
Dipartimento di Matematica e Fisica
Corso di dottorato di ricerca in Fisica

Atmospheric neutrino spectrum
reconstruction with the JUNO

experiment

Candidate:
Giulio Settanta

Advisor:
Prof. Stefano Maria Mari

Coordinator:
Prof. Giuseppe Degrassi

XXXII PhD cycle





This page is intentionally left blank



Contents

Introduction 1

1 Atmospheric neutrinos 3
1.1 Neutrinos in the Standard Model . . . . . . . . . . . . . . . . 4

1.1.1 Neutrino interactions . . . . . . . . . . . . . . . . . . . 7
1.2 Neutrino oscillation . . . . . . . . . . . . . . . . . . . . . . . . 10
1.3 Atmospheric neutrino �ux . . . . . . . . . . . . . . . . . . . . 16

1.3.1 Monte Carlo �ux simulations . . . . . . . . . . . . . . 18

2 Current status of atmospheric neutrino measurements 22
2.1 Fréjus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.2 Super-Kamiokande . . . . . . . . . . . . . . . . . . . . . . . . 24
2.3 ANTARES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.4 AMANDA and IceCube . . . . . . . . . . . . . . . . . . . . . 28

3 JUNO experiment 31
3.1 Scintillator detectors . . . . . . . . . . . . . . . . . . . . . . . 33

3.1.1 JUNO liquid scintillator . . . . . . . . . . . . . . . . . 34
3.2 JUNO detector design . . . . . . . . . . . . . . . . . . . . . . 35

3.2.1 Central Detector . . . . . . . . . . . . . . . . . . . . . 36
3.2.2 Water Pool . . . . . . . . . . . . . . . . . . . . . . . . 40
3.2.3 Top Tracker . . . . . . . . . . . . . . . . . . . . . . . . 40

3.3 JUNO PMTs . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.4 DAQ and trigger strategy . . . . . . . . . . . . . . . . . . . . 46

4 Monte Carlo simulation 47
4.1 Simulation of the atmospheric neutrino �ux . . . . . . . . . . 48
4.2 Neutrino interaction . . . . . . . . . . . . . . . . . . . . . . . 49
4.3 Detector simulation . . . . . . . . . . . . . . . . . . . . . . . . 53

i



CONTENTS ii

5 Neutrino �avor identi�cation and sample selection 55
5.1 Fiducial cuts . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
5.2 Time residual-based discrimination . . . . . . . . . . . . . . . 58
5.3 Cosmic muon background . . . . . . . . . . . . . . . . . . . . 62

6 Atmospheric neutrino energy spectrum 65
6.1 Spectrum unfolding . . . . . . . . . . . . . . . . . . . . . . . . 66

6.1.1 Bayesian approach . . . . . . . . . . . . . . . . . . . . 67
6.1.2 Simulated data sample . . . . . . . . . . . . . . . . . . 68
6.1.3 Reconstructed �ux . . . . . . . . . . . . . . . . . . . . 69

6.2 Uncertainties evaluation . . . . . . . . . . . . . . . . . . . . . 70
6.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . 75

Conclusions 78

Bibliography 79

Acknowledgements 88



Introduction

Neutrinos are elementary particles which are copiously produced through a
great variety of processes. Since their �rst observation in the '50s, experi-
mental e�orts have continuously evolved, to �nd new and more e�ective ways
to detect them. Among the many production channels, the atmospheric neu-
trino �ux represents a well established source that has been used throughout
the years to infer important properties of matter at fundamental level. Being
produced in the interaction of cosmic radiation with the atmosphere, they
are also a probe for nuclear interactions between the air and Cosmic Rays.
Neutrinos have extremely low cross sections, compared to other particles.
This peculiar property allows them to preserve the original information at
the production and to release it inside a detector without being de�ected,
nor absorbed. This represents both an advantage and a great experimental
challenge. Given the relatively low interaction rate, the only way to detect
atmospheric neutrinos is to build huge apparatuses underground, in order
to collect a signi�cant statistics and to shield against the atmospheric muon
�ux, which is much higher.
The JUNO detector, whose site construction started in 2015, was designed
with the goal to identify the neutrino mass ordering, by accurately measure
the energy spectrum of antineutrinos coming from a surrounding cluster of
nuclear power plants. It consist of a 20 kt,� 36 m diameter, spherical volume
of liquid scintillator, surrounded by a cosmic muon veto system. The detec-
tor is still under construction at a depth of� 700 m and will be ready in 2021.
The high light yield of the scintillator and its optimal transparency, together
with the high photo-coverage, allow the measurement of the deposited energy
with unprecedented resolution. JUNO is expected to take data for more than
20 years and the potentiality of the detector ranges on a wide series of studies.

In this work, the possibility of the JUNO detector in measuring the atmo-
spheric neutrino energy spectrum has been evaluated. A large set of Monte
Carlo events has been used to simulate the performances of the detector.
The equivalent of � 5 years of data-taking has also been simulated, in order
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to understand the detector potential on a reasonable time-scale.
Chapter 1 gives a brief overview of the current knowledge of neutrino physics,
both in the framework of the Standard Model and beyond, with the oscilla-
tion phenomenon. Present measurements of the atmospheric neutrino energy
spectrum are reported in Chapter 2. Chapter 3 describes the �nal design of
the JUNO experiment. Chapter 4 reports the details of the Monte Carlo
simulations used. In Chapter 5 are described the selection criteria adopted,
while in Chapter 6 the spectrum analysis is presented and discussed, together
with the results obtained.
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Chapter 1

Atmospheric neutrinos

Atmospheric neutrinos are produced as a result of the interaction of primary
Cosmic Rays (CR) with the nuclei of the Earth atmosphere. The primary
cosmic ray �ux is mainly composed of protons, helium nuclei and a small
fraction of heavier nuclei. Being the result of relativistic acceleration, they
are not thermalized at the source and their energy distribution follows, at
�rst order, a power-law spectrum: dN=dE / E � 
 . The value of 
 varies
across the spectrum: it is approximately 2.7 up to the PeV, then it increases
up to � 3.0 (knee). Above the EeV, the value returns around 2.7 (ankle).
The interaction between primary CR and the Earth's atmosphere produces
a cascade of particles known as Extensive Air Shower (EAS), as a result of
the air nuclei fragmentation. An EAS is therefore composed of lighter nuclei
and secondary hadrons, which undergo re-interactions and decays. Within
the shower, neutrinos are produced from the decay of secondary hadrons
(mainly pions). Their energy distribution follows approximately that of pri-
mary CR. Above energies aroundO(100 MeV), they represent the most
abundant natural neutrino �ux, up to O(100 TeV).
Thanks to the high �ux extending over a wide energy range, atmospheric
neutrinos represent a natural source that can be used to infer neutrino prop-
erties at fundamental level. The discovery of neutrino oscillations, which led
to the 2015 Physics Nobel Prize to A. McDonald and T. Kajita, was achieved
by analyzing the de�cit both in the solar and in the atmospheric neutrino
�ux. Moreover, some of the missing pieces in the puzzle of neutrino physics,
like the mass ordering, are going to be addressed also by means of atmo-
spheric neutrinos. The �eld is currently very active and several experiments
are scheduled in the next years to answer the still open issues.
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1.1. NEUTRINOS IN THE STANDARD MODEL 4

