies neutrino oscillation

phenomena. The state vector of a flavor neutrino νl (l = e, ν, τ) with momentum p

produced in a weak interaction at a certain time t0 ≡ 0 is given by the superposition

of the neutrino eigenstates νj (j = 1, 2, 3) with momentum p, negative helicity (we are

39Assuming only the three known lepton families. Electroweak precision measurements at the Large
Electron Positron Collider (LEP) at CERN and at the Stanford Linear Collider (SLC) at SLAC constrain
the number of light neutrinos in the standard model to exactly three [70].

40Think of it as changing spectacles. With the first spectacles we did not see the different neutrino
mass states, everything was a little blurry, while they are clearly visible with our new spectacles.



Chapter 1. Neutrinos 21

looking at left-handed neutrinos) and definite masses mj .

|νl〉 =
∑
j

U∗lj |νj〉. (1.11)

The energy Ej for the state |νj〉 is given by

Ej =
√
m2
j + p2 ≈ p+

(
m2
j

2p

)
, (1.12)

if we assume that the momentum p is much higher than the mass mj . Using the evolution

operator, the particle state at time t is given by

|νl〉t =
∑
j

e−iEjtU∗lj |νj〉. (1.13)

Expanding the mass states in the flavor base in the right-hand side of Equation (1.13)

gives

|νl〉t =
∑
l′

Aνl′ ,νl(t)|νl′〉, (1.14)

where Aνl′ ,νl(t) =
∑

j Ul′je
−iEjtU∗lj is the probability amplitude at a time t for the

transition νl → νl′ . The probability that after a time t the neutrino has oscillated to the

flavor l′ is given by

P (νl → νl′ ; t) = |Aνl′ ,νl(t)|
2. (1.15)

Assuming the neutrinos are extremely relativistic one can substitute the (travel) time t

by L/c, with L the distance travelled by the neutrino during this time. A straightforward

calculation then gives (in natural units)

P (νl → νl′ ;L,E) = δll′ − 4

j=3∑
j>i

3∑
i=1

UliUl′iU
∗
ljU
∗
l′j sin2

(
1.27∆m2

ijL

E

)
, (1.16)

where ∆m2
ij = m2

i − m2
j . Note first of all that the probability P (νl → νl; t) is not

necessarily equal to 1, but depends on the distance L (which from an experimental point

of view is the distance between the neutrino source and the neutrino detector), the

energy of the neutrino, and the amount of mixing in the lepton sector expressed by the

matrix U . The quadratic mass differences are constant, but it is important to realize

that the second term in (1.16) becomes zero if all the neutrino mass eigenstates have

equal mass. The observation of neutrino oscillations thus implies that at least one of

the three neutrinos has a non-zero mass.

There are two types of neutrino oscillation experiments: if one is studying e.g. a νe

source, then one can either look only for νe’s and check whether there is a deficit of
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detected νe’s, or one can look at the other flavors and check whether these appear in the

detector. The former experiment looks at the νe survival probability P (νe → νe;L,E),

while the latter experiment looks at the νe disappearance probability P (νe → νµ;L,E)+

P (νe → ντ ;L,E) = 1− P (νe → νe;L,E).

Neutrino oscillation experiments can also shed more light on CP violation in the

lepton sector. The mixing matrix for three families connects the flavor base with the

mass base 
νe

νµ

ντ

 =


Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3



ν1

ν2

ν3

. (1.17)

A unitary matrix in three dimensions can be written as three consecutive rotations, a

real rotation around the ‘third mass eigenstate axis’, followed by an imaginary rotation

around the ‘second mass eigenstate axis’, and finally a real rotation around the ‘first

mass eigenstate axis’. This involves three mixing angles θ12, θ13, and θ23, and one CP

violating phase δ

U =


1 0 0

0 cos θ23 sin θ23

0 − sin θ23 cos θ23




cos θ13 0 sin θ13e
−iδ

0 1 0

− sin θ13e
iδ 0 cos θ13




cos θ12 sin θ12 0

− sin θ12 cos θ12 0

0 0 1

.
(1.18)

Why this phase δ expresses CP violation can be understood as follows. If the unitary

matrix U would be real, which is the case if e±iδ = 1 or δ = 0, then one can see from

(1.16) that P (νl → νl′ ;L,E) = P (νl′ → νl;L,E), which implies invariance under time

reversal (T ). Assuming CPT as a universal symmetry, this implies that CP is also

conserved. Thus for δ 6= 0 one can conclude that neutrino oscillation processes violate

CP conservation. Note that an extremely small θ13 could make it impossible to detect

this CP violation.

A few remarks to end the discussion on the neutrino oscillation phenomenon:

− The expressions for the oscillation probability between the antineutrinos are de-

rived in a similar fashion.

− To simplify the mathematics one can also look at oscillations between only two

families. This is often a very good approximation in experimental situations. In

this case, CP violation is not possible anymore. The survival probability for νe is

plotted in Figure 1.3(a) for the case of two families.

− Oscillations between active (left-handed) and sterile (right-handed) neutrinos (and

analogously for the antineutrino case) is also possible. It complicates the discussion
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a little bit more, since the dimension of the mixing matrix increases by one unit

for every sterile neutrino that is added to the story. Since sterile neutrinos do

not interact through the SM weak interaction, they cannot be detected with the

regular techniques, and one could only look for a deficit of active neutrinos.

− In the case of Majorana neutrinos, the unitary matrix U is multiplied by a diagonal

matrix P = diag(1, ei
α21
2 , ei

α31
2 ) containing two additional Majorana phases. This

does not influence the oscillation formulas, though it does have an impact on the

decay rate of the 0νββ decay.

− So far, only neutrino oscillations in vacuum have been discussed. The presence

of matter influences neutrino oscillations. It is theoretically described by the

Mikheyev-Smirnov-Wolfenstein effect (MSW) and needs to be accounted for in

a.o. solar neutrino oscillation experiments as the neutrinos from the Sun have to

travel through the Sun first (it is only significant for high-energy neutrinos) [71].

− Depending on the nature of neutrinos, extending the SM to account for neutrino

oscillations adds 7 or 9 parameters to the list of 19 parameters (3 mixing angles,

1 or 3 CP -violating phases, and 3 neutrino masses).

− The three neutrino mass states expressed in terms of the weak eigenstates give the

following flavor combinations:

– Mass state m1: dominated by the electron neutrino flavor.

– Mass state m2: almost equal contributions from all three flavors.

– Mass state m3: almost no contribution from the electron neutrino flavor.

To this date, the relative order of these mass states is still not determined. There

are two possibilities, normal hierarchy and inverted hierarchy, depicted in Fig-

ure 1.3(b). This is called the neutrino mass hierarchy problem (NMH). NMH could

be solved by determining the sign of ∆m2
13 in atmospheric neutrino oscillations.

It can be shown that two-neutrino flavor oscillations in vacuum are insensitive to

the sign of the relevant ∆m2. However, due to the MSW effect in the atmosphere,

atmospheric neutrino oscillations between muon neutrinos and electron neutrinos

could reveal the true neutrino mass hierarchy, provided that θ13 is not too small.

The normal and inverted mass hierarchy make significantly different predictions

for the survival probabilities of the muon neutrino for various energies and base-

lines. PINGU, the proposed upgrade for the IceCube detector (both discussed in

Chapter 2), is aimed to be sensitive to the NMH through this channel.
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(a) (b)

Figure 1.3: (a) The νe survival probability as a function of the neutrino energy Eν
for a L = 180 km, ∆m2 = 7.0×10−5 eV2 and sin2 2θ = 0.84 in a two family model [72].

(b) The neutrino mass hierarchy problem: normal versus inverted hierarchy [73].

1.2 Neutrinos in astroparticle physics

Because of their specific intrinsic particle properties, neutrinos can be used to probe the

Universe, as an alternative to photons. In this section, we look at the neutrino from the

viewpoint of astroparticle physics.

1.2.1 Neutrinos as messengers

Human kind has always been intrigued by the beauty and mystery of the night sky. A

girl watching the stars lying on her back in the middle of an open field, an amateur

astronomer spending his nights behind a telescope, and an astrophysicist sitting behind

a computer analyzing the data from an infrared telescope mounted on a satellite all have

one thing in common. They all study the Universe using the electromagnetic spectrum,

albeit the one more systematic than the other. Astrophysicists have been mostly using

the photon as source of information in order to explain the physics behind objects such

as stars, galaxies, and interstellar gas clouds, and phenomena such as supernovae and

the expansion of the Universe. Where originally only the optical window41 could be

studied, one can now study the whole electromagnetic spectrum, ranging from the low-

energetic radio waves in radio astronomy to the high-energetic gamma rays in gamma-

ray spectroscopy (Figure 1.4). Besides that, astrophysicists also study the Universe

by looking at cosmic rays. Cosmic radiation or cosmic ray particles consists of all the

stable charged particles and nuclei42 that are accelerated at astrophysical sources and

then reach the Earth’s atmosphere.

41From about 400 nm to about 800 nm.
42From hydrogen to iron.
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Unfortunately, there is one problem with both photons and cosmic rays as cosmic

messengers. The interesting physics for the various objects ranging from stars and

supernovae to Active Galactic Nuclei (AGN) and Gamma-Ray Bursts (GRB) happens

inside their cores. However, these inner regions are unreachable by optical means due to

constant interactions of photons with matter. E.g. it takes a photon of the order of 30000

years to escape the center of the Sun or photons emitted. Furthermore, photons might

also be stopped on their way to the Earth due to interaction with e.g. interstellar gas.

Charged cosmic ray particles on the other hand have the downside that they interact with

the electromagnetic fields that they encounter on their journey to the Earth, altering

their energetic and directional properties and thus providing us with ‘false’ information

on their origin and/or leading to attenuated fluxes.

The past few decades a new field in astrophysics emerged, neutrino astrophysics. Neu-

trinos are (almost) perfect messengers from astrophysical objects. Because they have

no electric charge and they interact only very weakly with matter they propagate vir-

tually unhindered through the cores of their sources and through the Universe and thus

still carry their initial information from their creation. However, the downside is that

they are very difficult to detect (because they interact very weakly) and extremely large

detectors43 are needed to actually observe them (see also Section 1.3 and Chapter 2).

Figure 1.4: Electromagnetic spectrum and the corresponding astrophysics fields [74].

1.2.2 Astrophysical neutrino sources

Several astrophysical neutrino sources exist, most of them related to cosmic rays. One

can distinguish between neutrinos produced inside and outside the atmosphere, where

the sources outside the atmosphere range from the Sun to galactic and extragalactic

sources. Figure 1.5 shows the neutrino flux over a very broad energy range, together

43Typically referred to as neutrino telescopes.
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with the (expected) sources. Sources vary from the cosmic neutrino background44 at

meV energies and below, to GZK neutrinos (see further) at the opposite end of the

energy spectrum. Up to very recently, only two extraterrestrial neutrino sources had

been identified, namely the Sun and supernovae. In May 2013, IceCube was the first

experiment to identify extragalactic neutrinos. These neutrinos had an energy of about

1015 eV (1 PeV) [75]. Their exact origin is still a mystery.

Figure 1.5: Neutrino flux as a function of the neutrino energy. The various known
and anticipated astrophysical sources are indicated on the figure [76].

1.2.2.1 Atmospheric neutrinos

Cosmic rays

The Earth’s atmosphere is under constant bombardment of charged particles from outer

space. These particles are mostly protons (86%) and He-nuclei (11%), but can also

be electrons (2%) or heavier nuclei (1%). One also distinguishes between primary and

secondary cosmic radiation, where the former are accelerated at astrophysical sources,

while the latter are produced by interactions of the primary particles with interstellar

gas. The small contribution of nuclei such as lithium and beryllium, as well as antipar-

ticles like antiprotons and positrons are mostly secondary cosmic ray particles. The

cosmic ray spectrum is approximately isotropic for energies below 1 PeV and it barely

44The cosmic neutrino background is the Universe’s background particle radiation composed of neu-
trinos, stemming from a so-called freeze-out (or decoupling) a few seconds after the Big Bang. After this
freeze-out neutrinos were not anymore in thermal equilibrium with the baryons. The cosmic neutrino
background is similar to the cosmic microwave background, which is thermal radiation filling the ob-
servable Universe almost uniformly. Because these cosmological neutrinos have very low energies, they
are extremely hard to detect [65].
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varies with time45. The energy spectrum of the nuclear part of the primary cosmic rays

is given in Figure 1.6(a). Except for the lowest energies, the spectrum follows a power

law up to 1 PeV [77]

Φ(E) =
dN

dEdAdΩdt
∝ E−2.7, (1.19)

where Φ is the flux, N is the number of cosmic ray particles, A is the active surface

of the cosmic ray detector, and Ω is the solid angle covered by the detector. Above

1 PeV, the spectrum steepens and follows a power law Φ(E) ∝ E−3 up to 1018 eV (1

EeV). This change in slope is referred to as the knee of the spectrum. It is linked to a

change in acceleration mechanisms and/or propagation effects for the charged particles

in our galaxy. In this part of the spectrum the cosmic ray particles are energetic enough

to escape the galactic magnetic field, causing a decrease in the flux46. At 1018 eV

the spectrum flattens out again, probably due to ultra-high energy cosmic rays from

unknown extragalactic accelerators. This change in slope is called the ankle. At an

energy of 6× 1019 eV a cut-off is expected, the GZK cut-off, due to proton interactions

with the cosmic microwave background, producing pions and thus decreasing the proton

energy [78, 79]47. These pions can then decay into neutrinos, which are referred to as

GZK neutrinos.

Atmospheric neutrinos

Cosmic rays impinging on the Earth’s atmosphere lead to atmospheric neutrinos. Fig-

ure 1.6(b) shows a drawing of a primary cosmic ray particle interacting with an atmo-

spheric nucleus at the top of the atmosphere, initiating a cosmic air shower48. A large

number of hadrons is created, mostly pions, which at their turn either interact with

atmospheric nuclei or decay. Neutral pions decay in photons which then induce an elec-

tromagnetic shower, while charged pions can decay in muons and muon neutrinos. The

neutrinos easily reach the Earth’s surface and can even penetrate the Earth. Looking

at Figure 1.6(b), one naively expects twice as many muon neutrinos coming from the

atmosphere than electron neutrinos. However, the ratio is found to be different from

2, which is now attributed to neutrino oscillations (for which the MSW effect is also

relevant) [57].

45It has been approximately constant over a period of about one billion years.
46The magnetic rigidity R quantifies the influence of a uniform magnetic field B on a charged particle

with momentum p and charge number Q through R = Bρ, where ρ = p/QB is the gyroradius or bending
radius of the particle. An increase in momentum causes an increase in bending radius, or in other words
less bending. The galactic magnetic field is assumed to be smaller than 1 nT. Note that the magnetic
rigidity also depends on electric charge, such that for particles with different charge numbers the knee
is at slightly different energies.

47It is however also possible that this cut-off is magnetic rigidity dependent and actually implies that
no sources exist which can accelerate cosmic ray particles to energies above this cut-off.

48Also referred to as an extensive air shower.
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(a) (b)

Figure 1.6: (a) Energy spectrum of the primary cosmic rays [80]. (b) A cosmic ray
particle hitting the top of the Earth’s atmosphere hereby inducing a cascade shower [81].

The question still remains what these cosmic ray sources are. The production of

cosmic neutrinos is also expected to happen at some of the cosmic ray sources, also

referred to as cosmic accelerators. Neutrinos from such cosmic accelerators are called

extrasolar neutrinos.

Before addressing the solar and extrasolar neutrinos, we take a closer look at the

cosmic ray muon flux, because this flux is used as the input flux for the Cherenkov

detector, designed and constructed for this thesis.

Cosmic ray muons at sea level

At sea level muons are the most abundant charged particles, with a flux of the order

of 1 muon per cm2 and per minute for horizontal detectors [82]. They are typically

produced high in the atmosphere (∼ 15 km) and lose about 2 GeV due to ionization

before reaching the ground (2 MeV per g cm−2). The muon energy and angular spectrum

is a convolution of the production spectrum, the energy losses in the atmosphere, and the

decay probability. It is almost flat below 1 GeV and then decreases roughly by a factor

of 10 at 10 GeV, after which it follows the primary cosmic ray flux until 100 GeV. In

the TeV range the flux decreases even more rapidly, as the pions from which the muons

originate interact in the atmosphere, and thus lose energy, before they decay to muons.
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Figure 1.7(a) shows the muon flux as a function of momentum. Figure 1.7(b) shows the

angular distribution for muons of different energies. The overall angular distribution of

muons is given by

I = I0 cos2 θ, (1.20)

where I is the muon intensity and θ is the zenith angle49. This is characteristic for

muons with an energy of approximately 3 GeV. At larger zenith angles, the muon flux

is lower since muons with a large zenith angle need to travel a longer distance before

reaching the surface of the Earth, and thus have a greater probability to decay along this

track. At high muon energies (∼ 1 TeV) the angular distribution approaches a 1/cos θ

relation [82].

(a) (b)

Figure 1.7: (a) Cosmic ray muon flux as a function of muon momentum at sea
level. The dashed line represents measurements from Allkofer et al. [83], while the
solid line represents measurements from Rastin [84]. The points are simulated using
GEANT4 [85]. (b) Angular distribution of cosmic ray muons at sea level for different

muon energies [86].

Cosmic ray muons underground

Besides neutrinos, muons are the only particles penetrating the Earth to significant

depths, causing tertiary fluxes of photons, electrons, and hadrons. The muon energy

loss in a certain medium (e.g. rock, water, or ice) can be parametrized as

dEµ
dX

= −a− bEµ, (1.21)

49θ = 0 corresponds to a downgoing muon, perpendicular to the surface of the Earth.
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where X is the distance travelled in the medium expressed in g/cm2, a is the ioniza-

tion loss50, and b accounts for the fractional energy loss due to radiation processes

(Brehmstrahlung51, pair production52, and photonuclear reactions53). Cherenkov radi-

ation54 and transition radiation55 are not important for energy loss. The parameters a

and b depend slightly on energy and on the composition of the medium (a ∝ Z/A and

b ∝ Z2/A). Below ∼500 GeV, ionization losses are more important than radiative losses.

This is also shown in Figure 1.8(a) (Eµc), where the stopping power for antimuons in

copper is displayed. A typical value for a is around 2 MeV g−1 cm2. Figure 1.8(b)

shows the different contributions to b in iron as a function of the muon energy. The

underground muon flux can be estimated from the muon flux in the atmosphere and the

rate of muon energy loss.

1.2.2.2 Solar neutrinos

Neutrino flux from nuclear fusion chains

During the Sun’s stable period on the main sequence, nuclear fusion chains inside its

core generate luminous energy (making life on Earth as we know it possible) together

with low-energy electron neutrinos. The electron neutrinos easily escape the Sun (as

opposed to the photons) and reach the Earth’s surface quickly after. Measuring the

solar neutrino flux and comparing it with Standard Solar Model predictions has led to

the discovery of neutrino oscillations [65].

The two nuclear fusion chains responsible for the energy generation in the Sun are the

so-called proton-proton chain and CNO-cycle [87]. The former is the main solar neutrino

source (∼ 98.4%). Figure 1.9(a) displays the three possible proton-proton cycles: ppI,

ppII, and ppIII. The net reaction is each time

4H → 4He + 2e+ + 2νe + 26.73 MeV. (1.22)

The released energy of 26.73 MeV per cycle is a consequence of the famous E = mc2

relation. The two electron neutrinos together have 0.59 MeV on average. The reactions

inside the proton-proton chain producing neutrinos are referred to as the pp reaction,

50Described by the Bethe-Bloch formula [82].
51Radiation due to the deceleration of a charged particle when deflected by another charged parti-

cle [82].
52Radiation due to annihilation of a charged particle and its antiparticle [82].
53Electromagnetic interaction with a nucleus.
54Radiation emitted when a charged particle travels faster than the speed of light in a certain

medium [82]. See Section 1.3.2.
55Radiation emitted when a charged particle crosses the border between two media with different

optical properties [82].
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(a)

(b)

Figure 1.8: (a) Stopping power (〈−dE/dx〉) for antimuons in copper as a function of
βγ = pµ/mµc and muon momentum pµ [82]. (b) Contributions to the fractional muon

energy loss in iron due to the different radiation processes [82].

the pep reaction, the hep reaction, the 7Be reaction, and the 8B reaction. Figure 1.9(b)

shows the calculated solar neutrino spectrum for the different sources. Note that the

7Be and pep spectra are line spectra, while the other spectra are continuous.

Neutrino flux from WIMP annihilations in the Sun

Another possible neutrino flux coming from the Sun could be an indicator of beyond the

SM physics, related to the dark matter problem. From simulations it appears that the

observed galaxy mass distribution is best reproduced using a cold dark matter assump-

tion [90]. This implies that we should be looking for very massive, electrically neutral,

weakly interacting particles. The particles need to have a large mass, such that they

are slow and hence “cold”. Furthermore, they cannot interact through the electromag-

netic nor strong interaction, as they would not be dark matter particles in that case.
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(a)

(b)

Figure 1.9: (a) Reactions in the proton-proton chain. The percentages are the corre-
sponding branching ratios [88]. (b) Calculated solar neutrino spectrum for the different

processes [89].

A candidate for such particles are the so-called weakly interacting massive particles or

WIMPs. Note that, besides their large mass, they are very similar to the SM neutri-

nos. The supersymmetric partners of the neutrinos in SUSY models, the neutralinos,

are possible candidates for WIMPs if they are Majorana particles. These WIMPs could

be captured gravitationally in the Sun, where they then thermalize and accumulate.

It is then possible for them to annihilate with each other, forming SM model particles

such as neutrinos, gamma rays, positrons, or antiprotons. Again, the neutrinos have the

advantage of easily escaping the Sun’s interior and leave for the Earth, hopefully to be

captured by a neutrino telescope. Similarly, neutrinos coming from the Earth’s center

or originating from the galactic center, could have their origin in WIMP annihilations.

The mass of neutralinos is expected to be in the GeV-TeV range [91, 92].
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1.2.2.3 Extrasolar neutrinos

The origin of most extrasolar neutrinos is similar to the creation of atmospheric neutrinos

through interaction of cosmic rays with nuclei in the atmosphere. A proton is accelerated

by an astrophysical source and interacts with matter in the outer-layers of this source or

on its way to the Earth, leading to pions, for which the charged ones decay to charged

leptons accompanied by their neutrino partners. In terms of energy, one can distinguish

between neutrinos created inside or outside our galaxy [93]. A few of such astrophysical

sources which are currently being investigated are listed below:

− Active Galactic Nuclei (AGN) are the most powerful radiation sources in

the Universe. These are located at the center of a galaxy and presumably create

cosmic rays through mass accretion by a supermassive black hole (∼ 108 MSun).

The generated cosmic ray particles then interact with matter or radiation in the

accretion disk, or with photons from the associated jets, generating the pions that

eventually decay to neutrinos. The recently observed PeV neutrinos at IceCube,

could possibly be the first hint of AGN neutrinos [75].

− Gamma-Ray Bursts (GRBs) is a collective name for phenomena causing very

short and intense gamma ray explosions in the Universe. Many of them have

been observed in distant galaxies, but the diversity among them, both in spectra

and duration, is so big that it is hard to model GRBs. One model suggests that

these bursts are related to the collapse of a massive star (supernova), possibly

together with the formation of a black hole [94]. It is believed that matter is

ejected at high speeds during such a burst, hereby accelerating protons to very

high energies, which again produce neutrinos through charged pions. Ideally, after

a GRB is observed with a neutrino telescope, one should wait for the optical flash

that is a consequence of the supernova debris hitting material around the star a

bit later. This optical flash should be proceeded by a flux of neutrinos if GRBs are

astrophysical neutrino sources. However, no such neutrinos have been observed so

far56.

− Supernovae of type II are the spectacular events by which massive stars come

to their end. Neutrinos play a key role in these violent explosions and the optical

observation of a type II supernova is usually preceded by a huge burst of neutrinos.

The first supernova to be observed in this manner was the supernova SN1987A,

named after the year of observation [96]. Supernova neutrinos have an average

energy of ∼ 10 MeV. A process responsible for neutrino production in supernovae

56In April 2013, GRB 130427A was the brightest GRB to be observed on Earth so far. No high-energy
neutrinos in spatial and temporal coincidence with this GRB were detected at the IceCube detector [95].
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is

p + e− → n + νe, (1.23)

which converts the star core to a neutron star. Other processes producing neutrinos

are

e+ + e− → νi + ν̄i, (1.24)

with i = e, ν, τ [65].

1.3 Detecting neutrinos

From the previous two sections it is clear that knowing how to detect neutrinos is of

crucial importance to gain more insight into its intrinsic properties and behaviour, such

as its nature, mass and the process of oscillations, as well as to learn more about the

Universe, as the neutrino appears to be the ideal cosmic messenger.

1.3.1 Neutrino interaction with matter

Neutrinos only undergo weak interactions with the nucleons and electrons constituting

the matter through which they travel57

νl +N → l− +X, (1.25)

ν̄l +N → l+ +X, (1.26)

νl +N → νl +X, (1.27)

ν̄l +N → ν̄l +X, (1.28)

νl + e− → νl + e−, (1.29)

where N is a nucleon and X represents a hadronic cascade. The first two interactions

are charged current (CC) interactions58, while the final two are neutral current (NC)

interactions59. In CC interactions, the neutrino is converted into its corresponding

charged lepton, while the kinetic energy transferred to the nucleon generates a hadronic

cascade. In NC reactions, the neutrino scatters off the nucleon, again causing a hadronic

cascade. The hadronic cascade typically carries 20% of the initial neutrino energy.

Neutrino-electron interaction (1.25) is only relevant at very high energies (∼PeV), where

its cross-section has a resonance60.

57Remember that there is (unfortunately) no such thing as a block of muonic or tauonic matter.
58Take place through W exchange.
59Take place through Z exchange.
60Also known as the Glashow resonance [97].
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Reaction (1.25) is shown schematically in Figure 1.10. The direction of the charged

lepton forms an angle θs with the direction of the original neutrino. This angle is

typically very small, and decreases with increasing energy. This is an important feature

for neutrino detection (see Neutrino detection with a Cherenkov detector).

Figure 1.10: Schematic view of a neutrino scattering off a nucleon through the charged
current weak interaction [98].

Figure 1.11 displays the total CC cross-section for muon neutrino and muon antineu-

trino scattering off nucleons over a broad range of energies. One sees a linear relationship

between neutrino energy and the cross-section at high energies, as expected from point-

like scattering from quarks (i.e. deep inelastic scattering). At lower energies (Eν < 10

GeV) this relation does not hold anymore due to quasi-electric scattering (where the

neutrino sees a nucleon rather than a quark) and resonance production processes (in-

elastic scattering off a nucleon leading to resonances, such as the ∆ particle, which then

quickly decay in a nucleon and a pion). Notice in Figure 1.11 that the neutrino cross-

section is roughly twice as large as the antineutrino cross-section. The NC cross-sections

are generally smaller than their CC counterparts. The total neutrino interaction cross-

section is given by the sum of the CC and NC cross-sections. To have an idea of the

smallness of these cross-sections, one can compare with electromagnetic cross-sections,

which are typically 6 orders of magnitude larger.

1.3.2 Neutrino detection: the Cherenkov effect

Technically, neutrinos are always detected indirectly61. However, one can distinguish be-

tween neutrinos detected “directly” through their reaction products in a certain medium,

and neutrinos detected “indirectly” by looking at parameters expressing their absence,

such as the missing transverse energy or momentum.

61This is actually true for all particles. The presence of a fundamental particle is inferred from its
response to the properties of a certain medium or interaction field which consist the detector, provided
that its experimental signature in that situation is either predicted or already known.
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Figure 1.11: Charged current muon (anti)neutrino-nucleon scattering cross-section
divided by the neutrino energy, as a function of the neutrino energy [82].

In what follows, only neutrino detection through the so-called Cherenkov effect is

addressed, as this is of further interest in this thesis. This is an example of a “direct”

measurement.

Cherenkov effect

The Cherenkov effect is the electromagnetic version of the sonic boom. It occurs when

a charged particle travels through a dielectric medium, defined by its refractive index

n, with a speed v greater than the speed of light c/n in that medium. This causes an

electromagnetic shock wave along its track similar to the shock waves created by an

aircraft going faster than the speed of sound in the atmosphere. Travelling through this

medium, the highly relativistic charged particle loses energy polarizing the molecules of

the medium and thus generating electric dipoles along its track. The excited dipoles

rapidly decay back to their ground states, hereby emitting dipole radiation. As long as

the charged particle satisfies the Cherenkov condition

v >
c

n
, (1.30)

the electric dipole radiation interferes constructively, leading to a light cone co-moving

with the charged particle and with a half opening angle θ satisfying

sin θ =
1

βn
, (1.31)
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where β = v/c. When v < c/n, the dipoles are positioned symmetrically along the

muon track, giving rise to a vanishing global electric dipole field. This is displayed

in Figure 1.12(a). From the point of view of a particle physics, the electric dipoles

coherently send out photons under an angle θC which is determined by the particle

speed and the dielectric properties of the medium

cos θC =
1

βn
, (1.32)

as shown in Figure 1.12(b)62. Note that the azimuthal angle φ is uniformly distributed

between 0 and 2π.

(a) (b)

Figure 1.12: (a) Electric dipole formation in a medium with refraction index n due to
the passage of a highly relativistic charged particle satisfying the Cherenkov condition
v > c/n [99]. (b) Schematic view of the formation of the Cherenkov light cone [100].

The spectral distribution of Cherenkov radiation is described by the Frank-Tamm

relation
dN

dλ
= 2παZ2

∫ λ1

λ0

(
1− 1

n2β2

)
dλ

λ
, (1.33)

where λ is the wavelength of the Cherenkov photon, α is the electromagnetic fine-

structure constant, and Z is the atomic number of the charged particle. Note that it does

not implicitly take the Cherenkov condition into account. Cherenkov radiation is only

relevant in the optical region (including the UV region) because for other wavelengths

either the refractive index is less than one (such that the Cherenkov condition cannot

be fulfilled) or the absorption is too strong for the photons to propagate through the

medium.

62A more precise treatment, taking into account the change in direction of the charged particle due
to recoil, gives cos θC = 1

βn
+ ~k

2p

(
1− 1

n2

)
[99].
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Cherenkov detector

A Cherenkov detector is a detector that uses the Cherenkov effect to infer the presence of

a particle in a medium and/or determine the properties of the particle. These detectors

usually rely on photomultipliers (PMTs) to detect the Cherenkov photons. Photomul-

tipliers have a high sensitivity and gain, a fast response time, they are relatively stable

and have a low background. Together with the fact that they are compact and easy to

operate, this is what makes the photomultiplier so popular. They are discussed in more

detail in Chapter 3.

The Cherenkov effect is used for many purposes, a few of which are listed below [101]:

− Fast counting of charged particles. Because of the short response times (the excited

dipoles rapidly decay back to their ground states), high counting rates are possible

provided that the Cherenkov light is captured efficiently.

− Velocity measurements of charged particles. Note that vmin = c/n puts a lower

limit on the range of velocities. If the mass of the particle is known, the energy

of the particle can also be extracted. Ring Imaging Cherenkov Detectors measure

the Cherenkov angle, such that using (1.32) the particle velocity can be calculated.

− Neutrino detection. Upon interaction of the neutrino with the dielectric medium,

a charged lepton is created according to (1.25)63. These leptons in their turn can

then be detected through the Cherenkov effect. See Neutrino detection with a

Cherenkov detector.

− Direction measurements. The Cherenkov cone is very distinct and allows to extract

the direction of a charged particle passing through a dielectric medium.

Neutrino detection with a Cherenkov detector

Typical Cherenkov telescopes consist of very large volumes of water or ice64(refraction

index n ≈ 1.34). The large volume is required to compensate for the extremely low

cross-sections for neutrino interactions. The CC interactions of the three neutrino fla-

vors have different experimental signatures in these Cherenkov media, allowing flavor

identification [98]. This is shown schematically for water in Figure 1.13.