1.1 Neutrinos in the Standard Model

The original idea of including a neutral, low-mass particle that weakly in-
teracts with matter comes from a letter of W. Pauli to a physics conference
at Tubingen in 1930. The elusive fermion, as Pauli explained, could solve
some observed experimental anomalies at the time, such as the continuous�
spectrum of the neutron decay [1].
The building block of a comprehensive theory that included neutrinos resides
in the Fermi theory of � -decays, published in 1934 [2]. In the Fermi formu-
lation, the � decays were described as a point-like interactions between four
particles: a proton, a neutron, an electron and a neutrino1. Those particles
involved in the interaction are calledfermions and share the property of hav-
ing a spin value equal to 1/2. Fermi concluded also that neutrinos could be
massless.
In the case of the� decay of nucleons, the hamiltonian of the Fermi interac-
tion can be written as

H int
F =

GFp
2

X

J

Z
d3x cJ (p(x)OJ n(x)e(x)OJ � (x) + h:c:); (1.1)

where GF is the Fermi constant2, cJ are the coe�cients of the sum, p,n,e
and � are the four leptonic �elds andh:c: is the conjugate hermitian of the
expression. OJ refers to the type of coupling the �elds can have, being it
scalar (OS = 1), axial vector (OA = 
 � 
 5), vector (OV = 
 � ), pseudoscalar
(OP = 
 5) or tensorial (OT = � �� ). 
 � are the 4x4 Dirac matrices,
 5 is the
product of the four 
 � and � �� = i

2 [
 � ; 
 � ]. Several experiments at the time
attempted to understand which of the couplings entered in the interaction. A
clear picture was missing for about two decades [5]. Meanwhile, at the end of
the 30's, it was proposed that weak interactions were mediated by a massive
charged boson [6]. In this formulation, the hamiltonian can be written as [7]:

H IV B = gW J � (x)W y
� (x) + gW J � y(x)W� (x); (1.2)

where gW is a dimensionless coupling constant and theW �elds represent
the charged massive boson. A possible expression of the leptonic currentsJ
in terms of the quantized leptonic �elds is:

J � (x) =
X

`

	 ` (x)
 � (1 � 
 5)	 � ` (x)

J � y(x) =
X

`

	 � ` (x)
 � (1 � 
 5)	 ` (x);
(1.3)

1The term neutrino was invented by Fermi himself, after the 1932 discovery of the
neutron by Chadwick [3].

2GF =(~c)3 = 1 :1663787(6)� 10� 5 GeV � 2 [4]
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where ` labels the lepton �elds (̀ = e; �; � ) and � ` the corresponding �avor
neutrino �elds. The structure of (1.2) conserves the so-calledlepton number,
de�ned as the number of leptons minus the number of antileptons of corre-
sponding �avor. Indeed, the upper current in (1.3) is linear iǹ creation and
in ` absorption creator, same as in� absorption and in � creation. Lepton
number conservation is today veri�ed experimentally for all processes.
The interaction in (1.2) and (1.3) is also known as 'V - A ' interaction, since
it can be expressed as the combination of a vector (
 � ) and an axial vector
(
 � 
 5) term:

J � (x) = J �
V (x) � J �

A (x): (1.4)

It is remarkable to see that such interaction does not conserve parity, since
under the transformation (x; t ) ! (� x; t ) J �

V (x) changes sign, whileJ �
A (x)

does not. Several experimental evidences suggested that parity was not con-
served in weak interactions, also within the hadronic sector [8]. In 1957,
parity violation was observed in the� -decay of polarized60Co [9], strength-
ening theV - A picture.
Another property of neutrinos is given by thehelicity operator:

h =
�! s � �! p

j�! p j
; (1.5)

where �! s and �! p are the neutrino spin and momentum vectors. In 1958 it
was found that the polarization of� e produced in the reactione� + 152Eu
! 152Sm + � e was in a direction opposite to its motion, within the exper-
imental uncertainties [10]. The conclusion was that the experiment agreed
with the assumption of neutrino as a massless particle, always into an helic-
ity eigenstate. Experimentally, only neutrinos with h = -1 and antineutrinos
with h = 1 have been indeed observed so far. Helicity is therefore a conserved
quantity and coincides withchirality , which governs the interactions with the
other particles. The two chiral operators, representing right- and left-handed
eigenstates, can be expressed for the fermion �eld	 as:

1 � 
 5

2
	 : (1.6)

In this picture neutrinos always interact as left-handed particles (� L ) and
antineutrinos always as right-handed particles (� R).
The above statement, about the existence of� L and � R only, refers to the
so-called Dirac representation. If a non-zero neutrino mass is considered,
then helicity is not a conserved number and� and � can be found in both
helicity states. An alternative hypothesis, made by Majorana, is that� and
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� consist of the same particle, with two di�erent helicity states. As a con-
sequence, the leptonic number would be violated. Several experiments are
attempting to investigate this intricate topic, searching for the so-called neu-
trinoless double-beta decay [11].
The current theoretical picture, where neutrinos are embedded, was formu-
lated in 1967 by Weinberg [12] and Salam [13], based on theSU(2) � U(1)
gauge model proposed in 1961 by Glashow [14]. The new theory, called
Electro-weak Standard Model, uni�es the weak and the electro-magnetic in-
teractions and predicts the existence of a neutral vector bosonZ 0. Processes
involving the exchange of aZ 0 are calledneutral current (NC) interactions,
to be distinguished fromcharged current(CC) interactions arising from the
exchange of aW � . The existence of NC interactions was proven experimen-
tally in 1973 [15�17].
In the Standard Model (SM) formulation, leptons are divided into left-handed
doublets and right-handed singlets (since there are no right-handed neutri-
nos): �

� e

e

�

L

�
� �

�

�

L

�
� �

�

�

L

; eR � R � R ; (1.7)

which explicitly show theSU(2) structure. The resulting Lagrangian density
contains three generators forSU(2) and one forU(1). Their mixing creates
two charged mediators (theW � bosons) and two neutral mediators (theZ 0

and the photon). In order to give mass to theW and Z bosons, the scalar
Higgs �eld induces a mechanisms that breaks the electro-weak symmetry, by
allowing the bosons to acquire additional degrees of freedom [18�20]. Massive
mediators have a limited range of action, which makes their exchange rather
di�erent from the one of the massless photon. At low energy, a weak process
can be seen as a point-like interaction, as in the original Fermi formulation.

The experimental con�rmation to neutrino existence came in 1956, by the
Reines and Cowan experiment at the Savannah River reactor [21]. The ap-
paratus included more than 1000 liters of liquid scintillator, used to detect
secondary products after a neutrino interaction. By taking advantage of the
large � e �ux from the nuclear reactor, they used theinverse � -decay (IBD)
reaction to detect neutrinos:� e + p ! e+ + n. The IBD has a clear signature
inside a liquid scintillator, since it produces a prompt energy release aftere+

production and annihilation (few ns) and a delayed one after neutron capture
(hundreds of� s).
In the '60s, the �rst natural �ux of neutrinos was experimentally observed:
atmospheric neutrinos, resulting from CR interaction in the atmosphere, are
able to cross the entire Earth, while atmospheric muons are limited in range
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to a few km. By installing multiple detectors inside a deep mine, a sig-
nal from neutrino-induced muons created in the surrounding rocks was de-
tected [22,23].

1.1.1 Neutrino interactions

In the current picture of the SM, neutrinos are included with their 3 �avors
representation (� e; � � ; � � and the corresponding antiparticles). The property
of being massless particles imposes that �avor is the only representation they
can have. The �avor of a neutrino is de�ned as that of the charged lepton
they couple with in a CC interaction (e; �; � ).
The only fundamental force they experience is the weak one, via the exchange
of the W and Z bosons. The Lagrangian of the CC term has the form

L CC = �
g

2
p

2

X

`= e;�;�

(� ` 
 �
�
1 � 
 5

�
è W� + h :c:); (1.8)

where the constantg determines the strength of the coupling. The term in
the brackets transforms charged leptonsè into neutrinos of the same �avor
� ` and vice versa. Concerning the NC term, the lagrangian can be expressed
as

L NC = �
g

4cW

X

`= e;�;�

f � ` 
 �
�
1 � 
 5

�
� ` �

�
1 � 2s2

W

�
è 
 �

�
1 � 
 5

�
è

+ 2s2
W è 
 �

�
1 + 
 5

�
è gZ � ;

(1.9)

wheresW and cW are the sine and cosine of the weak mixing angle� W . The
two processes are reported in terms of Feynman diagrams in �g 1.1.

W

A; `

� `

A0; � `

`

Z

A; `

� `

A; `

� `

Figure 1.1: Feynman diagrams for neutrino interactions with generic hadrons
or leptons. Left: charged-current (CC) interactions; right: neutral-current
(NC) interactions. � ` denotes neutrinos,A hadrons,` charged leptons.

The treatment of neutrino interactions in not trivial, because of the mul-
tiplicity of possible targets. Therefore, it is convenient to address the is-
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sue on distinct regions of the parameter space, where some approxima-
tions can be done. In the energy region considered in this work, about
100MeV � E � � 10GeV, the dominant neutrino interaction is the neutrino-
nucleon scattering. The most prominent channels, which are described below,
are the elastic and quasi-elasticscattering, the resonant productionand the
deep inelasticscattering. More details on the processes and their implemen-
tation in the neutrino event generator are in Chap. 4. The treatment here
follows the review work from [5] and [24].

Elastic and quasi-elastic scattering : Neutrinos can elastically scatter
o� an entire nucleon, delivering a nucleon (or multiple nucleons) from
the target. In the case of CC neutrino scattering, this process is re-
ferred to as\ quasi-elastic scattering" , whereas for NC scattering this is
traditionally referred to as \ elastic scattering" . In the approximation
of E � << 1GeV, the total cross-section for quasi-elastic scattering can
be expressed as

� CC ' 1:601� 10� 44
�
1 + 3g2

A

�
�

E �

MeV

� 2

cm2; (1.10)

where gA is the coe�cient of the axial contribution. In the same ap-
proximation, the total cross-section for elastic scattering is given by

� p
NC '

G2
F

4�

h�
1 � 4 sin2 #W

� 2
+ 3g2

A

i
E 2

�

� n
NC '

G2
F

4�

�
1 + 3g2

A

�
E 2

� ;
(1.11)

where the superscriptp refers to the interaction with a proton andn
with a neutron. The ratio � NC =� CC has been measured around a value
of (0.1 - 0.15) [24].

Resonance production : Neutrinos can excite the target nucleon to a res-
onance state. The resultant baryonic resonanceN ? decays to a variety
of possible mesonic �nal states, resulting in a combination of nucleons
and mesons. The most abundant products are pions, which can appear
in single-production or in a certain multiplicity.

Deep-inelastic scattering : At high enough energy, neutrinos can resolve
the individual quark constituents of the nucleon. The interaction is
thus able to destroy the nucleon and manifests in the creation of a
hadronic shower. The process is described in terms of thequark-parton
model of hadrons, where a nucleon is considered as a combination of
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three valence quarks, plus a sea of gluons and quark-antiquark pairs.
The interaction probability with any of the parton depends on the
probability density f N

qi
(x), which describes the probability of �nding

a speci�c quark qi . A set of variables that are useful to describe the
process are the momentum transferQ2, the inelasticity y � 1� (E`=E� )
(being E` and E � the energy of the charged lepton and of the neutrino
and � Q2 = q2), the center-of-mass energys and x � Q2=(s � m2

N ). All
these variables are invariant under Lorentz transformation.
The di�erential cross-section for CC interactions can be expressed as:

d2� �N
CC

dxdy
= 2x� 0

CC

"
X

q= d;s

f N
q (x) + (1 � y)2

X

q= u;c

f N
q (x)

#

d2� �N
CC

dxdy
= 2x� 0

CC

2

4
X

q= d;s

f N
q (x) + (1 � y)2

X

q= u;c

f N
q (x)

3

5 ;

(1.12)

assuming the existence of the �rst two quark generations only and that
the target nucleus has an equal number of protons and neutrons. The
parameter � 0

CC is given by

� 0
CC =

G2
F

2�
s

�
1 +

Q2

m2
W

� � 2

; (1.13)

wheremW is the W boson mass. A similar expression can be derived
for NC interactions and the relationship between� NC and � CC depends
on the weak mixing angle only:

� �
NC � � �

NC

� �
CC � � �

CC
=

1
2

�
1 � sin2 #W

�
; (1.14)

where the superscript� and � refers to the interaction of neutrinos or
antineutrinos.