− An electron produced in interaction (1.25) quickly loses its energy through Brehms-

strahlung emission [82]. The photons decay into e−e+ pairs, which in their turn

63Similarly for an antineutrino through (1.26).
64E.g. IceCube.
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again lose energy through Brehmsstrahlung emission. This process is repeated

multiple times, creating an electromagnetic shower. As long as the energy is high

enough such that the Cherenkov condition is satisfied, these electrons and positrons

also emit Cherenkov light. The electromagnetic shower is however contained within

a small volume, because the radiation length65 for electrons (positrons) in water

is only 36 cm. The electron is created together with a hadronic cascade or shower.

If these hadrons are charged and satisfy the Cherenkov condition, they will also

cause Cherenkov light production. This shower also provides a very local signal,

as the hadronic interaction length66 is typically low (about 80 cm in water). An

electron neutrino thus only provides a local signal in a Cherenkov detector67.

− A muon produced in interaction (1.25) loses energy much slower than an electron

because the Brehmsstrahlung effect becomes negligible68. As mentioned in Sec-

tion 1.2.2.1, the energy loss of the muon from the Cherenkov process is negligible

compared to the energy loss due to ionization. Furthermore, because of its long

lifetime and the phenomenon of time dilatation, the muon travels long distances

in the detector. A muon thus typically leaves behind a long straight trace in the

detector. The angle between the direction of the muon track and the direction of

the original muon neutrino decreases from about 9 degrees at 10 GeV to almost

0 degrees at 1 TeV. The change in direction of the muon track due to multiple

scattering is negligible (compared to the change in direction between neutrino

and muon) at all energies. Reconstruction of the muon track thus gives a good

indication of the original neutrino direction.

− A tau lepton produced in interaction (1.25) has a much shorter lifetime than

a muon (∼3 ps) and thus has a much shorter track in the Cherenkov medium.

It either decays in an electron or muon (each with a branching ratio of about

17% [82]), or hadronically. If the tau lepton decays in a muon, this will again

follow a long track in the Cherenkov medium (if energetic enough). Decay in an

electron or hadron, again results in a contained shower.

Note from the previous that if only one cascade is observed in the detector, this

must either originate from a CC interaction with an electron, or from a NC interaction

(Interactions (1.27) and (1.28))69.

65Mean distance after which a particle loses 1/e of its energy by photon emission.
66Mean distance after which the number of particles in a bundle is reduced by a factor of 1/e, due to

hadronic interactions.
67Note that the electromagnetic and hadronic cascade are inseparable.
68Due to the muons much higher mass compared to the electron mass.
69Assuming that the detector is 100% efficient.
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Figure 1.13: Schematic view of the different experimental signatures of the three
lepton flavors in water. ES and HS stand for electromagnetic shower and hadronic

shower respectively [98].

1.3.3 Experimental results and outlook

In Table 1.2, the best-fit values for the mixing angles in the weak sector are listed.

There are numerous experiments investigating neutrino oscillations and these can be

categorized into four different groups:

− Solar neutrino experiments study neutrinos coming from the Sun. The Sun

produces electron neutrinos with energies below 20 MeV and the baseline (L in

formula (1.16)) is simply the distance between the Sun and the Earth. Above 5

MeV, the oscillations are influenced by the solar matter (MSW effect). Exam-

ples of experiments studying solar neutrino oscillations are the Sudbury Neutrino

Observatory [102], and the Super-Kamiokande observatory [103].

− Atmospheric neutrino experiments study neutrinos coming from the atmo-

sphere. These neutrinos are products of the interaction of cosmic ray particles with

the atmosphere, as discussed earlier. Atmospheric muon neutrinos with energies of

the order of 1 GeV and more travel through the Earth (baseline) and oscillate. One

also looks in the other direction, directly to the neutrinos created in the atmosphere

above the detector. The former are long-baseline experiments, while the latter are

short-baseline experiments. The Super-Kamiokande experiment provided the first

experimental evidence for atmospheric neutrino oscillations in 1998 [57]. The Ice-

Cube Neutrino Observatory has announced the first statistically significant (> 5σ)

detection of neutrino oscillations in the high-energy region (20-100 GeV) on May

17, 2013 [104].
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− Reactor neutrino experiments use neutrinos produced in nuclear reactors to

study oscillation phenomena. They produce neutrinos with energies similar to the

solar neutrinos and have baselines ranging from a few tens of meters to over 100 km.

They usually have a near detector, measuring the interaction rates, and a far detec-

tor looking for oscillations. The Daya Bay Reactor Neutrino Experiment studies

the disappearance of electron antineutrinos along a baseline of approximately 1

km. In 2012 they announced with a significance of 7.7 standard deviations that

the mixing angle θ13 has a non-zero value [105]70. As discussed before, this is

necessary in order to have CP violation due to mixing.

− Beam line neutrino experiments use neutrinos produced at particle acceler-

ators. Usually muon neutrino beams are generated from pion decay. Just like in

reactor neutrino experiments, a near detector controls the neutrino flux, while a far

detector searches for signs of oscillations. They typically involve neutrinos of a few

GeV of energy and have baselines of several hundred km. In 2010, the first obser-

vation of a muon to tau neutrino oscillation was observed at the OPERA detector

in Italy, located 730 km away from its neutrino source at CERN in Geneva [107].

The currently-running T2K experiment uses a neutrino beam directed through 295

km of the Earth to measure θ13 with more precision [108].

Contrary to situation in the quark sector, mixing in the weak sector is strong. θ12

dominates the oscillations in solar and reactor experiments, while θ23 dominates in the

atmospheric neutrino oscillation experiments.

At present there is no experimental information on the CP violating phases (neither

Dirac or Majorana). Knowing that θ13 6= 0, CP violation effects could be seen in

oscillation experiments provided that θ13 is large enough [82].

The search for the the neutrino masses is done in different ways, all giving comple-

mentary information.

− Neutrino oscillation experiments provide a measure for the squared mass differ-

ences ∆mj1 = m2
j − m2

1 with j = 1, 2, 3. The best-fit values for the solar and

atmospheric squared mass differences, as reported by Particle Data Group in 2012,

are also listed in Table 1.2. It is not possible with the present data to determine

the sign of ∆matm, leading to an undetermined neutrino mass hierarchy [82].

− β decay experiments provide direct information on the flavour neutrino masses

from the kinematics of weak decays. Based on energy and momentum conservation

70Several other experiments did the same in the meantime [106].
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only, these searches are model-independent. These flavor masses correspond to the

weighted average of the neutrino mass eigenstates contributing to the given flavor

m2
l =

∑
j

m2
j |U2

lj |2. (1.34)

The most sensitive direct neutrino mass search is based on the study of the end-

point of the electron energy spectrum in tritium β decay. Thus far, an upper limit

of 2.05 eV (95% C.L.) is found for electron antineutrinos [109]. The upcoming KA-

TRIN experiment should reach a sensitivity of mν̄e ≈ 0.20 eV [110]. Searches for

the muon (tau) neutrino mass through muon (resp. tau) decay are also done, but

have the downside that these neutrinos carry much more energy than the electron

neutrinos produced in β decays.

− 0νββ decay experiments probe the effective Majorana mass, which is related to

the mixing matrix elements and the neutrino mass eigenstates in the following way

|〈mMaj
eff 〉| = |

∑
j

mjU
2
ej |2. (1.35)

Several experiments have been searching for 0νββ decay and many new detec-

tors are under construction, such as the SuperNemo [111] and the MAJORANA

experiment [112]. No 0νββ events have been observed so far.

− From cosmology, an upper limit on the sum of the neutrino masses can be deter-

mined [82] ∑
j

mj < (0.3− 1.3) eV (95% C.L.). (1.36)

Table 1.2: Best-fit values for the mixing angles in the weak sector and for the squared
mass differences for the neutrinos measured in solar and atmospheric neutrino oscillation

experiments [82].

Parameter Best-fit value (±1σ)

sin2 θ12 0.312+0.018
−0.015

sin2 θ23 0.42+0.08
−0.03

sin2 θ13 0.025+0.007
−0.008

∆m2
Sun 7.58+0.22

−0.26 × 10−5 eV2

|∆m2
atm| 2.35+0.12

−0.09 × 10−3 eV2
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The IceCube Neutrino

Observatory

The IceCube Neutrino Observatory is a giant neutrino telescope mounted deep into the

Antarctic ice at the geographical South Pole. The detector was completed in December

2010. It constitutes of two main parts: the in-ice component consisting of IceCube and

DeepCore (Section 2.1), and IceTop located at the surface (Section 2.2). IceCube and

DeepCore study extraterrestrial neutrinos with energies down to ∼ 100 GeV and ∼ 10

GeV respectively, while IceTop studies cosmic rays and also serves as a veto for IceCube.

The IceCube neutrino telescope is a Cherenkov detector (see Section 1.3): it uses

the Cherenkov effect to detect neutrinos in IceCube and cosmic ray showers in IceTop.

The optical sensors used in IceCube and IceTop are the so-called Digital Optical Module

(DOM), discussed in Section 2.3.

Besides studying astrophysical neutrino and cosmic ray sources (see Section 1.2.2.3),

IceCube also searches for dark matter (see also Section 1.2.2.2), and studies the neutrino

properties itself, such as neutrino oscillations in the atmosphere (see also Section 1.1.4.2).

To become sensitive to low-energy neutrinos, an upgrade of the detector is proposed,

called PINGU (Section 2.4). This will lower the neutrino energy threshold of the detector

down to a few GeV. The research undertaken in this thesis is part of the R&D for PINGU

and/or possible future upgrades of the IceCube detector.

43
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2.1 IceCube detector

The IceCube detector consists of one cubic kilometer of ice1 instrumented with 5160

Digital Optical Modules (DOMs), which detect the Cherenkov light, indirectly caused

by the passage of neutrinos through or close to the detector volume (see Section 1.3.2).

The DOMs were deployed at depths between 1450 m and 2450 m below the surface,

where the ice is very transparent, thus limiting Cherenkov light absorption by the ice.

The properties of the ice surrounding the DOMs need to be very well-known, as both

absorption and scattering of the Cherenkov photons are significant processes. Note that

the 1450 m layer of ice above the detector serves as a background filter for cosmic ray

particles coming from above. The IceCube DOMs are attached to 80 strings. The strings

are organized on a triangular grid with a spacing of 125 m between adjacent strings.

Each string has 60 DOMs, located 17 m apart from each other. A denser instrumented

region of 6 strings, called DeepCore, makes up the center of the IceCube array. The

DOMs are placed 8 m apart in Deepcore, such that lower energetic neutrinos can also

be detected2. This is important if one wants to do atmospheric neutrino oscillation

measurements in the 10-100 GeV region, as well as for the search for dark matter. Note

that IceCube serves as a veto for DeepCore, as high energy signals seen by DeepCore

are also seen by IceCube because of their relative geometry. The layout of the IceCube

detector is shown in Figure 2.1.

The different topologies for the neutrinos in a large neutrino Cherenkov detector were

already discussed in Section 1.3.2. At low energies, there are two basic topologies: long

muon tracks (∼ km), originating from CC muon neutrino interactions, and cascades

(both electromagnetic and hadronic) from electrons and tau leptons, originating from

CC electron and tau neutrino interactions, and all-flavor NC neutrino interactions. At

PeV energies, an extra topology arises for tau neutrino CC interactions. The produced

tau lepton may now have enough energy to travel a few hundred meters in the ice before

decaying. The topology thus consists of a cascade at the tau creation vertex, followed

by a detectable tau track, and a second cascade at the tau decay vertex. This topology

is called a “double bang”.

Figure 2.2 depicts the interaction of a muon neutrino in ice, causing signals in several

adjacent DOMs. The time of arrival of the detected photons depends on the position

of each DOM relative to the muon’s path. Both the intensity and time of arrival of the

Cherenkov light are used to reconstruct the track of the muon (or any other charged

1Note that the effective volume of the detector is larger than the active volume since neutrinos
interacting close to the detector volume may also be detected.

2The lower the energy of the neutrino, the lower the energy of the corresponding charged lepton after
interaction with the ice. The charged lepton will thus travel a shorter distance in the detector, causing
less Cherenkov light emission.
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Figure 2.1: Drawing of the IceCube Neutrino Observatory showing its main parts
IceTop, IceCube, and DeepCore [113].

particle causing Cherenkov light). These tracks are then used to extract information on

the energy and direction of the original neutrino. Figure 2.3 shows the topology of three

events in IceCube, one for each neutrino flavor. Each sphere represents a DOM which

detected a Cherenkov signal. The color refers to the time of the firing of the DOM (from

red to blue with increasing time), while the size of the sphere refers to the magnitude of

the detected signal.

2.2 IceTop detector

IceTop is the surface component of the IceCube Neutrino observatory. It covers one

square kilometer of surface area above the IceCube detector. IceTop is both a cosmic

ray shower detector and a veto detector for IceCube. To achieve these goals it relies

on the same detection principles as the IceCube detector. 81 stations are placed on the

same triangular grid as the IceCube strings (Figure 2.4(a)). Each station contains two

cylindrical tanks placed at a distance of 10 m from each other. The layout of an IceTop

tank is shown in Figure 2.4(b). A tank consists of two DOMs embedded in an ice layer.

One DOM is operated at high gain (HG), while the other is operated at low gain (LG),
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Figure 2.2: Drawing of a muon neutrino interaction in IceCube [113].

in order to enhance the dynamic range of the detector3. The inner surface of the tank is

coated with a diffusive reflecting layer such that the Cherenkov light produced by cosmic

ray particles crossing the tank is reflected towards the two DOMs.

Neutrinos produced in extensive air showers (see Section 1.2.2.1) constitute a large

background for the IceCube detector, as they can mimic a signal of a cosmic neutrino.

IceTop’s ability to detect these air showers provides a way to get rid of this background.

Apart from this veto function, the IceTop array also studies the intrinsic properties of

the air showers, such as the composition of the shower [116].

2.3 Digital Optical Module

2.3.1 General description of a DOM

The DOM is the optical sensor used in IceCube, DeepCore, and IceTop for both the

detection of Cherenkov light and the subsequent data acquisition [117]. A schematic

view of a DOM is displayed in Figure 2.5. The active component of a DOM is a 25

cm diameter photomultiplier tube (PMT). A general discussion of PMTs is done in the

next subsection. The PMT collects Cherenkov photons and converts this light signal

into an electrical signal through the photoelectric effect. The DOM also contains the

3This refers to the gain of the photomultiplier tube inside the DOM. See Section 2.3.1 for a discussion
on the DOM, and Section 2.3.2 for a general discussion on photomultiplier tubes.
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(a) (b)

(c)

Figure 2.3: (a) Simulated cascade signal of a νe [114]. (b) Measured track-like signal
of a muon (or bundle of muons) [114]. (c) Simulated “double bang” signature of a

high-energy tau neutrino [114].

(a) (b)

Figure 2.4: (a) Configuration of the IceTop tanks [115]. (b) Layout of an IceTop
tank, containing two DOMs embedded in an ice layer [115].
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high voltage generator and divider circuit for the PMT, and the electronics to process

and digitize the recorded signal. The link between the modules in the ice and the surface

of the detector for both power supply and data transfer is provided by copper twisted-

pair wires. The PMT is surrounded by a mu-metal grid to shield it from the terrestrial

magnetic field. A LED4 flasher board is present in every DOM for calibration purposes

and to study the properties of the surrounding ice. All of this is housed within a 35.6

cm diameter pressure sphere made of glass. An optical gel is used to optimize the light

coupling between the PMT and this glass sphere. The glass and gel together induce a

short-wavelength cut-off of the DOM at 350 nm.

Figure 2.5: Schematic view of a DOM [113].

2.3.2 Photomultiplier tubes

PMTs are devices which convert a collected light signal into an electrical signal by

means of the photoelectric effect. The created electrical signal is then multiplied using

an internal multiplication stage, to provide useful electrical output signals.

Figure 2.6 sketches the working principle of a PMT. Photons enter the vacuum tube

through a glass window5 and strike a thin photocathode, coated on the inside of the PMT

window. At low enough energies (below ∼100 keV, corresponding to wavelengths above

4Light-emitting diode.
5Depending on the wavelength range of interest, different window materials are used. Borosilicate

glass is opaque for photons with λ .270 nm. This UV cut-off is lowered to 115 nm by using a magnesium
fluoride window.
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Figure 2.6: Basic configuration of a photomultiplier: conversion of a light signal into
an electrical signal using a photocathode and multiplication dynodes [118].

∼0.01 nm6) the photons interact with the cathode through the photoelectric effect [82].

They transmit their energy to electrons (e.g. 3 eV for blue photons), which then lose

part of this energy in collisions with other electrons in the cathode. Arriving at the

cathode surface they may escape if they still have sufficient energy to overcome the

work function7 W

Eesc
e− = hν −W −∆Ecoll, (2.1)

where Eesc
e− is the escape energy of the photoelectron, hν is the energy of the photon,

and ∆Ecoll is the energy loss due to collisions. This work function causes a low-energy

cut-off (high wavelength cut-off), typically in the red to near-infrared part of the spec-

trum. The probability for a photon with wavelength λ to eject an electron, also called

a photoelectron, at the photocathode is given by the quantum efficiency QE (λ).

QE =
number of photoelectrons emitted

number of incident photons
. (2.2)

It is typically around 20%, but depends highly on the cathode thickness due to two com-

peting processes. Increasing the photocathode thickness increases the photon capture

probability, but decreases the fraction of electrons reaching and escaping the surface. A

uniform cathode surface thickness is thus very important for large cathodes.

The photoelectrons leave the cathode with an energy of 1 eV or less and are acceler-

ated towards an electrode at higher voltage Vd1, the first dynode. During this accelera-

tion they gain an energy of ∆E = e∆V = e(Vd1 − Vc), where Vc is the cathode voltage.

To increase the number of photoelectrons hitting the first dynode, independently of the

6As mentioned in Section 1.3.2, the Cherenkov spectrum is situated in the visible part of the electro-
magnetic spectrum and is thus seen by a PMT photocathode.

7The energy needed to remove an electron from the bulk of the material to a point located immediately
outside the material on the size scale of the solid, but far away at an atomic scale.
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position of emission at the cathode, and to limit the spread in time between those elec-

trons emerging from different points of the cathode surface, a specially designed electrode

configuration is used in this first stage of the phototube. Striking the surface of this

dynode, the energy of the photoelectron is absorbed in a similar fashion to the photon

absorption in the photocathode, but now each electron may release several secondary

electrons. Every photoelectron creates approximately e∆V/(Eg + Eesc
e− ) secondary elec-

trons in the dynode, where Eg is the bandgap energy of the dynode material. However,

just like in the cathode, many of those electrons will not reach the dynode surface, let

alone escape from it. The secondary electrons that do escape are then accelerated to-

wards a second dynode at voltage Vd2 = 2Vd1, causing a further increase of the number of

electrons. This multiplication process continues until the last dynode, the anode, where

the electrons are collected and an output pulse is generated. As shown in Figure 2.6,

the dynode voltages are derived from one high voltage using a resistor dynode chain.

The vacuum inside the tube ensures an efficient acceleration and furthermore prevents

contamination of the photocathode.

The overall multiplication factor δ for a single dynode is given by

δ =
number of secondary electrons emitted

primary incident electrons
. (2.3)

Incident electrons with a high energy may create more secondary electrons, but also have

a longer penetration depth in the dynode, causing the secondary electrons to lose more

energy on their way out of the dynode. Low-energy electrons have smaller penetration

depths, but create less electrons. Note that this energy dependence thus implies a voltage

dependence for δ.

The overall gain G of a PMT with N dynodes can be written as

G = αδN , (2.4)

where α is the fraction of photoelectrons collected by the multiplier structure. A good

designed first stage of the PMT should give α close to 1. Typical PMTs have around 10

stages and a multiplication factor δ of 5, thus giving rise to a gain G ≈ 107. The overall

gain highly depends on the applied high voltage through its proportionality to δN .

The emission of the secondary electrons is a statistical process. The multiplication

factor δ fluctuates around a mean value. This implies that output signals originating

from one photoelectron at the cathode do not always have the same amplitude. The

variation in the number of produced secondary electrons becomes less important further

in the multiplication stage, as those dynodes are struck by many electrons such that the

variations will average out. The gain variation at the first dynode may vary considerably
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since the number of photoelectrons emitted by the cathode can be very small8. There

is no universally applicable statistical description of the fluctuation in δ, but a simple

picture follows from assuming a Poisson distribution around the average yield n for a

dynode

P (m;n) =
nme−n

m!
, (2.5)

where m is the number of secondary electrons. The relative standard deviation, given

by σn/n =
√
n/n = 1/

√
n, decreases with increasing n. As a consequence, a PMT with

a high gain first dynode may show different peaks in its pulse height spectrum9 corre-

sponding to 1, 2, etc. photoelectrons produced at the first dynode. This is illustrated in

Figure 2.7(a). The single photoelectron (SPE) peak is clearly distinguishable from the

other peaks, most importantly from the noise peak. The noise peak represents the dark

current, i.e. the signal produced at the anode when no light input is present at the cath-

ode. Thermionic emission is an important contributor to the noise. Because of the low

work functions for the PMT electrode materials, thermal excitations can occur. When

this happens at the dynodes, they will generate an output signal which is smaller than a

SPE signal. If thermionic emission happens at the photocathode, the created signal will

be indistinguishable from a real SPE signal. In experiments where one is only interested

in large signals, the dark noise peak can be easily cut-off by setting a voltage threshold.

If the SPE peak is important one cannot carelessly use a voltage threshold to get rid

of the noise, as this might also cut away part of the SPE peak. Other measures, like

choosing the appropriate cathode material, reducing the cathode surface, and cooling

the cathode may be applied. At room temperature, thermionic emission rates are of the

order 100 electrons per cm2 per s. Examples of other contributors to the dark current

are radioactivity of the PMT materials, cosmic ray particles hitting the PMT electrodes

(typically high PE signals, but at a low rate), and electrons escaping from the electrodes

through quantum tunnelling10.

The individual photoelectrons and secondary electrons travel along slightly different

paths between the dynodes, causing a small spread in time of the order of 20 ns between

the arrival of the first electron and the last electron at the anode. This transit time

spread is the most important timing characteristic for a PMT. The average transit time

(typically 20-80 ns) only causes a fixed delay, and the process of photoemission in the

cathode and secondary emission in the dynodes takes only a fraction of the transit time

(∼0.1 ns). A typical output pulse of a PMT is shown in Figure 2.7(b). The output pulse

is characterized by three parameters:

8This is especially true for Cherenkov counting, where a typical Cherenkov signal only gives rise to
a few photoelectrons.

9This is obtained by integrating the output pulses. See also Chapter 5.
10The electron tunnels through the energy barrier rather than surpassing it through thermal excitation.
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(a) (b)

Figure 2.7: (a) Pulse height spectrum for input signals causing different numbers of
photoelectrons. The first dynode has a gain of 25 [119]. (b) Timing properties of a

PMT signal [120].

− The rise time tr corresponding to the time needed for the pulse to go from 10% to

90% of its amplitude.

− The time t(FWHM) corresponding to the full pulse width at half maximum.

− The transit time tt corresponding to the time between the impact of the photon

signal on the photocathode and the time at which the pulse reaches its maximum

height.

Characteristics of the IceCube PMT

The PMTs used in the IceCube DOMs are of the type R7081-02, manufactured by

Hamamatsu Photonics [121]. It is a 10-stage PMT with a bialkali photocathode. The

PMT window is made of borosilicate glass. The quantum efficiency of the R7081-02 is

displayed in Figure 2.8. A maximum QE of approximately 25% is reached at 420 nm.

The R7081-02 has an anode pulse rise time of 4.2 ns, an electron transit time of 60 ns,

and a spread on this transit time of 3.2 ns.

2.4 PINGU

In order to increase the sensitivity of the IceCube detector in the low GeV energy

regime, a further increase in module density of the central region of the IceCube ar-

ray is proposed, called the Precision IceCube Next Generation Upgrade (PINGU). The

preparations for this upgrade are still in a very early stage, and one aims to complete
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Figure 2.8: Quantum efficiency curve of the R7081-02 PMT used in the IceCube
DOMs (middle curve) [122].

the detector upgrade by early 2018. Several distinct detector geometries with either 20

or 40 additional strings of optical sensors are currently being investigated. Similar to

IceCube acting as a veto for DeepCore, both IceCube and DeepCore will act as a veto

for PINGU.

The physics goals of PINGU include the determination of the neutrino mass hierar-

chy by looking at atmospheric neutrino oscillations in the 5-15 GeV region, observing

tau neutrino appearance (see Section 1.1.4.2), and a search for low-mass dark matter

particles (WIMPS, see Section 1.2.2.2). PINGU will also be used for the R&D of a

possible subsequent detector upgrade, MICA (Multi-megaton Ice Cherenkov Array), for

which the energy threshold will be lowered to a few tens of MeV by further increasing

the module density. Low-energy neutrinos from supernovae should then also become

visible for the IceCube Neutrino Observatory.

PINGU R&D: Wavelength-shifting Optical Module

An optical sensor for low-energy neutrino detection (∼ 1 GeV) in the Antarctic ice

should satisfy two very important requirements:

− A large photosensitive area, in order to detect as many Cherenkov photons as

possible (smaller signals).

− A low noise rate, to get the lowest possible energy threshold and a good energy

resolution.
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Just like a DOM, such a module needs to be robust against the high pressures (∼ kbar)

and low temperatures (∼-30◦C) present in the ice.

One of the proposals for a new Cherenkov detector module is the Wavelength-shifting

Optical Module or WOM11. A WOM uses a wavelength shifter (WLS) as the active part

for the photon collection. A WLS absorbs the Cherenkov light photons and isotropically

re-emits photons with a shorter wavelength. By choosing the appropriate WLS geometry,

it can efficiently guide the re-emitted photons to a readout surface through the process of

total internal reflection, where a conventional PMT converts the light into an electrical

signal. Separating the light-collection process from the light-conversion process allows

to use much smaller PMT photocathodes than the ones used in the IceCube DOM. This

could lower the noise rate significantly. Downside of this approach is that the light-

guiding between WLS light-collection and PMT light-conversion provides an additional

source of losses not present in the IceCube DOM.

The physics of a WLS and its possible use for Cherenkov light detection is the topic

of the subsequent chapters of this thesis.

11Proposed by Sebastian Böser, Marek Kowalski, Lukas Schulte, and Markus Voge from the Physikalis-
ches Institut, Universität Bonn, and Lutz Köpke from ETAP, Universität Mainz [123].
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Detecting Cherenkov light using a

WLS

The goal of this master thesis research was to design and construct a working experi-

mental setup to test the feasibility of using wavelength shifting materials as the active

part of a Cherenkov detector. This is part of the R&D for PINGU and future extensions

of the IceCube detector.

In the first subsection of Section 3.1, the detection principle of the constructed

Cherenkov detector is discussed in general, while the subsequent subsections deal with

the physics happening in the different parts of the detector. Section 3.1.4 discusses the

choice of detector parts and materials used in this experiment.

The readout of the detector is explained in Section 3.2. In the final section, the

measurements that were done are listed briefly. Chapter 5 addresses these measurements

in more detail together with the results.

3.1 Experimental setup

3.1.1 Detection principle

Figure 3.1 shows the detector together with its readout electronics. A drawing of the

setup is displayed in Figure 3.2. The detector has two major parts: the muon trigger and

the water tank, in which a wavelength shifter (WLS) is placed. The muon trigger consists

of two planes, located above and below the water tank respectively, which register the

atmospheric muon flux that causes the Cherenkov light production in the water. Each

trigger plane has 8 plastic scintillators read out by a PMT. The principle of using

55
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scintillators together with PMTs to count particles is called scintillation counting (see

Section 3.1.2). The wavelength shifter serves as the active component of the detector,

catching the Cherenkov photons and guiding them to the readout PMTs W1 and W2

(see Section 3.1.3). The passage of a muon through the setup, causing a WLS signal

(firing of PMT W1, W2, or both) together with the firing of the muon trigger, is what

we call a signal event.

Figure 3.1: Picture of the Cherenkov detector (on the left) together with the readout
electronics (on the right). The water tank is empty and opened to show the positioning
of the wavelength shifter inside. Two bins containing the trigger scintillation counters

are placed above and below the watertank.

3.1.2 Muon trigger

Figure 3.3(a) shows two individual scintillators. Each scintillator has 4 equidistant

grooves along its length, in which optical fibers are glued. The scintillators are then

separately wrapped in a reflective foil in order to limit light losses at their surface, thus

increasing the sensitivity of the trigger at lower muon energies. They are placed next to

each other in the trigger bin, where they are each connected to a PMT. The 4 fibers are

bent such that they converge at the cathode of the PMT (Figures 3.3(b) and 3.3(c)).

Where needed, the two trigger bins were taped to ensure they are lightproof. A drawing

of the top view of a trigger plane is given in Figure 3.3(d).
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(a)

(b)

Figure 3.2: (a) Front view of the experimental setup. (b) Side view of the experi-
mental setup. These figures are not drawn to scale. i = 1 to 8 refers to the index of the
scintillators and PMTs in the trigger planes. j = 1, 2 refers to the index of the WLS

PMTs.
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(a) (b)

(c) (d)

Figure 3.3: (a) Scintillator of type BC-482A, with light guides incorporated. (b) The
light guides are bent together such that they direct the scintillation light on the PMT
cathode. (c) PMTs in the lowest muon trigger plane. (d) Drawing of the top view of a

muon trigger plane. i = 1, 2 refers to the index of the trigger plane.

3.1.2.1 Scintillation counting

Figure 3.4 shows the basic assembly of a scintillation counter. A scintillator converts

particle energy into a light signal which is then collected and guided by a light guide to

the photomultiplier, which converts the light signal into an electrical signal.

Figure 3.4: Basic assembly of a scintillation counter. Based on drawing from [119].



Chapter 3. Detecting neutrinos using a WLS 59

Scintillators

Scintillation light is a collective term for fast light pulses emitted by atoms or molecules

of a medium decaying back to a lower energy state after being excited by the passage of

an ionizing particle. These ionizing particles are mostly charged particles, but could also

be neutral ones, such as photons, if they are energetic enough. There are however many

competing non-radiative processes to release the excess energy, which thus decreases

the scintillation efficiency of the medium. Examples of such de-excitation processes are

lattice vibrations for atoms in a crystal lattice, and vibrational or rotational excitations

for atoms in molecules. Scintillation is also referred to as prompt or fast fluorescence.

A scintillator is mainly characterized by [119, 124]:

− the light yield: this is the fraction of the absorbed energy converted into photon

energy. This should be as high as possible. Noble gasses are an example of a

medium with very high light yield. Excitation only happens at the atomic level,

such that in the end (even if energy is exchanged between atoms due to collisions)

the excess energy is emitted again by radiative decay.

− the absorption and emission spectrum: the overlap between both spectra should

be as small as possible in order to limit self-absorption (see Figure 3.5(a)). This

immediately eliminates noble gasses as practical scintillators as they need to be

fairly dilute in order to be transparent for their own scintillation light. However,

this also means that only few charged particles will cause excitation and thus scin-

tillation. An ideal scintillator has no self-absorption, which is the basic property

of wavelength shifters (see Section 3.1.3). Note that the emission is isotropic.

− the signal linearity: this is important in calorimeters where scintillators are used

to completely stop the ionizing particles. The light output should then be propor-

tional to the energy loss in the scintillator (described by Birks’ rule [125]).

− the pulse shape: fast rise and decay times are typically important in scintillation

counters, in order to have small dead-times and thus high counting efficiency. The

pulse shape is shown in Figure 3.5(b) and is described by

I(t) = I0

(
e
− t
τf − e−

t
τr

)
, (3.1)

where τr and τf are the rise and fall (or decay) time respectively. Typical decay

times are of the order of a few nanoseconds to a few microseconds.
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(a) (b)

(c) (d)

Figure 3.5: (a) Pulse shape of scintillation light [124]. (b) Stoke shift for a scintilla-
tor [124]. (c) De-excitation in an organic molecule causing scintillation light [126]. (d)

De-excitation in an inorganic crystal causing scintillation light [126].