The energy region considered in this work is often referred to astransition re-
gion, since the theoretical approach goes from the assumption of nucleons
as a whole to the free-parton approximation at higher energies. Further-
more, most of the di�culties in the associated measurements arise from the
�nal-state interactions, since secondary particles are often produced within
the nuclei and experience further interactions before coming out. Presently,
main experimental contributions come from accelerator-based measurements,
which can provide a lot of information about neutrino interactions on a great
variety of targets. Some measurements of the inclusive cross section of� �
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and � � are reported on �g. 1.2, where a linear energy dependence is evident
above E � � 10 GeV, con�rming the validity of the quark-parton model. A
linear behaviour is indeed expected in the assumption of point-like scattering
of neutrinos from quarks, which is no longer valid at low energies.

Figure 1.2: Measurements of per nucleon� � and � � CC inclusive scattering
cross section, divided by neutrino energy, as a function of neutrino energy. At
E � = 100 GeV the scale transits from logarithmic to linear. Figure from [4].

1.2 Neutrino oscillation

The term neutrino oscillation refers to the phenomenon of neutrino �avor
changing during propagation. This is a relatively recent discovery, which
had an impressive in�uence in particle physics, and its description needs an
extension of the SM.
Neutrinos produced in a �avor eigenstate have a nonzero probability to be
found with a di�erent �avor after a certain distance. The mechanism of
oscillations was �rst suggested by Pontecorvo [25] and has been explained by
the fact that neutrinos do have mass. Apart from the representation chosen,
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the theory of neutrino oscillation in vacuum can be brie�y outlined starting
from two basic assumptions:

� there arej = 3 neutrino mass eigenstatesj� 1i , j� 2i , j� 3i ;

� the � = 3 �avor eigenstates j� ei , j� � i , j� � i do not correspond to the
mass eigenstates.

Neutrinos are produced in charged-current weak interactions in association
with a charged lepton, as �avor eigenstates, but propagate as mass eigen-
states. The weak eigenstates� do not have a one-to-one correspondence to
the mass eigenstatesj and can be expressed as a linear combination of them3:

j� � i =
X

j

U�
�j j� j i : (1.15)

U is the 3� 3 unitary Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix
[25,26]: 0

@
� e

� �

� �

1

A =

0

@
Ue1 Ue2 Ue3

U� 1 U� 2 U� 3

U� 1 U� 2 U� 3

1

A

0

@
� 1

� 2

� 3

1

A (1.16)

and connects the �avor with the mass eigenstates, as a rotation in the two
bases space. Anti-particles can be described by the conjugate matrix. In
general, a 3� 3 complex matrix has2N 2 = 18 independent parameters. The
unitarity constraint and a convenient choice of the complex phases reduces
the number of independent parameters to 4: 3 real numbers and 1 complex
phase. Two additional phase parameters can be introduced if neutrinos are
Majorana particles.
The U matrix can be therefore expressed as

U =

0

@
1 0 0
0 c23 s23

0 � s23 c23

1

A �

0

@
c13 0 e� i� s13

0 1 0
� e� i� s13 0 c13

1

A �

0

@
c12 s12 0

� s12 c12 0
0 0 1

1

A

�

0

@
ei� 1 0 0
0 ei� 2 0
0 0 1

1

A ;

(1.17)

wheresjk � sin� jk and cjk � cos�jk . Here the real parameters are the three
mixing angles (� 12, � 23 and � 13), while � represents the phase parameter and

3The description of neutrino oscillation in this section follows with good approximation
that in [5].
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is related to the CP violation in the neutrino sector. � 1 and � 2 refer to the
Majorana representation only and do not produce any �avor transformation
e�ect, since they are on-diagonal terms.
The temporal evolution of a �avor eigenstate, produced at timet = 0 in the
eigenstatej� (t = 0) i � j � � i , is governed by the Schrödinger equation:

i
d
dt

j� � i = Hj � � i ; (1.18)

whereH is the hamiltonian of the system.
The neutrino energy for a �avor eigenstate is not well de�ned, since each

component has an energyE j =
q

p2 + m2
j . The evolution of each mass

eigenstate is thus given by the terme� iE j t (here assuming~ = c = 1):

j� (t)i =
X

j

U�
�j e� iE j t j� j i : (1.19)

The probability to observe a neutrino at time t in a �avor eigenstate � ,
produced at timet = 0 in a �avor eigenstate � , is thus:

P� � ! � � = jh� � j� (t)ij 2 =

�
�
�
�
�

X

j

U�
�j U�j e� iE j t

�
�
�
�
�

2

=
X

j;k

U�
�j U�j U�k U�

�k e� i (E j � Ek )t ;
(1.20)

which is nonzero for� 6= � . The small neutrino mass,. 1 eV, allows the
expansion of the energy expression as:

E i =
q

p2 + m2
i ' p +

m2
i

2p
' E +

m2
i

2E
: (1.21)

The exponential term thus becomes:

� i (E j � Ek)t ' � i
� m2

jk

2E
t ' � i

� m2
jk

2E
L; (1.22)

where L is the propagation baseline andL ' t for relativistic neutrinos.
� m2

jk = m2
j � m2

k is the squared mass di�erence between thej� j i and the
j� k i eigenstates. By replacing (1.22) in (1.20), the transition probability
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becomes:

P� � ! � � =
X

j;k

U�
�k U�k U�j U�

�j e� i
� m 2

kj
2E L

= � �� � 4
X

j>k

Re(U�
�j U�j U�k U�

�k ) sin2

�
� m2

jk L

4E

�

� 2
X

j>k

I m(U�
�j U�j U�k U�

�k ) sin
�

� m2
jk L

4E

�
;

(1.23)

where � �� is the Kronecker delta function and the sign of the imaginary
part depends on whether neutrinos (+) or antineutrinos (-) are considered.
The probability in (1.23) depends on the four parameters of theU matrix,
the squared mass di�erence� m2

jk and the ratio between the propagation
distance (calledbaseline) and the neutrino energyL=E. While the latter is
determined by the experimental setup, the other parameters are subject to
measurements to be determined.
Currently, the value of the three mixing angles and the two squared mass
di�erences have been measured with reasonable precision (table 1.1). There
are indications on the value of the� phase, but with large uncertainties. The
mass hierarchy (i.e. the sign of � mjk ) is still unknown: the heaviest � 3

hypothesis is commonly addressed asNormal Hierarchy, while the heaviest
� 1 as Inverted Hierarchy [27].

Parameter Normal Hierarchy Inverted Hierarchy

sin2� 12 0:297+0 :057
� 0:047

sin2� 23 0:425+0 :19
� 0:044 0:589+0 :047

� 0:205

sin2� 13 0:0215+0 :0025
� 0:0025 0:0216+0 :0026

� 0:0026

� =� 1:38+0 :52
� 0:38 (2� ) 1:31+0 :57

� 0:39 (2� )

� m2
21 =10� 5 eV2 7:37+0 :59

� 0:44

� m2
32 =10� 3eV2 2:56+0 :13

� 0:12 2:54+0 :12
� 0:12

Table 1.1: Best-�t neutrino oscillation parameters with associated3� exper-
imental uncertainty. Results are given both assuming normal hierarchy and
inverted hierarchy. Values are taken from [4].

A useful simpli�cation comes with the so-calledtwo-neutrino scheme: by
choosing a certain value of theL=E ratio, the experimental setup is sensitive,
with good approximation, to a sub-section of theU matrix only. In this case,
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U can be be reduced to a 2� 2 matrix and only one free parameter� :

U 2� =
�

cos� sin�
� sin� cos�

�
(1.24)

and the �avor transition probability is simply calculated as

P2�
� � ! � �

(L; E ) = sin 2(2� ) sin2

�
� m2

4E
L

�
; (1.25)

where� m2 � m2
� � m2

� and � 6= � . The 2� simpli�cation is an optimal tool
for data analysis at �rst stage, since corrections from full3� approach are
usually very small.

Matter e�ects

The presence of matter along neutrino trajectories can in�uence the oscilla-
tion probability. Even if neutrinos rarely interact with matter, the coherent
e�ect of forward scattering from electrons during propagation must be con-
sidered. While NC interactions�e ! �e a�ect all neutrino �avors in the
same way (�g. 1.1, right), � e experience CC coherent forward scattering
with electrons, resulting in � ee ! � ee (�g. 1.1, left, ` = e). This asimmetry
generates a modi�cation of the oscillation scheme. IfE � ` > m ` , also � � and
� � can undergo the same CC interaction, but not in a coherent process.
The e�ect can be summarized in terms ofe�ective oscillation parameters
that neutrinos experience during propagation, known asmatter e�ects [28].
The net e�ect of matter is to introduce an e�ective potential energy term for
electron neutrinos:

� VMAT =
p

2GF Ne; (1.26)

whereNe is the electron number density and the plus or minus sign refers to
neutrinos and antineutrinos, respectively. Eq. 1.18 describes the propagation
of neutrinos in vacuum. If matter is considered, the total hamiltonian can
be expressed as

H = H V AC + H MAT : (1.27)

The eigenstates ofH V AC are the neutrino mass eigenstatesj� 1i , j� 2i , j� 3i .
H MAT describes the interactions between neutrinos and matter, and their
eigenstates are the neutrino �avor states. Since only CC scattering of� e

gives a relevant contribution, the matter term gives:

H MAT j� ei = VMAT j� ei : (1.28)

Eq. (1.28) shows that the total hamiltonian is dependent on the electron
density Ne, so that the solution in (1.19) is no longer valid.
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By de�ning the �avor transition amplitude  �� (t) = h� � j� � (t)i , a similar
approach as for the vacuum case can be adopted. The amplitude evolution
is given by

i
d
dt

 �� (t) =

 
X

j

U�
�j

� m2
j 1

2E
U�j + � �e VCC

!

 �� (t): (1.29)

Eq. (1.29) has the structure of a Schrödinger equation, approximatingt ' x:

i
d

dx
	 � = H F 	 � ; (1.30)

with the e�ective hamiltonian H F in the �avor basis given by

H F =
1

2E

�
UM 2Uy + A

�
: (1.31)

In the 3� scheme:

	 � =

0

@
 �e

 ��

 ��

1

A ; M 2 =

0

@
0 0 0
0 � m2

21 0
0 0 � m2

31

1

A ; A =

0

@
AMAT 0 0

0 0 0
0 0 0

1

A ;

(1.32)
whereAMAT is given by

AMAT = 2EVMAT = 2
p

2EGF Ne: (1.33)

The amplitude evolution expression in (1.29) can be conveniently expressed
in matrix form in the 2� scheme, by neglecting the� mixing:

i
d

dx

�
 ee

 e�

�
=

1
4E

�
� � m2 cos 2� + AMAT � m2 sin 2�

� m2 sin 2� � m2 cos 2� � AMAT

� �
 ee

 e�

�
;

(1.34)
where� m2 � m2

2 � m2
1 and � is the mixing angle, which gives

� e = cos�� 1 + sin �� 2; � � = � sin�� 1 + cos�� 2: (1.35)

The evolution equation can always be solved numerically. In case of a matter
density pro�le which is smooth enough, an approximate analytical solution of
eq. (1.34) can be obtained. The e�ective hamiltonianH F , for the evolution
equation in (1.34), has the form

H F =
1

4E

�
� � m2 cos 2� + AMAT � m2 sin 2�

� m2 sin 2� � m2 cos 2� � AMAT

�
(1.36)
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and can be diagonalized by the transformation

UT
M H FUM = H M ; (1.37)

where

H M =
1

4E

�
� � m2

M 0
0 � m2

M

�
(1.38)

is the e�ective hamiltonian in the mass basis in matter. The unitary matrix

UM =
�

cos#M sin#M

� sin#M cos#M

�
(1.39)

represents the e�ective mixing matrix in matter and the e�ective squared-
mass di�erences are

� m2
M =

q
(� m2 cos 2# � AMAT )2 + (� m2 sin 2#)2: (1.40)

The e�ective mixing angle in the UM matrix is �nally given by

tan (2� M ) = tan(2 � )=
�

1 �
AMAT

� m2 cos(2� )

�
: (1.41)

Given the form of the (1.41), it is evident that oscillation e�ects in matter
can become maximal: if the matter potential has the value

AMAT = � m2 cos(2� ) (1.42)

the tangent function goes to in�nite and the e�ective mixing angle is equal to
�= 4, leading to a maximal mixing. This resonant enhancement is known as
MSW e�ect , named after Wolfenstein [28] and Mikheyev and Smirnov [29].
Eq. (1.42) implies also that, in order to achieve the resonant condition for
neutrinos, the signs of� m2 and cos(2� ) must be equal. For antineutrinos,
they must be opposite. Therefore, the observation of the MSW e�ect for
neutrinos or antineutrinos is a way to test the ordering of neutrino masses.
In the case of atmospheric neutrinos, the passage through matter brings to
an enhancement of the small mixing angle� 13.