In practice, there are two types of scintillators: organic and inorganic phosphors.

In organic phosphors, scintillation is caused by excitation and de-excitation of

molecular energy levels (Figure 3.5(c)). In the scintillation process of organic ma-

terials, also non-radiative processes are involved causing the energy of the emitted

scintillation light to be lower than the absorbed energy (Stokes’ shift). This means

that their is only little self-absorption. Many scintillation counters make use of

plastic scintillators, which are made of scintillating organic molecules.

In inorganic phosphors the scintillation process is a consequence of the interaction

with the crystal as a whole (Figure 3.5(d)). By adding the appropriate impurities

to the material, and hereby causing energy levels in the forbidden zone between

valence and conduction band, the excited electrons may be captured by one of

these levels. Scintillation occurs if the subsequent transition from the impurity

level to the valence band happens by photon emission. Such impurity levels are

called luminescence centres. Because the photon energy is typically much lower

than the band gap energy, self-absorption by electron-hole production is very low.
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If the impurity is metastable, it will capture the electron for a while, causing

delayed scintillation (if the transition happens radiatively). Quenching centres are

those impurities that cause non-radiative de-excitations.

Organic scintillators are typically faster than inorganic ones. The inorganic scintil-

lators generally have higher yields and better linearity.

For the scintillation counters in trigger 1 and 2 (16 in total) we used organic scintilla-

tors of the type IHEP SC-201, manufactured by SRC IHEP, with dimensions of 10 cm ×
60 cm × 2 cm. They have a light yield of about 50%, a decay time of approximately 2.4

ns, an attenuation length1 of 2 m, and a maximum emission wavelength of 420 nm [127].

Photomultiplier tubes

The light output signals of the scintillators need to be converted into electrical signals

such that they can be registered electronically. This is done by photomultiplier tubes

(see Sect 2.3.2).

The PMTs used in this experiment are of the type XP1911/UV, manufactured by

Photonis [128]. UV refers to the ultraviolet sensitivity of the PMT. It is a 10-stage

PMT with a bialkali photocathode with a diameter of 15 mm. The anode pulses have a

rise time of 2.3 ns and a FWHM value of 3.5 ns. The transit-time spread is 1 ns. The

radiant sensitivity Ske of the cathode and the gain curve of this PMT are displayed in

Figure 3.6. The cathode radiant sensitivity is the photocathode current produced in

response to a given incident light power at a certain wavelength. It is related to the

quantum efficiency QE by

QE [%] =
124

λ [nm]
× Ske

[
mA

W

]
. (3.2)

Light guides

Because the emission process in the scintillator happens isotropically, a lot of the photons

will not be caught by the photomultiplier, as PMTs typically do not cover the whole

scintillator surface, or cannot be coupled directly to the scintillator because of practical

reasons. In order to guide the scintillation light to the PMT cathode optical fibers

are typically used. These are parallel-sided blocks of transparent materials (plastic)

1Mean distance travelled by a photon in the scintillator after which the probability has dropped to
1/e that it has not been absorbed.
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(a) (b)

Figure 3.6: (a) Radiant sensitivity of the XP1911/UV photocathode [128]. (b) Gain
curve of the XP1911/UV PMT [128].

Figure 3.7: Principle of total internal reflection. Based on drawing from [119].

which rely on total internal reflection to transport the photons towards the PMTs (see

Figure 3.7). The condition for total internal reflection is that the angle of incidence θ

for the photons is larger than the critical angle θTIR for which

sin θTIR =
n2

n1
, (3.3)

where n1 and n2 are the refractive index of the optical fiber material and external

medium respectively. Photons which do not satisfy this condition will eventually escape

the optical fiber.

The optical fibers used in this setup are of the type BCF-91A, produced by Saint-

Gobain Crystals [129].

3.1.3 Wavelength shifter

A wavelength shifting bar or wavelength shifter is a plastic scintillator doped with specific

organic wavelength shifting molecules. The difference with a plain scintillator is that
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the overlap between absorption and emission curve is much smaller, hereby lowering

self-absorption and thus increasing the light-collection efficiency. The light yield (or

quantum efficiency of the re-emission process) depends on the amount of doping. Just

like for a plain scintillator, the light emission is isotropic.

The two major advantages of using a WLS as the active component of a Cherenkov

detector are the following:

− Its ability to shift the absorbed Cherenkov photons to a higher wavelength better

suited for PMT readout.

− Using the WLS as the light collector separates the light-collection process from

the light-conversion process, opposed to the situation in an IceCube DOM where

both of this is done by the photocathode (see Section 2.3). Because a WLS can

be made in different sizes and shapes, this allows to couple to PMTs with small

photocathodes, and hence limit the noise rates2. This is a very important feature

for low-energy neutrino detection.

Note that a larger active surface does not necessarily imply a higher collecting effi-

ciency, as the photons still need to reach the PMT for readout after they have been

collected. Refraction losses at the surfaces (when the condition for total internal

reflection in the WLS is not fulfilled), decrease the efficiency. A reflective coating

on the non-readout surfaces of the WLS and/or an appropriate WLS geometry

could limit those losses.

Separating light-collection and light-conversion also allows to design a module

which is sensitivity to the full 4π solid angle, opposed to the 2π solid angle for the

current DOMs used in IceCube.

The wavelength shifter used in this setup is of the type BC-482A with dimensions

10 cm × 0.5 cm × 80 cm, produced by Saint-Gobain Crystals [130]3. The decay time

provided by Saint-Gobain is 12 ns. The people from the Physikalishes Institut in Bonn

measured a decay time of 8.5 ns for a EJ-280 WLS, which is equivalent to the BC-

482A WLS. A ray tracing simulation of the photons inside the WLS showed that the

timing resolution of the BC-482A is mostly dominated by the fluorescence emission

process [123]. The absorption and emission spectrum as specified by the manufacturer

are given in Figure 3.84.

2The noise rate for a DOM is of the order of 500 Hz at -30◦C, which could be reduced to a noise rate
of the order of 1 Hz per kg WLS material by using a WLS as light-collector [123].

3Borrowed from the Physikalisches Institut, Universität Bonn.
4Note that this WLS is made of the same material as the optical fibers.
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Figure 3.8: Absorption and emission spectrum as specified by Saint-Gobain Crys-
tals [130]. The horizontal axis shows the wavelength in nm, while the vertical axis is

expressed in arbitrary units.

The fluorescence re-emission photons of the WLS reach the two PMTs, PMTW1 and

PMTW2, placed at both ends of the WLS bar (see Figure 3.2), through total internal

reflection. No measures are taken in this setup to limit the refraction losses at the WLS

surface.

The two WLS PMTs only cover 1/10th of the readout surfaces of the WLS. They

are seperated from the WLS by a perspex window to avoid direct contact of the PMTs

with the water in the water tank. To optimize the light coupling between WLS, perspex

window, and PMT an optical coupling gel is used. The WLS readout surface has a

thickness of only 5 mm, while the PMTs have a photocathode diameter of 15 mm. To

avoid direct excitation of the photocathode by Cherenkov light, the free photocathode

surfaces can be shielded from the water. This is depicted in Figure 3.9.

The WLS can be rotated over 360◦ around the symmetry axis parallel to its length.

(a) (b)

Figure 3.9: (a) PMT window at one of the WLS readout surfaces just after the
tank was emptied. (b) Same PMT window, but with added photocathode shielding to

exclude direct detection of Cherenkov light.
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3.1.4 Choice of detector parts and materials

The goal for this thesis is to detect Cherenkov light using a WLS. A careful choice of

the WLS material and the PMTs should allow a maximal signal detection efficiency.

The WLS should be chosen such that its absorption spectrum lies in the middle UV-

part5/blue part of the electromagnetic spectrum6. The QE of the PMT should overlap

as much as possible with the WLS emission spectrum. Evidently, the WLS must show

little self-absorption.

Being the very first stage of the detector development, it was decided to borrow a WLS

from Universität Bonn, and use PMTs that were already available in Ghent. Figure 3.10

shows the Cherenkov-light distribution (Equation 1.33), together with the XP1911/UV

QE curve, and the capture efficiency and emission spectrum of the WLS BC-482A. In

absolute numbers, the capture efficiency reaches a maximal value of approximately 17%

at 425 nm, if the WLS is read out along the full area on both ends [123]. As mentioned

in the previous section, only 1/10th of these readout surfaces is coupled to a PMT. As

a conservative assumption, the capture efficiency therefore decreases by a factor of 10.

It is clear from this figure that the PMT XP1911/UV is not perfectly suited to use

together with the BC-428A WLS. The WLS shifts the absorbed Cherenkov photons

away from the QE peak. Nevertheless, we opted to work with the materials at hand7.

3.2 Readout electronics

Figure 3.11 shows a schematic representation of the electronic readout system used for

this experiment. The CAEN SY527 [131] module provides the high voltage supply for

all the PMTs. The type of signals (PMT signal, positive block pulse (TTL) or negative

block pulse (NIM) are shown in red at each stage of the readout. The green lines

represent a connection with the computer through the controller [132]. The dashed line

represents a veto signal, provided by the computer to prevent date storage in the QDC

(charge-to-digital-converter [133]) buffer when the detector is on8 but no measurement

has started yet.

5200-300 nm.
6See Section 1.3.2.
7The WLS BC-480, with minimal detectable wavelength at 260 nm and an emission peak at 425 nm

was also present at Bonn and could have been a better option. However its dimensions did not agree
with the dimensions of the water tank. To speed up things, the water tank was constructed using an
already existing tank, hence limiting the dimensional options for the WLS.

8Which means that all the PMTs are at high voltage.
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Figure 3.10: Comparison of the wavelength windows of the capture efficiency curve
and emission curve of the WLS BC-482A, the QE curve of the PMT XP1911 (which
agrees with the QE curve of the XP1911/UV for λ >300 nm; see Figure 3.6(a)), and

the 1/λ2 Cherenkov spectrum. The vertical axis is in normalized units.

Both trigger planes are treated separately before they are tested for coincidence. For

each trigger the 8 PMT outputs are fed to a constant fraction discriminator (CFD 1 and

CFD 2 of the type CAEN V812 [134]) which converts the PMT pulses in block pulses

if they pass a certain voltage threshold. CFD 1, CFD 2, and coincidence unit COINC

1 [135] together act like an exclusive OR gate: a COINC 1 output signal is only produced

if there is a coincidence between trigger 1 and trigger 2, where the signal of each trigger

is a consequence of one PMT only. This eliminates a lot of possible background trigger

signals. The OR output provides a NIM pulse when at least one of the input signals

passed the threshold, while the MAJ output also provides a NIM pulse if more than one

input signal passed the discriminator threshold. The OR and MAJ outputs of CFD 1

and CFD 2 are fed to COINC 1. An output signal is provided (a TTL pulse for the

trigger counter and a NIM pulse for the next coincidence unit COINC 2 [135]) if the

two OR outputs overlap in time9 and simultaneously no MAJ outputs are seen10. This

output signal represents a muon which passed through the setup and was seen by the

trigger.

The outputs of both WLS PMTs are added together using the linear fan LIN FAN.

This signal is then converted to a block pulse if it satisfies the threshold condition of

9The coincidence window is thus determined by the sum of the output widths of CFD 1 and CFD 2.
10Meaning that the OR signals are tested for coincidence with each other and for anticoincidence with

the MAJ signals.
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the constant fraction discriminator CFD ORTEC 935 [136]11. One output of the CFD

is used to count the WLS signals, while the other output is tested for coincidence with

the trigger signal (after an appropriate delay ∆tD1 was installed, see also Section 5.2).

If both signals overlap in time, a block pulse is sent by COINC 2 to both a counter and

the gate of the QDC.

The QDC integrates the delayed output signal of LIN FAN during the time span of

the gate signal. An appropriate delay ∆tD2 between the linear fan output and the QDC

input is needed to make sure that the WLS pulse is integrated completely. The QDC

converts the charge of the WLS pulse into a digital number, channel number nCH, which

is then stored in a ROOT tree on the computer.

CFD 1, CFD 2, QDC, and the controller are programmed in C++. Two types of

measurements can be done: one with a prefixed amount of signal events and one with

a prefixed measuring time. The time stamp (resolution of 1 s) and QDC value nCH of

each event are stored. The trigger rate and WLS rate12 are not stored on the computer

and need to be read off the counters.

3.3 Measurements

Due to a problems with the absolute calibration and because of the limited available time,

only two types of measurements were done: a measurement in air and a measurement

in water. These can then be compared to check the significance of Cherenkov light

detection in water with a WLS.

3.3.1 Calibration

First attempt: absolute calibration

An attempt was made to do an absolute calibration of a reference PMT using a 405

nm, 5 mW violet laser diode module of the type STAR405F, fabricated by Roithner

LaserTechnik [137]. The laser was placed in one of the holders for the WLS PMTs (see

Figure 3.2), facing the reference PMT placed in the opposite holder. 4 optical density

filters13, two with a transmission factor T = 10−2 and two with T = 10−4 at 405 nm, were

available to decrease the intensity of the laser output, such that the SPE spectrum of

11This constant fraction discriminator is not steered by the computer.
12Or more precisely the number of trigger and WLS events seen during the duration of the measure-

ment.
13Produced by Präzisions Glas & Optik [138].
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the laser could be measured. The QDC value of the SPE peak, together with the gain of

the PMT, and a pedestal measurement14 allow a conversion from QDC channel numbers

to electric charge. Once the SPE peak position and width is known, it is possible to

estimate the position and width of the 2PE, 3PE, ... peaks using Equation (2.5). After

calibrating the reference PMT, the voltages of the other PMTs can be adjusted such

that they show the desired behavior.

The measurements were done in an empty tank, without wavelength shifter. Unex-

pected results (see Chapter 5) and a limited available time, forced us to do a relative

calibration.

Second attempt: relative calibration

Without the identification of the SPE peak it is still possible to do a relative calibration.

This is achieved by demanding that all the PMTs respond similarly to a certain input

signal. The scintillation counting rate and QDC spectrum was measured for a reference

PMT coupled to one of the trigger scintillators. The high voltage and CFD threshold

settings are chosen such that the PMT operates in its linear zone (linear relation between

input and output of the PMT) and that little or no noise passes the threshold of the

CFD. Once this behavior is established for the reference PMT, the high voltages of the

other PMTs are tweaked such that these PMTs have similar counting rates and QDC

spectra for scintillation measurements15. Note that this relative calibration is more

than sufficient for the trigger PMTs, because the combination of a high threshold value

together with the trigger coincidence check gives a very good muon identifier. However,

the threshold for the WLS signals used in the actual Cherenkov measurement should

be as low as possible, because these signals are expected to be small. An absolute

calibration allows to verify whether this threshold gives a cut-off before or after the SPE

peak. A relative calibration does not allow this.

3.3.2 Looking for the Cherenkov effect

To test whether the WLS can be used to detect Cherenkov light, both a measurement

with a full water tank (distilled water) and with an empty water tank were done. If

carried out under the exact same circumstances and provided that the muon input flux

14A zero-signal or pedestal measurement is needed to determine the full relation between QDC channel
number nCH and the electric charge Q: Q〈SPE〉 = nped

CH +S ∗n〈SPE〉
CH , where S is the unknown slope of the

linear relation. The pedestal value corresponds to the charge required to operate the QDC during the
gate interval. The PMT is calibrated if the slope value S is determined.

15Assuming that the atmospheric muon flux does not vary considerably between the different mea-
surements.
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is similar, both measurements should give the same background contribution16, as well

as a similar contribution from Cherenkov light created in the WLS itself. Hence, if

subtracting both results from each other gives a rate significantly different from zero,

this must be attributed to the presence/absence of the water. This provides a quick and

easy way to check the feasibility of Cherenkov light detection with a WLS.

16Assuming that the Cherenkov effect in air is negligible (see Chapter 4)



Chapter 4

Monte Carlo Simulation

A Monte Carlo (MC) simulation of the experiment was carried out in C++ to get a

rough idea of the efficiency of the detector. The results are discussed in this chapter.