1.3 Atmospheric neutrino �ux

The atmospheric neutrino �ux is one of the secondary components which
originate from the interaction of the cosmic ray �ux with the Earth's atmo-
sphere. The primary component of CR is composed of protons at 90%, alpha
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Figure 1.3: Schematic view of the air shower formation after a proton inter-
action. The pion component is highlighted.

particles at 9% and heavier nuclei for the rest. The collisions between cos-
mic ray particles and air molecules generate a cascade of secondary hadrons,
mainly pions. These hadrons either re-interact or decay, producing further
particles, which accumulate and form a relativistic disk calledair shower. A
sketch of the process is shown in �g. 1.3. The pions produced within the
shower decay predominantly into muons and muon neutrinos:

� � ! � � +
(� )

� � : (1.43)

For K mesons the same process occurs, but their contribution becomes rele-
vant at high energies only. Muons which decay in-�ight add a further neutrino
component, through the process

� � ! e� +
(� )

� e +
(� )

� � : (1.44)

The �ux of these atmospheric neutrinos has an energy distribution which,
at �rst order, follows the power-law spectrum of the primary CR:dN=dE /
E � 2:7. As for the primary radiation, they are distributed over a wide energy
range, from tenth of MeV up to the PeV. Assuming that all particles in (1.43)
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and (1.44) undergo the described processes, the neutrino �ux satis�es with
good approximation the ratios:

� � � + � � �

� � e + � � e

' 2;
� � �

� � �

' 1;
� � e

� � e

'
� � +

� � �
: (1.45)

An accurate approach must consider a full study of the primary cosmic ray
�ux, the hadronic processes within the cosmic radiation and the atmosphere
and the impact of the geomagnetic �eld.
The atmospheric neutrino �ux from the decay of� and K mesons is referred
to as conventional. At energies above 100 TeV, neutrinos are expected to be
produced mainly from the decay of heavier charmed mesons. Given the very
short lifetime of such heavy particles, the �ux is commonly referred to as
prompt [30] and so far has not been observed yet.

1.3.1 Monte Carlo �ux simulations

In order to simulate a realistic neutrino �ux at Earth, some tools and models
have been developed throughout the years. At �rst approach, the atmo-
spheric neutrino �ux can be parametrized as

� vi (E) =
X

A

� Z 1

0
� A (E 0) � RA (E 0) � YA! vi (E

0; E) dE0

�
; (1.46)

where� A (E 0) is the spectrum of the primary nucleusA, RA (E 0) takes into ac-
count the �ltering e�ect of the geomagnetic �eld for nuleusA andYA! vi (E

0; E)
is the average yield of neutrinos of energyE reaching the ground for a nucleus
A with energy E 0. In 1-dimensional (1D) calculations, secondary particles
are propagated along the same trajectory as that of the primary, neglecting
their transverse momenta and the bending due to the geomagnetic �eld. 3-
dimensional (3D) calculations include random directions of the secondaries
and are therefore much more CPU and time consuming.
As already mentioned, the geomagnetic �eld deviates the cosmic charged par-
ticles coming from outside, excluding the less energetic ones. An important
parameter associated with the geomagnetic e�ect is themagnetic rigidity R,
which is the ratio between the total momentum of the particle and its electric
charge. The gyroradius of the particle trajectory is therefore linearly depen-
dent of R, so that high-Z nuclei are more subject to deviation than low-Z
ones. Particles which have a great deviation never reach the ground, result-
ing in the so-calledrigidity cuto� . Since the cuto� depends on the particular
nucleus, its e�ect is also to modify the composition of CR which enters the
atmosphere. This nucleus-dependent e�ect is parametrized by the factorR
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in (1.46).
The spectra of the cosmic ray components are measured by many experi-
ments, giving an input to neutrino �ux simulations. However, some exper-
imental results are not fully in agreement and therefore several �ts can be
performed on the spectra. The usage of di�erent �ts on the primary spectra,
as well as di�erent assumptions on the hadron interaction model, lead to
di�erent results on the atmospheric neutrino �ux calculations.

The HKKM model

The HKKM model has been released for the �rst time in the '80s and is
continuously mantained and updated [31�34]. The model provides the atmo-
spheric neutrino �ux calculation at some geographical locations, correspond-
ing to present neutrino detectors (e.g. Super-Kamiokande, INO, JUNO: : : ).
The �ux is available online in table format, in terms of energy and direction.
The energy range spans from 0.1 to 104 GeV.
In the last version [34] the calculation is fully 3D. Primary particles are in-
jected from a sphere with radiusRinj = RE + 100 km 4 and the escape sphere
with radius Resc = 10 RE . Primary CR are sampled according to energy and
composition and go through the rigidity cuto�. If the primary passes the
cuto�, it is propagated through the atmosphere. Each secondary produced
in interactions is recursively asked to pass rigidity cuto�, until they reach
the escape sphere, or hit the surface of the Earth, or interact with an air
nucleus, or decay. The key parameter which drives the geomagnetic e�ects is
the horizontal component of the geomagnetic �eld, which is reported in �g.
1.4. In the HKKM model, the solar modulation is also considered.
The produced neutrino paths are sampled around the detector site, so that, if
it crosses the detector surface, it is considered in the �ux calculation. Instead
of the real detector dimensions, a circular virtual detector surface with radius
of 1113.2 km is used. Then, a correction is applied to take into account the
real detector size.
Seasonal di�erences in the �ux are taken into account, but they are computed
to be very small at mid-latitude and tropical regions (like JUNO). Asymme-
try e�ects in the azimuthal distribution of neutrinos are also considered.
The total error on the HKKM calculation is estimated to be lower than 10%
between 1 and 10 GeV and higher outside this region. Uncertainties include
the atmospheric density pro�le, neutrino cross-section,� and K �uxes.

4RE = 6378.140 km is the Earth radius, assumed to be perfectly spherical.
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Figure 1.4: Horizontal component of the geomagnetic �eld, computed using
the IGRF model for the year of 2010, together with some experimental sites.
Figure from [34].

The FLUKA model

The FLUKA model [35] is a full 3D Monte Carlo (MC) package, which em-
beds the interaction model, particle transport and energy loss mechanisms.
The Earth is assumed to be a sphere with a radius of 6378.14 km, while the
atmosphere is parametrized as a medium composed by N, O and Ar, ar-
ranged in 100 concentric spherical shells. The geomagnetic cuto� is applied
a posteriori on the �nal �ux arriving to the detector, neglecting the particle
bending. The hadronic interaction is simulated according to two separate
models: up to 5 GeV, thePEANUT model is used, while a\ color strings"
approach is used at high energy. The �ux is computed in the energy range
0.1 GeV . E � . 100 GeV and is available online for a limited number of
experimental sites (Kamioka, Gran Sasso and Soudan). The detector surface
used in the simulation is larger than the actual detector and therefore the
�ux undergoes a �nal re-scaling, according to the true size.
The uncertainty on the atmospheric �ux predictions are quoted at about
� 7%, even if they move from experimental measurements up to 10 - 20%.

The Bartol model

In the 3D Bartol model [36], primary particles are generated at �xed energy
and then re-weighted at the end, to reproduce the observed spectra and at
the same time bene�t from statistics on the whole energy range. The solar
wind e�ects, as well as the geomagnetic cuto� with the particle bending,
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are considered. The Earth is assumed to be a perfect sphere, with a radius
RE = 6372km and primaries are generated on a spherical surface with radius
R = RE + 80 km. Particles are tracked up to a spherical surface of radius
R = RE + 400 km. Detectors are assumed to be larger than their real size, to
achieve an increased statistics, and the �ux is re-weighted at the end of the
simulation to account for the actual size. The atmospheric neutrino �ux is
provided in the energy range 0.1 GeV. E � . 10 GeV and is available online
at the experimental sites of SNO, Soudan and Kamioka.