Some results suggest that there is still a bug present in the code. They are presented

nevertheless, because the code or parts of it can be used for the continuation of this

project.

4.1 MC program

4.1.1 General structure

The MC main program uses four classes to simulate the physics processes in the detector:

− The trigger, water tank, and WLS are all represented by objects of the class

BOX. Such an object is defined by its geometrical properties (dimensions and

positioning in space) and its physical properties (refractive index n). Figure 4.1

shows the geometrical properties of a box. Table 4.1 lists all the box properties of

the trigger, water tank, and WLS for the actual setup. The two different positions

of the WLS used in the simulations are displayed in Figure 4.2. Note that the

trigger box has refractive index 0, because it is not used1.

The difference in physical properties between the media in the water tank (wa-

ter or air) and the WLS box (i.e. the WLS material itself) is only expressed

by the refractive index. The media are assumed to be non-dispersive. This is a

1The watertank is made light tight during the measurements (with a dark cover), such that we can
assume that no external light (Cherenkov, daylight, ...) enters the water tank.

71
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Figure 4.1: Geometrical properties of a box.

Table 4.1: Geometrical and physical properties of the trigger, water tank, and WLS
used in the simulations. The geometry values correspond to the real values for the

setup. The refraction index of water (air) is 1.34 (1.000277) [139].

Geometry Box
Geometrical properties Medium

Lx [m] Ly [m] Lz [m] X0 [m] Y0 [m] Z0 [m] n

Horizontal
Trigger 0.57 0.81 0.80 0 0 0 0
Tank 0.575 0.817 0.345 -0.0025 -0.0035 0.18 1.34 (1.000277)
WLS 0.10 0.797 0.005 0.235 0.0065 0.25 1.59

Vertical
Trigger 0.57 0.81 0.80 0 0 0 0
Tank 0.575 0.817 0.345 -0.0025 -0.0035 0.18 1.34 (1.000277)
WLS 0.005 0.797 0.10 0.285 0.0065 0.20 1.59

valid assumption in the relevant wavelength windows (the visible part of the elec-

tromagnetic spectrum). For the tank medium, other characteristics, such as the

absorption length and scatter length, are ignored (see Section 4.1.2). Absorption

and re-emission by the WLS is specified by a capture efficiency and an emission

curve (see next section).

− A muon is simulated as an object of the class MUON, which is a subclass of the class

PARTICLE. The PARTICLE class keeps track of the position and direction vector

of its objects, throughout the whole setup. A MUON object is specified by its

mass and initial energy. The Cherenkov threshold energies in the different media,

the distances travelled in the detector, together with the number of Cherenkov

photons initially created, and the numbers of photons that survive each different

stage (hitting the WLS, WLS capture, PMT capture,...) of the detector are also

stored.

− A photon is simulated as an object of the class PHOTON, which is a subclass of

the class PARTICLE. Apart from the PARTICLE properties, a PHOTON object

also stores the Cherenkov angle for the water tank medium, and the absorption,
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emission, and transmission properties for the different media encountered by the

photon in the setup.

The input parameters of the main program are given in Table 4.2.

(a) (b)

Figure 4.2: (a) Horizontal WLS position. (b) Vertical WLS position.

Table 4.2: The MC main program input parameters.

Input parameter Description

NMC Number of MC simulations carried out

Ntrigger
Number of trigger muons simulated in a

MC simulation

waterLevel Water level in the tank

[E1,E2] Energy range for the muon flux

Dstep

Distance between consecutive Cherenkov
emission points along the muon track in

the tank medium
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4.1.2 A closer look at the main program

Let us follow a muon through the setup to explain the main program. We look at the

special case where the muon passes through the WLS, and thus also generates Cherenkov

light in the WLS medium. The origin of the reference system is defined as the zero point

of the trigger box, with the z-axis pointing upwards.

1. Muon impact position and direction

The muon impact position is uniformly generated in the top trigger plane. The

zenith angle θ, where θ = 0 corresponds to the positive z-axis, is generated between

π/2 and π according to a cos2 θ distribution (Equation (1.20)). The azimuthal

angle φ is drawn from a uniform distribution between 0 and 2π. If the generated

muon does not cross the second trigger surface, a new zenith and azimuthal angle

are generated. The impact position distribution on the top plane of the water tank

for a MC simulation with Ntrigger = 10000 is shown in Figure 4.3(a). The non-

uniformity is a consequence of the angular distribution, depicted in Figure 4.3(b)

and the geometry of the trigger (which also alters the φ distribution).
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Figure 4.3: (a) Muon impact position distribution on the top plane of the water tank
for 10000 trigger muons. (b) Zenith versus azimuthal angle for the same trigger muons

as in (a) (see Table 4.1).

2. Muon energy

The energy of the muon is generated between E1 = 0.5 GeV and E2 = 15 GeV

using a 1/E distribution (see Figure 1.7(a)). Conveniently, this energy window

allows to safely ignore muon energy losses during the passage through the setup

(see Figure 1.8(a)). Using Equation (1.30), an expression for the Cherenkov energy

threshold can be derived

Eth =
mµ√
1− 1

n2

. (4.1)
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Eth is equal to 0.136 GeV, 0.159 GeV, and 4.49 GeV for WLS, water, and air

respectively.

3. Muon propagation

The different intersections of the forward muon track with the setup are calcu-

lated using the impact position and direction of the muon, and the coordinates

of the planes of the different boxes. In this specific case, the muon track has two

intersections with the water tank and two intersections with the WLS. Using the

coordinates of these intersection points, the different muon distances within the

setup, listed in Table 4.3, are calculated.

Table 4.3: The different distances traversed by the muon in the setup.

Distance Description

Dtr Distance between the trigger planes

Dta Distance in the tank

Dw1
Distance between water level and first inter-

section with the WLS

Dwls Distance in the WLS

Dw2
Distance between second intersection with the

WLS and second intersection with the tank

Dw
Distance in water (Dw = Dw1 + Dw2 if the

muon passes through the WLS)

4. Photon emission position and direction

The expected number of Cherenkov photons is calculated in each part of the setup

using Equation (1.33). Note that we assumed a constant refractive index and that

β is constant because energy loss is ignored. The wavelength window is determined

by the capture efficiency εWLS(λ) of the WLS (Figure 3.10). εWLS(λ) gives the

efficiency for a photon entering the WLS, to be absorbed by the WLS, then shifted

to a larger wavelength, and finally propagate to either end of the WLS bar where
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it is available for PMT readout. It was calculated by Lukas Schulte2, based on

measurements with this specific BC-428A WLS bar, assuming that the WLS is

read out over the full front area on both ends [123]. In the current setup, only

1/10th of each readout side is covered by a PMT photocathode. As a conservative

assumption, the capture efficiency curve was rescaled by a factor of 10 for usage

in the MC simulations.

In each part within the tank, the Cherenkov photons are emitted at equidistant

emission vertices along the muon track. As we will see in Section 4.2, the contri-

bution of Cherenkov photons created in air to the detector efficiency (see Detector

efficiency) is very small compared to the contribution of Cherenkov photons cre-

ated in water. Hence, above the water level the Cherenkov effect is ignored in the

simulations. The distance Dstep between two consecutive emission vertices should

be chosen as small as possible such that typically only one photon is emitted at each

vertex. The number of photons at each vertex within a certain part in the tank

is drawn from a Poisson distribution with expectation value 〈N〉 = NCher/Nvert,

where Nvert = Dpart/Dstep is the number of vertices in that specific part of the

tank. Within the WLS, photon propagation is not simulated (see Photon propa-

gation) and thus the total number of Cherenkov photons is directly drawn from a

Poisson distribution with 〈N〉 equal to the expected number of photons provided

by Equation (1.33)3.

For the emission direction of a photon at an emission vertex, a uniform azimuthal

angle φ is generated and a zenith angle θ = π − θC is calculated using Equa-

tion (1.32). Note that these angles are defined in the muon reference frame, which

is displayed in Figure 4.9. The zµ axis points along the positive direction of the

muon track. The yµ axis is perpendicular to the plane defined by the ztr axis and

muon track, in which also the xµ axis . The muon reference frame is related to the

trigger box reference frame through two consecutive rotations: a rotation around

the yµ axis over an angle θµ, followed by a rotation around the z′µ = zµ axis over

an angle π − φµ4.

Figure 4.5(a) shows the Cherenkov cone projection on the horizontally positioned

WLS for a 1 GeV muon crossing the setup perpendicularly through its center. The

ring structure is obtained by only reading out the hit positions on the WLS for

those photons that are emitted in a small layer of water 5 cm above the WLS.

Using Equation (1.32), one can calculate the expected diameter of the Cherenkov

ring to be 8.9 cm. Figure 4.5(b) shows the same situation but for readout along

the complete muon track in the 5 cm water layer.

2Physikalisches Institut, Universität Bonn.
3For 〈N〉 > 20, a Gaussian distribution with mean value 〈N〉 and standard deviation

√
〈N〉 is used.

4Remember that a (counter)clockwise rotation corresponds to a negative (positive) rotation angle.
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Figure 4.4: Definition of the muon frame and the angles of the Cherenkov photon in
this frame. The muon track and muon coordinates (θµ, φµ) are indicated in blue, while

the photon track and photon coordinates (θγ , φγ) are indicated in red.
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Figure 4.5: (a) Cherenkov cone projection on the horizontally positioned WLS for a 1
GeV, θ = π muon crossing a small layer of water at 5 cm above the WLS. (b) Identical

situation as in (a), but for a water layer of 5 cm above the WLS (see Table 4.1).
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5. Photon propagation

The photon propagation is identical to the muon propagation. For photons we only

look for direct crossings of the forward photon track with any of the WLS surfaces.

If a photon hits the WLS, the probability for transmission from the tank medium

to the WLS is calculated. Note that this probability is wavelength-independent

(as the media are assumed to be non-dispersive) and close to 1.

Reflections at the walls of the tank, as well as photon scattering and absorption

in the tank medium are ignored for simplicity reasons. The latter two could be

incorporated by using an effective attenuation factor (which is wavelength depen-

dent in the worst case scenario), based on absorption measurements for the water

in the water tank. Depending on the value of this experimental attenuation length

one can decide whether reflections at the walls should be incorporated or not.

6. Photon absorption and re-emission in the WLS

If a photon enters the WLS, a Cherenkov wavelength is generated according to

a 1/λ2 distribution (see Equation (1.33)). Note again that the assumption of

constant refractive indices allows to generate a Cherenkov photon wavelength at

this stage of the simulation and not earlier. The wavelengths are only gener-

ated between 360 nm and 500 nm, where the capture efficiency of BC-482A is

non-negligible5. As mentioned earlier, the capture efficiency curve is an effective

parameter also containing the photon propagation process inside the WLS towards

the PMT cathode surfaces. It is thus not necessary to explicitly follow the photon

movement inside the WLS.

Because the photon capture both incorporates photon absorption and propaga-

tion to the readout PMTs, only for those photons that are captured an emission

wavelength needs to be generated. This is done between 460 nm and 600 nm,

where the WLS emission spectrum is non-negligible (see Figure 3.10). Note that

the absorption and emission wavelength are assumed to be uncorrelated and that

possible self-absorption in the overlap-window [460 nm, 500 nm] is ignored.

7. Photon capture by the PMT photocathode

Before the photon enters the photocathode, transmission from WLS to a per-

spex window through an intermediate optical gel layer, followed by transmission

from the perspex window to the PMT through another intermediate optical gel

5Photons with wavelengths outside this window, could still directly reach the photocathode of the
WLS PMTs, as for those photons the WLS just acts as a transparent medium with a different refraction
index. This effect is ignored in the simulations.
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layer needs to be checked6. The QE efficiency curve of the PMT then determines

whether the photon creates a photoelectron in the photocathode or not7.

8. Detector efficiency

The absolute detector efficiency εabs is defined as

εabs ± σεabs =
Ndet
µ

Ntrigger
±

√
(1− εabs)εabs
Ntrigger

, (4.2)

where Ndet
µ is the number of muons detected through the Cherenkov effect and the

error is a binomial error. In the simulations, a muon is considered as detected if

at least one photon created a PMT photoelectron. Note that this quantity can be

compared directly with the corresponding measured quantity.

Dividing εabs by the active surface of the WLS gives the efficiency per unit WLS

surface. Both geometries listed in Table 4.1 have the same active WLS surface

S = 2× (LxWLSL
y
WLS + LyWLSL

z
WLS) = 0.167 m2.

This efficiency still depends on the geometry of the water volume relative to the

geometry of the WLS. An easy way to check this dependence is to lower the water

level in the tank step by step. Note that this is also a nice experimental check.

4.2 Results

Determining the WLS positioning for the experimental setup

The MC simulations were used to determine the best WLS position of the two listed in

Table 4.1 in the case of a full water tank.

A MC simulation with 10000 muons was carried out for both the horizontal and

vertical WLS geometry. Figure 4.6 shows the number of Cherenkov photons that reached

the final stage of the simulation, i.e. those which create a photoelectron escaping the

photocathode . For the horizontal WLS geometry an absolute detection efficiency εabs =

(59.30± 0.49) % is found, while this is (43.20± 0.50) % for the vertical WLS geometry.

Note that this is as expected: from the trigger and water tank geometry relative to the

WLS geometry, and from the muon angular distribution, it is clear that for the vertical

WLS geometry less Cherenkov cones overlap partially or completely with the side planes

of the WLS compared to the case for the top plane of the horizontal WLS geometry.

6Since the photon propagation inside the WLS is not explicitly calculated, a simple estimate for the
two transmission factors is made. They are both assumed to by 0.95.

7The transmission probability through the PMT glass is assumed to be 1.
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Figure 4.6: Number of muons as a function of the number of photons per muon
reaching the final stage of the MC simulation. MC simulation with 10000 Eµ ∈ [0.5, 15]
GeV muons for (a) the horizontal WLS geometry and for (b) the vertical WLS geometry

(see Table 4.1).

Looking at the photon position distribution on the planes of the WLS presented in

Figure 4.7, it is expected that there is still a bug present in the code. In Figure 4.7(a)

a symmetry is observed as expected, with most photons hitting the center of the top

plane of the WLS. An asymmetry is observed in Figure 4.7(b), which is unexpected

from geometrical arguments. A closer look at the z-coordinate of the photon position on

the WLS in Figure 4.8 suggests that a bug is present in the code which only manifests

itself significantly for the vertical WLS geometry. The two peaks at Zγ = 0.250 m

and Zγ = 0.255 m in Figure 4.8(a) are due to hits on the top and bottom plane. In

Figure 4.8(b) the peak at Zγ = 0.3 has a similar origin. Just below this peak an

unexpected decrease in hits is observed which seems to agree with the increase in hits

just above Zγ = 0.2.

The generation of the Cherenkov photon directions is assumed to be correct after

several successful tests. Hence, the bug is assumed to be present in the calculation of

the intersection with the side planes of the WLS for those photons which are created

in the water region next to the WLS. Since this region is very small in the case of the

horizontal WLS geometry, this might be the reason why we do not see an unexpected

result there. The bug has not been found yet, but is assumed to be irrelevant for the

case of the horizontal WLS geometry. A good next step would be to assume an infinitely

thin WLS, such that only one plane needs to be checked for crossings, rather than six.

Dependence of the setup on the water volume

For the horizontal geometry, the dependency on the water volume was checked by run-

ning MC simulations for different water levels. As expected, the absolute efficiency
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Figure 4.7: Photon position distribution on the WLS for a MC simulation with 10000
Eµ ∈ [0.5, 15] GeV muons. (a) Top plane in the case of the horizontal WLS geometry

(b) Side planes in the case of the vertical WLS geometry (see Table 4.1).
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Figure 4.8: Photon z-coordinate distribution on the WLS for a MC simulation with
10000 Eµ ∈ [0.5, 15] GeV muons. (a) Horizontal WLS geometry (b) Vertical WLS

geometry (see Table 4.1).

decreases with the water level and goes to zero when the water level is at the same

height as the top plane of the WLS. A second order polynomial εabs = p0 + p1z + p2z
2

is fitted to the MC data points, where z = Zwater − ZWLS,top is the level of the water

above the top plane of the WLS.