Chapter 2

Current status of atmospheric
neutrino measurements

The atmospheric neutrino �ux is a large experimentally available source,
which has been widely used in the �eld of fundamental physics. Being spread
over a wide energy range, it gives access to many sectors of particle physics.
In relatively recent times (i.e. since 30 years) it has been also proved to be
a powerful source for neutrino �avor oscillation studies, since the distance
which occurs between the production and the detection sites can range from
10 up to 10000 km, making available a large window in the L/E space.
Past measurements include atmospheric neutrino studies with iron-based
calorimeters (Fréjus [37], NUSEX [38]), water/ice Cherenkov detectors (IMB
[39], Kamiokande [40], AMANDA [41,42]), time projection tracking calorime-
ters (Soudan [43]) and scintillator / streamer tubes detectors (MACRO [44]).
Most of these experiments investigated the\ � � �ux anomaly " , who consists of
a � � �ux reduction around the GeV because of the oscillation e�ects. Among
these experiments, Fréjus and AMANDA have also provided a full measure-
ment of the energy spectrum.
Present experiments who study the atmospheric neutrino �ux are Super-
Kamiokande [45], ANTARES [46] and IceCube [47�51], all based on the de-
tection of Cherenkov light. In the sections below, experiments who have per-
formed a measurement of the energy spectrum are described in more details.
A basic distinction can be applied in terms of the detector size, whereas Fréjus
and Super-Kamiokande investigated the lower energy sector of the spectrum
and the largest ANTARES, AMANDA and IceCube the most energetic one.

22
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2.1 Fréjus

The Fréjus experiment was located at the Fréjus underground laboratory,
under the french-italian Alps, with a depth of 4.800 m.w.e. The detector
consisted of a sandwich of �ash chambers and iron planes, with Geiger tubes
planes in the middle, for a total mass of around 900 tons. The sandwich cells
were oriented vertically and horizontally alternatively, in order to provide two
independent orthogonal view of the same event. A picture of the detector is
in �g. 2.1 - left. The detector was able to track the deposited energy of each
secondary particle after a neutrino interaction, as can be seen in �g. 2.1 -
right. The energy resolution was about 10% at 1 GeV, decreasing at higher
energy.

Figure 2.1: Left: picture of the Fréjus detector in the experimental hall;
right: signature of a semi-contained� � interaction in the �ducial volume.
Figures from [52] and [37], respectively.

The detector was in operation from 1984 to 1988, in its �nal con�guration
from 1985 only. The atmospheric neutrino spectrum analysis relied both on
events with neutrino interaction vertex inside the �ducial volume and out-
side. The second class includes upward-going stopping muons and horizontal
through-going muons.
Events were selected or discarded upon a visual inspection and later subject
to a pattern recognition program, to extract the visible energy. After all
selections, the �nal data sample corresponded to an exposure of 2.0 kiloton-
years. The �nal spectrum was unfolded on a MC-based technique and no
signi�cative deviation was found with respect to the predicted neutrino �ux,
thus rejecting the oscillation hypothesis. The �nal measured spectra are re-
ported in �g. 2.2, in the range 320 MeV< E � < 30 GeV for � e and in the
range 250 MeV< E � < 10 TeV for � � .
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Figure 2.2: Reconstructed neutrino spectra from the Fréjus experiment. Left:
� e; right: � � . Figures from [37].

2.2 Super-Kamiokande

The Super-Kamioka Nucleon Decay Experiment [53] was, at the time of
construction, the largest ever built water-Cherenkov detector. Originally,
as for his predecessor Kamiokande, its primary goal was to investigate the
proton decay. His design, however, makes it an excellent instrument for
neutrino physics. The experiment de�nitely proved the existence of neutrino
oscillations by analyzing the atmospheric neutrino �ux [54].
The detector consists of a 50-kton volume, cylindrical-shape tank, �lled with
ultra-pure water. Relativistic charged particles which go through the water
volume emit Cherenkov radiation, whose wavefronts are ring-shaped (�g 2.3).
The tank is equipped with about 11.000 20" photomultiplier-tubes (PMTs),
which detect the Cherenkov light. An outer water veto contains about 1.800
additional PMTs, to identify muons coming from cosmic rays.
The shape of the Cherenkov rings is highly sensitive to the type of particle
that produced them, as can be seen from �g. 2.3. While muons proceed
almost in straight line and generate well-de�ned contours, electrons are more
subject to scattering and recoils, thus producing\ fuzzy" edges on the rings.
The di�erences in the shape of the rings are at the basis of particle identi�-
cation, where the experiment achieved excellent performances. Furthermore,
the Cherenkov radiation is directional and is strongly correlated with the
particle direction, so that the initial neutrino direction can be inferred with
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Figure 2.3: Left: sketch of the Super-Kamiokande detector; center: light
pattern of a � � CC event inside the water volume; right: light pattern of a� e

CC event inside the water volume. Each dot represents a hit PMT. Credits:
Super-Kamiokande Collaboration.

high precision by observing the secondaries.
Super-Kamiokande had �ve experimental phases from 1996, the last of which
started in 2019. For this last one, named SK-V, a quantity of Gadolinium has
been dissolved into the ultrapure water, to enhance the detector sensitivity
to supernovae neutrinos.
In the atmospheric neutrino spectrum analysis [45], the events recorded by
the detector are divided into several sub-classes, depending on the event
topology (i.e. partially-contained, sub-GeV single-ringe-like. . . ). The selec-
tions are targeted to identify CC� e and � � events, which are used to estimate
the total neutrino �ux. As already mentioned, an high purity for each sample
is achieved.
The �nal spectrum is obtained through unfolding techniques, �rst recon-
structing the CC spectrum and then re-weighting bin-by-bin the total �ux
from the HKKM model [32,33] with the measured CC spectrum. The spec-
trum obtained for � e and � � �avors is reported in �g. 2.4. In the same work,
the collaboration has also presented a measurement of the azimuthal distri-
bution of atmospheric neutrino events (�g. 2.5), as well as an analysis of
seasonal e�ects on the �ux due to the solar activity. The angular-dependent
analysis shows clearly the �ux asimmetry e�ect introduced by the geomag-
netic �eld.
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Figure 2.4: Atmospheric neutrino energy spectrum measured by Super-
Kamiokande, for � e and � � , compared with model predictions. The Data-
model ratio is also reported. Figure from [45].