A MC simulation with 10000 muons in air for the horizontal WLS geometry showed

that the Cherenkov detection in air can be safely neglected for this setup (εabs ≈ 0.01%).
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Figure 4.9: Absolute efficiency εabs as a function of the water level above the top
WLS plane for the horizontal WLS geometry (see Table 4.1). The simulations were

carried out with 10000 Eµ ∈ [0.5, 15] GeV muons.
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Measurements and results

Four measurements were done to test the feasibility of using a WLS coupled to a PMT

as a Cherenkov light detector. The results are presented in Section 5.2. An outlook

on these experiments is given in Chapter 6. First, we start with a discussion on the

calibration of the detector.

5.1 Detector calibration

The setup is designed such that a Cherenkov counting measurement can be done. The

counting experiment is based on temporal coincidence between trigger signals and signals

from the PMTs mounted to the WLS readout planes (see Section 3.2). The light signals

in the trigger (scintillation pulses, see Section 3.1.2.1) and in the WLS (luminescence

pulses, see Section 3.1.3) are transformed to electrical signals by PMTs before they are

tested for coincidence. For a given light signal, this transformation should always be

the same in order to obtain a uniform behavior of the detector. The transformation

behavior of a PMT, i.e. the gain and linearity of the multiplication process, depends on

the high voltage of the PMT (Section 2.3.2). Setting the high voltages of the PMTs

such that they all respond similarly to a given input is called a relative calibration.

The setup also allows to integrate over the charge signals from the WLS PMTs

which satisfied the temporal coincidence condition. An interpretation of the thus ob-

tained pulse-height or QDC spectrum requires an absolute calibration. For a PMT at

a certain voltage, the relation between the QDC output of a signal and the number of

photoelectrons of that same signal can be determined by measuring the QDC spectrum

of a well-known source, for which the SPE peak can be identified. Typically, lasers are

used to do such an absolute calibration.

83
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5.1.1 Absolute calibration

Laser output

The STAR40F5 violet laser diode module was modulated using TTL pulses with a

minimal width of 20 ns. The average number of photons Nγ emitted by the laser in a

pulse of ∆tpulse, is given by the relation

Nγ =
Plaser[J ]×∆tpulse[s]

Eγ [J ]
≈ 107 ×∆tpulse[ns], (5.1)

where Plaser = 5 mW is the power of the laser and Eγ [J ] = 1.24/λ[µm]× 1.6× 10−19 =

5 × 10−19 is the energy of a photon with wavelength λ = 405 nm. For a minimal

obtainable pulse width of 20 ns this requires a filter with transmission factor T ≈ 10−8

to have approximately one photon per laser pulse on average. Note that the flux received

by the PMT placed at the other side of the empty water tank, facing the laser diode

module, might be lower due to losses caused by a finite laser beam width. Several filter

factors can be obtained with the two T = 10−2 filters and the two T = 10−4 filters (both

at 405 nm).

Calibration with a laser

The goal of the absolute calibration is to find the relation between the QDC channel

number N and the actual integrated charge Q. To obtain a SPE spectrum with the

laser, we want to have as little as possible higher PE signals. E.g. if we want to limit

the probability for a 2PE laser signal to 10%, the average number of photons n per laser

pulse is set by the condition P (2, n) = 0.01 (see Equation (2.5)). Depending on the

strength of the filter placed in front of the laser, this condition allows to determine the

duration of the TTL modulation pulse.

Figure 5.1 displays the readout scheme used for the absolute calibration measurement.

In the ideal case the QDC gate signal is constructed using the modulation pulse of

the laser. However, setting the appropriate delay for the gate signal turned out to be

problematic and we opted to construct the gate signal using the PMT output signal.

This has the disadvantage that a gate signal is only produced after the CFD, and an

unwanted threshold comes into the game. Unexpected results were obtained in this

manner. This is believed to be due both to a poor understanding of the QDC pedestal

behavior and an unexpected pulse shape of the laser signal. Even for T = 10−12 and

pulse widths of 20 ns, afterpulses where observed on an oscilloscope. These afterpulses
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both influence the coincidence rate and the QDC spectrum, making a clear interpretation

of the obtained results difficult.

Because of these unexpected results and because of the limited available time, it

was decided to only do a relative calibration of the detector. For these measurements,

as well as for the final measurements, the QDC spectrum was still measured, as this

happens independently from the counting experiment (see Figure 3.11). A linearity test

of the QDC, using block pulses of variable heights as input signals, did show that the

QDC responds linearly to its input. In the following, the QDC behavior is considered

as trustworthy up to that level.

Figure 5.1: Schematic representation of the electronic readout for the absolute cali-
bration measurement.

5.1.2 Relative calibration

Scintillation counting measurements (see Section 3.1.2.1) were done for the relative cal-

ibration of the PMTs. Each PMT was coupled to its respective scintillation bar in

the trigger, as depicted in Figure 3.3(d). The WLS PMTs, PMT W1 and PMT W2,

were coupled to scintillator SCINT 11 and SCINT 28 respectively for their calibration

measurement.

Figure 5.2 shows the QDC spectrum of the reference PMT (PMT 11) for a scintillation

counting measurement of 10 minutes. The PMT voltage was set to 1300 V, in order to

operate in the safe zone of the PMT, where a linear relation holds between the input and

output signal of the PMT. A peak is observed around channel number nCH = 400. The
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readout scheme for this measurement is similar to the one displayed in Figure 5.1, but

with the PMT coupled to scintillation light rather than laser light. The CFD threshold

value was set such that 50 mV is the minimum voltage satisfying the threshold condition

for block pulses with a width of 40 ns. This is believed to be the reason for the cut-off

in the QDC spectrum at nCH ≈ 2501.

Figure 5.2(b) shows that the scintillation rate of PMT 11 is approximately uniform

in time. The counting rate is (106.0± 3.3) min−1, roughly 6 times less than the typical

expected rate corresponding to the cosmic ray muon flux through a horizontal detector

of similar dimensions (see Section 1.2.2.1). This serves as a good check to make sure

that the CFD threshold is set high enough2 such that noise pulses are eliminated. The

threshold also throws away real muon signals, causing a decrease in the muon trigger

rate. This implies that longer measurements will be needed to obtain the same statistics

for a certain measurement. However, lowering the scintillation rate also decreases the

random coincidence rate (see Muon flux through the calibrated trigger).

Each trigger bin has a high voltage divider circuit which allows to install 6 different

high voltages for the 8 trigger PMTs and for one WLS PMT. Table 5.1 lists the high

voltages applied to the PMTs, together with the threshold values of the corresponding

CFD channels, and the measured scintillation rates. Appendix ?? shows the QDC

spectra for all the PMTs after the relative calibration. These spectra indicate that the

calibrated trigger response is approximately position and time independent.

Muon flux through the calibrated trigger

The muon flux seen by the calibrated trigger is (20.87 ± 0.21) min−1 or (347.8 ± 3.5)

mHz. This was measured for an empty water tank during 8 hours. No delay was installed

between both trigger plane signals, since a persistence test on the oscilloscope3 showed

that this was not necessary4. The QDC spectrum of this measurement is shown in

Figure 5.3. There was no input for the QDC during this measurement, such that this

can serve as the pedestal measurement for QDC channel 0.

1Note that an absolute calibration would allow a physical interpretation of this CFD threshold and
of the peak value.

2For the given PMT high voltage.
3Visual check of the temporal overlap between the block pulses of both trigger planes. The widths

of these block pulses was set to 70 ns.
4This is expected, as on average the time difference between a top and bottom trigger plane signal

(being the consequence of the same muon) is given by the average transit-time of the muon between
both trigger planes. This of the order of a few nanoseconds, which is negligible compared to the 70 ns
width of the block pulses. Since both signals undergo the exact same operations in the readout circuit,
no extra delay is necessary.
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Figure 5.2: (a) QDC spectrum of the reference PMT (PMT 11). (b) Time dependence
of the QDC spectrum of the reference PMT.

The random trigger coincidence rate can be estimated using the formula

rrand ± σrrand = r1r2∆tres ±
√

(r2∆tresσr1)2 + (r1∆tresσr2)2 + (r1r2σ∆tres)
2, (5.2)

where r1 (r2) is in this case the rate of trigger 1 (trigger 2) and ∆tres is the resolving time

of the coincidence. ∆tres is approximately given by the sum of the widths of the block

pulses used to do the coincidence check and is thus 140 ns for the trigger coincidence.

The error on the width of every block pulse is estimated to be 10 ns. The rates of

the separate trigger planes were not measured, but can be estimated using the values

in Table 5.1. As a conservative assumption, we take 8 times the mean rate of the 8

scintillation counters in each trigger plane as the rate for each trigger plane. This gives

r1 = 8× (116.7± 1.2) min−1 = (933.6± 3.4) min−1 and r2 = 8× (111.3± 1.2) min−1 =
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Table 5.1: PMT calibration parameters for each PMT. The high voltage (HV) is
expressed in kV. For PMT 11-PMT 28, the CFD modules are of the CAEN V812 type.
The threshold value (CFD Thr.) corresponds to a 40 ns, 50 mV negative block pulse
(at 100 Hz). The signals of PMT W1 and PMT W2 are converted into block pulses
using the ORTEC 935 CFD module. For this CFD, a threshold setting of -192.4 mV

on a multimeter corresponds to a 40 ns block pulse of 13 mV.

PMT HV [kV] CFD mod.-ch. CFD Thr. counts/600 s rate
[
min−1

]
11 1.300 1-0 41 1060 106.0 ± 3.3
12 1.405 1-1 40 1240 124.0 ± 3.5
13 1.345 1-2 40 1173 117.3 ± 3.4
14 1.470 1-3 42 1085 108.5 ± 3.3
15 1.375 1-4 40 1178 117.8 ± 3.4
16 1.345 1-5 41 1334 133.4 ± 3.7
17 1.365 1-6 40 1027 102.7 ± 3.2
18 1.300 1-7 41 1239 123.9 ± 3.5

21 1.400 2-0 42 1267 126.7 ± 3.6
22 1.340 2-1 41 1123 112.3 ± 3.4
23 1.380 2-2 40 1230 123.0 ± 3.5
24 1.345 2-3 41 1080 108.0 ± 3.3
25 1.330 2-4 39 1083 108.3 ± 3.3
26 1.400 2-5 43 1011 101.1 ± 3.2
27 1.350 2-6 41 1106 110.6 ± 3.3
28 1.380 2-7 41 1006 100.6 ± 3.2

W1 1.400 Ortec -192.4 mV 1198 119.8 ± 3.5
W2 1.350 Ortec -192.4 mV 1082 112.3 ± 3.3

(890.4 ± 3.4) min−1, leading to a random coincidence trigger rate rµrand = (32.3 ± 3.2)

µHz, which is negligible compared to the total muon trigger rate.

5.2 Results

All the measurements were carried out with the WLS in the horizontal position (see

Table 4.1). The readout scheme displayed in Figure 3.11 was used. The threshold for

the WLS CFD was set to the lowest possible value in order to avoid throwing away weak

WLS signals (see Table 5.1). Note again that the physical meaning of this threshold

is not known. The output pulse of the WLS CFD has a width of 100 ns and is tested

for temporal coincidence with the 100 ns trigger coincidence block pulse (output pulse

of COINC 1 in Figure 3.11). The settings for the trigger are as mentioned in the

previous section. The pulse widths were chosen such that the spread in time due to

variations in light paths (both in the scintillators and in the WLS) is small compared

to the coincidence window. Furthermore, the low trigger and WLS rates ensure that

the random coincidence rate between both is very low, despite a 200 ns resolving time.

Based on the results of a persistence check, the delay tD1 between the WLS block pulse
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Figure 5.3: (a) QDC spectrum of the trigger measured during 8 hours. The mea-
sured values correspond to the pedestal value of QDC input channel 0, as no input
was provided for this channel during the gate caused by the trigger signal. (b) Time

dependence of the QDC spectrum of the trigger.
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and trigger block pulse was set to 37 ns. The width of the coincidence block pulse of

the WLS and the trigger (output of COINC 2 in Figure 3.11) determines the width of

the QDC gate pulse and was set to 100 ns. A delay tD2 of 105 ns was installed between

the original WLS signal (which is the sum of PMT W1 and PMT W2 signal) and the

QDC input, such that the WLS signal enters QDC channel 0 when the gate is open.

5.2.1 Measurements

Two types of measurements are discussed in this section:

− Light detection via both the WLS and the partially uncovered PMT cathode sur-

faces (see Figure 3.9(a)). Hence, from the point of view of this thesis, both direct

(D) and indirect (I) Cherenkov light detection is possible. A 48 hour measure-

ment was done in air and water. Initially, it was not noticed that parts of the

WLS PMT cathodes were directly disposed to the water, thus compromising the

measurement. Nevertheless, we included the results of these measurements for the

purpose of a consistency check.

− Light detection through the WLS only, i.e. Cherenkov light created in the water

can only reach the PMT cathode indirectly. This is established by covering up the

free WLS PMT cathode surfaces. A 12 hour measurement was done in air and

water.

Table 5.2 lists the counting rates for all these measurements. The random coincidence

rate between the trigger signal and the WLS signal, i.e. the random event rate, is also

calculated.

Direct and indirect Cherenkov light detection

Figure 5.4 compares the QDC spectra of measurement 1 and 2, while Figure 5.5 shows

their time dependence. Both measurements peak at nCH ≈ 90. Notice that a few events

correspond to nCH ≈ 1000, well above the peak value of the scintillation measurement

shown in Figure 5.2(a).In both cases the spectrum shows uniform behavior in time, sug-

gesting that the detector is stable over a long period and that results of the experiment

are not heavily influenced by the time of the day. The expected number of observed

random coincidence events is smaller than one in both measurements.

Apart from a different medium in the tank, both measurements were carried out

under the exact same conditions. This means that background rates from the PMTs
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Table 5.2: Results for the measurements in water and air, in the case of uncovered
(D&I) and covered (I) WLS PMT photocathodes. The number of counts and the rate is
given for the trigger, the WLS, and for the signal events. The random coincidence rate
is also estimated. If we ignore the low random coincidence rates, the absolute detection

efficiency of the detector is given by εµ = revent/rµ.

Measurement 1 Measurement 2 Measurement 3 Measurement 4

Type D&I D&I I I

Medium water air water air

∆t 48 hr 0 min 16 s 48 hr 16 min 59 s 12 hr 1 min 23 s 12 hr 13 min 15 s

Nµ 48,126 ± 219 60,490 ± 246 11,417 ± 107 14,970 ± 122

rµ [mHz] 278.5 ± 1.3 348.0 ± 1.4 263.8 ± 2.5 340.3 ± 2.8

NWLS 12,656,652 ± 3,558 11,501,227 ± 3,391 2,410,000 ± 1,552 2,799,458 ± 1,673

rWLS [Hz] 73.238 ± 0.021 66.168 ± 0.020 55.680 ± 0.036 63.631 ± 0.038

Nevent 2470 ± 50 154 ± 12 289 ± 17 46 ± 7

revent [mHz] 14.29 ± 0.29 0.886 ± 0.071 6.68 ± 0.39 1.05 ± 0.15

N rand
event 0.7050 ± 0.0035 0.8004 ± 0.0035 0.1272 ± 0.0013 0.1905 ± 0.0017

rrandevent [µHz] 4.08 ± 0.29 4.61 ± 0.32 2.94 ± 0.21 4.33 ± 0.31

εµ [%] 5.131 ± 0.107 0.2456 ± 0.0204 2.53 ± 0.15 0.309 ± 0.044

(see Photomultiplier tubes in Section 3.1.2.1) and any light production inside the WLS

are the same in the air and water measurement5. Subtraction of the rates gives the

signal rate rCher due to Cherenkov light production in the water

rCher = (rwater − rwater,rand)− (rair − rair,rand)rescaled, (5.3)

where the rates in air are rescaled to account for the significantly different muon flux

in both cases: scale factor = rµ,air/rµ,water. This rescaling is only an approximation

because it does not account for the lower energies of the muons in water due to energy

losses. The scale factor for measurement 1 and 2 is 1.250 ± 0.014. This gives rCher =

(13.58 ± 0.30) mHz. The photons were detected either directly by one of the WLS

PMTs or indirectly through the absorption and re-emission of the WLS. In this case, the

wavelength sensitivity of the setup is determined by the QE of the PMT. Figure 3.6(a)

5We ignore the Cherenkov effect in air in this argument. Furthermore, the Cherenkov effect inside
the WLS is assumed to be identical for the measurement in water and air, despite the lowering influence
of the water on the energy spectrum of the muons causing the Cherenkov light in the WLS.
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shows that the QE for the XP1911/UV is non-negligible between 200 nm and 600 nm.

This window encloses the absorption curve of the WLS, which is non-negligible between

300 nm and 500 nm (see Figure 3.8).

An absolute detection efficiency can be calculated as

εabs =
rCher

rµ
= (4.88± 0.11)%, (5.4)

where the correlation between both rates was ignored in the error calculation.

It is very unlikely that the detected Cherenkov rate is a consequence of other ra-

diative processes than the Cherenkov effect. The radiative processes discussed in Sec-

tion 1.2.2.1 only become relevant at high muon energies, above 500 GeV. Looking back

at Figure 1.7(a), it is clear that the majority of the muons at sea level have an energy

of the order of 1 GeV. At 100 GeV, the muon flux has already decreased by a factor

of 1000. For the observed number of trigger counts in this measurement, we can thus

safely ignore the contribution of Eµ > 500 GeV muons. Even if this contribution is not

negligible, the above conclusion would still hold. The radiative processes produce light

with a much higher energy than the Cherenkov light, which is either not seen by the

WLS or by the PMT photocathode (wrong wavelength), or it is converted into many

low-energy Cherenkov photons though a cascade (see Section 1.3.2). It is thus safe to

conclude that Cherenkov light was detected by the setup.
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Figure 5.4: QDC spectrum for measurement 1 and 2 (see Table 5.2). The horizontal
axis is cut off at nCH = 600, causing a few events to be omitted from the spectrum.
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Figure 5.5: (a) Time dependence of the QDC spectrum for measurement 1 (see Ta-
ble 5.2). (b) Time dependence of the QDC spectrum for measurement 2 (see Table 5.2).
In both (a) and (b), parts of the PMT cathodes are also directly disposed to the water,

allowing direct detection of Cherenkov light.

Cherenkov light detection through the WLS

With the free PMT cathode surfaces covered up, the setup is only sensitive to photon

wavelengths in the absorption window of the WLS. Measurement 3 and 4 were carried

out under the same conditions as measurement 1 and 2.

Figure 5.6 shows the QDC spectra for measurement 3 and 4. Figure 5.7 shows the

time dependence of these QDC spectra. A peak value is observed at nCH ≈ 90 for both
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measurements. The Cherenkov rate is now given by rCher = (5.87 ± 0.41) mHz6. This

corresponds to an absolute detection efficiency

εabs =
rCher

rµ
= (2.23± 0.16)%. (5.5)

Comparison with εabs of measurement 1 (ignoring a rescaling factor of 1.05), shows that

the efficiency has decreased approximately by a factor of 2. Removing the WLS from

the tank and detecting Cherenkov light directly with the two PMTs allows to compare

the efficiency of the Cherenkov light detection with and without WLS for this specific

setup. Unfortunately, there was no time left to do such a measurement. Nevertheless,

the present efficiency comparison indicates that Cherenkov light detection through the

WLS goes very inefficiently in the current setup. This is most likely due to waveguide

losses at the WLS surfaces, and to the fact that the WLS emission spectrum and the

PMT QE are not adjusted to each other (see Figure 3.10).
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Figure 5.6: QDC spectrum for measurement 3 and 4 (see Table 5.2). The horizontal
axis is cut off at nCH = 600, causing one event to be omitted from the spectrum.

Consistency check

A few consistency checks can be done by comparing the different measurements:

− The muon fluxes listed in Table 5.2 show consistency. The two measurements in

water have comparable muon rates, as do the two measurements in air. Note that

the muon flux for the measurements in air is significantly larger than the muon

flux in water. This is most likely due to the muon energy losses in the water,

causing less muons to be detected by the lower trigger plane.

6The scale factor for measurement 3 and 4 is 1.290± 0.016.
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Figure 5.7: (a) Time dependence of the QDC spectrum for measurement 3 (see Ta-
ble 5.2). (b) Time dependence of the QDC spectrum for measurement 2 (see Table 5.2).

Only Cherenkov light detection through the WLS is possible in (a) and (b).

− The WLS rates in air are consistent. The WLS rate in water is higher for measure-

ment 1 than for measurement 3. This is most likely due to shielding of the WLS

PMT cathodes from direct Cherenkov light. In measurement 1, approximately half

of the rate is accounted for by direct detection. This direct Cherenkov detection

contribution is not present in measurement 3.

The WLS rates of measurement 3 and 4 are inconsistent. It is unexpected to have

a lower WLS activity in water than in air.

− Figure 5.8 shows QDC spectra of the first 12 hours of measurement 1 and 2.
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These figures can be compared with the ones presented in Figure 5.7. Notice

that the numbers in each bin have gone up by approximately a factor of 2 for

the measurements in water, while this is not the case for the measurement in

air. Figure 5.9(a) directly compares the QDC spectrum of both measurements

on a logarithmic scale. These spectra are rescaled (divided by their surface) in

Figure 5.9(b) to compare their shapes. These are in agreement, suggesting that

the directly detected photons and indirectly detected photons cause similar signals

in the WLS PMTs.
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Figure 5.8: (a) Time dependence of the QDC spectrum during the first 12 hours of
measurement 1 (see Table 5.2). (b) Time dependence of the QDC spectrum during the

first 12 hours of measurement 2 (see Table 5.2).
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Figure 5.9: (a) Comparison of the QDC spectrum for measurement 1 (first 12 hours)
and measurement 3 (see Table 5.2). (b) Comparison of the QDC spectrum for mea-

surement 1 (first 12 hours) and measurement 3 through rescaling.
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Conclusions and outlook

The IceCube Neutrino Observatory is a giant neutrino telescope embedded in the Antarc-

tic ice at the geographical South Pole, detecting atmospheric and extraterrestrial neutri-

nos through the Cherenkov effect. Cherenkov light is detected by optical sensors called

Digital Optical Modules, mounted on strings in a one cubic kilometer grid structure in

the ice. The light-collection and light-conversion to an electrical signal is done by 25 cm

diameter photomultipliers. IceCube studies neutrinos with energies of the order of 100

GeV up to several PeV. DeepCore, a denser region of optical sensors in the centre of

IceCube, lowers this energy threshold down to 10 GeV.

A further increase in optical sensor density allows to lower the IceCube energy thresh-

old even more. The Precision IceCube Next Generation Upgrade (PINGU) will allow

the detection of neutrinos with energies down to a few GeV. One of the main physics

goals of PINGU is to do precision atmospheric neutrino oscillation measurements in the

5-20 GeV range, providing sensitivity to the still unknown neutrino mass hierarchy.

New concepts for optical sensors are being investigated as part of the R&D for PINGU

and possible future upgrades of the IceCube detector. The goal of this master thesis

research was to design and construct a working experimental setup to test the feasibility

of using wavelength shifting materials (WLS) as the active part of a Cherenkov detector.

A WLS is a plastic scintillator doped with specific organic wavelength shifting molecules.

It absorbs light of a certain wavelength and re-emits it at a higher wavelength in a ran-

dom direction. Together with a PMT, a WLS can be used to detect Cherenkov light.

An optical sensor based on a WLS has two major advantages:

− Using the WLS as the light collector separates the light-collection process from the

light-conversion process, opposed to the situation in an IceCube DOM where both

98
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of this is done by the photocathode. This allows to couple to PMTs with small

photocathodes, and hence limit the noise rate. This is a very important feature for

low-energy neutrino detection. Between the collection and conversion process, the

WLS also acts as a waveguide. Refraction losses at the edges of the WLS should

be taken care of, as they lower the overall detection efficiency.

− If made from the appropriate material, the WLS can shift the absorbed Cherenkov

photons to a higher wavelength better suited for PMT readout.

The constructed setup consists of a water tank filled with distilled water, in which a

WLS bar of the type BC-482A with dimensions 10 cm × 0.5 cm × 80 cm is mounted.

The WLS bar is read out by two XP1911/UV PMTs with a photocathode diameter

of 15 mm. A trigger, consisting of a scintillator plate above and below the watertank,

registers the atmospheric muons causing the Cherenkov light inside the detector. A

temporal coincidence check of trigger signals and WLS signals makes it possible to test

the Cherenkov detection efficiency of the WLS-PMT combination. A MC simulation

was carried out to determine the best WLS position1 inside the water tank.

Measurements were done both in air and water, where the former served as a back-

ground measurement for the latter, assuming from results of the simulations that no

Cherenkov light is detected in air with the current setup. Comparing the results from

a 12 hour measurement in water and air, it was concluded that Cherenkov light was

detected through the WLS with an absolute detector efficiency of (2.23±0.16) %. From

a 48 hour measurement with the WLS in water and air, but in which parts of the

photocathodes were directly disposed to the medium in the tank, an absolute detector

efficiency of (4.88 ± 0.11) % was found. This increase by a factor of two, suggests that

in the current setup two photocathodes directly disposed to the water2 are as efficient

as the WLS coupled to the same two PMT cathodes3. Hence, there is still a long way to

go before a definite design of an efficient optical module based on a WLS (a WOM) is

achieved. It must be noted that the physical and geometrical properties of the WLS bar

and PMTs used for the current measurements were not perfectly adjusted to each other.

The WLS shifts the absorbed photons away from the PMT QE peak, the bar-shape of

the WLS allows refraction losses at four surfaces, and the PMTs are coupled to only

1/10th of the readout surfaces.

Now that Cherenkov light detection in water through a WLS is established, further

research must be done. The first task before proceeding with new measurements is to

1Of those positions allowed by the design.
2More precisely about 90 % of the area of the two photocathodes.
3More precisely coupled to the remaining 10 % of the photocathode areas.
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do an absolute calibration of the setup, such that the QDC can be used to its full extent

and an unambiguous interpretation of the measured spectra becomes possible.

A few interesting measurements would be:

− The influence of the water volume can be checked by lowering the water level in the

tank step by step and finding the relation between detector efficiency and water

level. This relation can then be compared with the MC predictions.

− Currently, both WLS PMT signals are added together before they are tested for

coincidence with the trigger signal. An extension of the readout system consist in

treating both WLS signals separately in the readout chain, thus allowing to check

the uniformity of the WLS response.

− The effect of the wavelength-shifting process could be checked by comparing the

response of a WLS to that of a plain scintillator made up from the same organic

material as the WLS. The WLS and scintillator samples can each be coupled to

one of the readout PMTs, such that their QDC spectra are directly comparable.

− Readout over the whole WLS end surface, rather than only 1/10th of the surface

could significantly increase the detection efficiency. As one of the key features

of a WLS optical sensor is the possibility to limit the photocathode surface and

consequent noise rate, it is important to look for an efficient light guide coupling

between the WLS bar and the PMT surface rather than using more PMTs for

readout.

− Different WLS geometries could be studied. Particularly, a hollow tube geometry

has the interesting feature that it acts as a good waveguide and mainly shows re-

fraction losses at the two end surfaces, which should evidently be used as the PMT

readout surfaces. Additionally, reflective coatings could further limit waveguide

losses.

The MC simulation could be used to check the feasibility of using other WLS-PMT

combinations to detect Cherenkov light. It might also be interesting to do an absorption

measurement of the water, to allow a decoupling of the WLS detection efficiency from

the properties of the distilled water.
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Relative calibration

The QDC spectra as a function of time for the PMT calibration measurements discussed

in Section 5.1.2.

0

2

4

6

8

10

12

14

16

18

Time [s]
0 200 400 600

)
C

H
(n

10
lo

g

2

2.2

2.4

2.6

2.8

3

3.2

3.4

3.6

3.8

4
PMT W1, Entries 1198

(a)

0

2

4

6

8

10

12

14

16

18

20

Time [s]
0 200 400 600

)
C

H
(n

10
lo

g

2

2.2

2.4

2.6

2.8

3

3.2

3.4

3.6

3.8

4
PMT W2, Entries 1082

(b)

Figure A.1: Time dependence of the QDC spectra of the PMTs used for the WLS
readout: PMT W1-W2. The corresponding high voltages and CFD thresholds can be

found in Table 5.1.
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Figure A.2: Time dependence of the QDC spectra of the PMTs used in trigger 1:
PMT 11-18. The corresponding high voltages and CFD thresholds can be found in

Table 5.1.
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Figure A.3: Time dependence of the QDC spectra of the PMTs used in trigger 2:
PMT 21-28. The corresponding high voltages and CFD thresholds can be found in

Table 5.1.
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[5] A. Einstein. Ist die Trägheit eines Körpers von seinem Energiein-

halt abhängig? Annalen der Physik, 13(18):639–641, 1905. URL

http://www.physik.uni-augsburg.de/annalen/history/einstein-papers/

1905_18_639-641.pdf.

[6] L. Hoddeson, L. Brown, M. Riordan, and M. Dresden, editors. The Rise of The

Standard Model. Cambridge University Press, Cambridge, 1979.

[7] E. Rutherford. The scattering of α and β particles and the structure of the atom.

Philosophical Magazine, 21(6):669–688, 1911.

[8] E. Rutherford. Collision of α Particles with Light Atoms IV. An Anomalous Effect

in Nitrogen. Philosophical Magazine, 37:581, 1919. URL http://cds.cern.ch/

record/262759.

[9] J. Chadwick. Possible Existence of a Neutron. Nature, 129(3252):312, 1932. URL

http://web.mit.edu/22.54/resources/Chadwick.pdf.

104

http://web.ihep.su/dbserv/compas/src/thomson97/eng.pdf
http://www.physik.uni-augsburg.de/annalen/history/einstein-papers/1905_17_132-148.pdf
http://www.physik.uni-augsburg.de/annalen/history/einstein-papers/1905_17_132-148.pdf
http://www.physik.uni-augsburg.de/annalen/history/einstein-papers/1905_17_549-560.pdf
http://www.physik.uni-augsburg.de/annalen/history/einstein-papers/1905_17_549-560.pdf
http://onlinelibrary.wiley.com/doi/10.1002/andp.19053221004/pdf
http://onlinelibrary.wiley.com/doi/10.1002/andp.19053221004/pdf
http://www.physik.uni-augsburg.de/annalen/history/einstein-papers/1905_18_639-641.pdf
http://www.physik.uni-augsburg.de/annalen/history/einstein-papers/1905_18_639-641.pdf
http://cds.cern.ch/record/262759
http://cds.cern.ch/record/262759
http://web.mit.edu/22.54/resources/Chadwick.pdf


Bibliography 105

[10] L.M. Brown. The idea of the neutrino. Physics Today, pages 23–28, 1978.

URL http://ddd.uab.cat/pub/ppascual/ppascualapu/ppascualapu_41_001@

benasque.pdf.

[11] E. Fermi. Fermi’s Theory of Beta Decay (English translation by

Fred L. Wilson, 1968). American Journal of Physics, 36(12):1150–1161,

1934. URL http://microboone-docdb.fnal.gov/cgi-bin/RetrieveFile?

docid=953;filename=FermiBetaDecay1934.pdf;version=1.

[12] C.L. Cowan, F. Reines, F.B. Harrison, H.W. Kruse, and A.D. McGuire. Detection

of the Free Neutrino: a Confirmation. Science, 124(3212):103–104, July 1956.

URL http://www.sciencemag.org/content/124/3212/103.

[13] C. D. Anderson. The Positive Electron. Physical Review, 43(6):491–494, 1933.

URL http://prola.aps.org/pdf/PR/v43/i6/p491_1.

[14] P.A.M. Dirac. The Quantum Theory of the Electron. Proceedings of the Royal So-

ciety A, 117(778):610–624, 1928. URL http://rspa.royalsocietypublishing.

org/content/117/778/610.
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