Figure 2.5: Reconstructed azimuthal distribution fore-like (left) and � -like
(right) events, together with MC predictions. Events are only considered for
a reconstructed energy between 400 MeV and 3 GeV and with a reconstructed
zenith angle� rec such asjcos�rec j < 0.6. Figure from [45].
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2.3 ANTARES

The ANTARES neutrino telescope [55] is a cherenkov-based detector and
is located more than 2000 m underwater o�shore from the southern french
coast, in the Mediterranean sea. The construction ended in 2008 and it is in
operation ever since. It consists of an array of 12 strings of 450 m each, with
60-75 m spacing in between. Each line is composed of 25 modules, each one
hosting 3� 10" PMTs facing downwards. The data collected by the PMTs
are transferred on-shore by means of a 42 km-long electro-optical cable, which
provides also the power supply. A sketch of the detector is in �g. 2.6, includ-
ing a zoom on the optical modules. As for Super-Kamiokande, the optical

Figure 2.6: Left: sketch of the ANTARES detector; right: scheme of a storey,
hosting three PMTs.

modules (OMs) detect the Cherenkov light produced by relativistic charged
particles travelling into the water. The energy of particles is estimated from
the amount of charge collected by OMs. The true neutrino energy spectrum
has been extracted by means of two di�erent unfolding methods, described
in [46]. The measured� � spectrum is reported in �g. 2.7 and is based on
reconstructed muon tracks coming from below the horizon only, in order to
increase the sample purity and reject the cosmic muon background.
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Figure 2.7: Atmospheric� � energy spectrum measured by ANTARES. Figure
from [46].

2.4 AMANDA and IceCube

The AMANDA neutrino telescope was in operation from 2000 to 2006 and
employed the same detection technique of ANTARES: reconstruct the light
pattern of Cherenkov radiation produced by relativistic particles. The only
substantial di�erence is in the detector medium: AMANDA was located at
the Geographical South Pole and was buried deep in the antarctic ice. The
detector consisted of 677 8" PMTs facing downwards, arranged in 19 strings
and placed at a depth of 1.5 km. The deep antarctic ice is extremely trans-
parent ad allows the propagation of photons at great distances.
AMANDA data have been used to extract the atmospheric� � energy spec-
trum, by means of two di�erent methods: a forward-folding likelihood anal-
ysis [41] (�g. 2.8 - left) and an unfolding analysis [42] (�g. 2.8 - right).
The AMANDA detector was turned o� on May 2009, when its successor Ice-
Cube was almost completed. The IceCube construction ended in 2010 and
it is still in operation. The new detector features 86 strings in total, for an
overall amount of 5160 digital optical modules (DOMs), placed between 1.5
and 2.5 km depth. Each DOM hosts a 10" PMT and is an independent DAQ
unit. The total instrumented volume is around 1 km3, so that the detector
can access the highest energy region of the atmospheric neutrino spectrum.
Furthermore, the impressive dimensions allowed the �rst observation of neu-
trinos from astrophysical sources [56]. 7 of the IceCube strings are placed
in the core of the detector in a denser arrangement and form theDeepcore
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Figure 2.8: Left: atmospheric� � energy spectrum as measured by AMANDA
in [41]; right: � � spectrum as measured by AMANDA in [42].

sub-detector. Deepcore is devoted to atmoshperic neutrino physics, including
�avor oscillation studies, extending the energy range of the IceCube array
down to � 10 GeV. A sketch of the experiment, together with an example of
an event-display, is in �g. 2.9.

Figure 2.9: Left: sketch of the IceCube detector; right: example of a down-
going muon in the IceCube event display. Each dot represents a hit PMT.
The size of the dot is proportional to the charge collected. The red dots
correspond to early hits, while yellow/green dots to late hits. The denser
Deepcore array is visible in the middle. Credits: IceCube Collaboration.

The IceCube complex features also a surface detector, composed of 86 ice
Cherenkov-based stations, used for Cosmic Ray physics and as an active
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veto for the below neutrino detector [57].
The atmospheric neutrino �ux has been obtained from various analyses in
IceCube, covering an energy range from tenth of GeV up to the PeV region,
both using the Deepcore sub-array [48] and the whole array [47,49�51]. Some
recent results are in �g. 2.10.

Figure 2.10: Left: IceCube atmospheric� e and � � �ux measurement com-
parison; right: � � energy spectrum measured by IceCube, showing an excess
in the PeV region, due to the astrophysical �ux. Figures from [49] and [51],
respectively.
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JUNO experiment

The Jiangmen Underground Neutrino Observatory (JUNO) is a multi-purpose
neutrino experiment, proposed in 2008 to determine the neutrino mass hi-
erarchy by detecting reactor antineutrinos [58]. The detector site has been
chosen in order to achieve the best sensitivity to neutrino mass hierarchy.
The JUNO complex is currently under construction in China, with a rock
overburden above the experimental hall of around 700 m, and is located 53
km away from both Yangjiang and Taishan nuclear power plants. The total
thermal power of the two reactor complexes, once completed, would be 35.73
GWth . The symmetric distance from the two cores is necessary in order to
avoid de-phasing e�ects in the detected antineutrino spectrum. The experi-
ment is located in the Guangdong province, southern China, as depicted in
�g. 3.1. The end of construction is scheduled for 2021.

Figure 3.1: Location of the JUNO site, together with the main urban centres
in the surroundings and the Daya Bay complex. Figure from [58].
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The neutrino detector consists of a 20 kton �ducial mass liquid scintillator
(LS), where antineutrinos produced in the nuclear power plants can interact
via inverse beta-decays (IBD), producing a positron and a neutron in the
�nal state: � e + p ! e+ + n. The positron loses its kinetic energy in a short
length and then annihilates with an electron: the sum of these two processes
generates aprompt signal within few ns. The neutron is captured later with
a typical delay of a few hundred� s and produces adelayed signal of 2.2
MeV.
The scintillation light from these secondary particles is collected by more
than 40.000 photo-multiplier tubes (PMTs) installed on a spherical structure
with radius ' 20 m. PMTs are submerged in a bu�er liquid to protect the LS
from the radioactivity of the PMT glass. The scintillator liquid is composed
of a mixture of several compounds, chosen in order to maximize the light pro-
duction per neutrino event. The central scintillator detector is surrounded
by a cylindrical water pool, design to detect the Cherenkov light from cosmic
muons and to shield against the environmental radioactivity, acting as a veto
detector. On top of the water pool there is another muon detector, made of
scintillating strips, which has the role to accurately identify the muon tracks.
A detailed description of the JUNO central detector, water pool veto and
top tracker is given in Sec. 3.2.1, 3.2.2, and 3.2.3, respectively.
The design energy resolution is3%=

p
E[MeV] and will be addressed by max-

imizing the light yield (LY) and the PMT coverage. The JUNO �nal design
includes 20� PMTs for the central detector and the water pool, to achieve
the high photon statistics, plus 3" PMTs in the central detector to reduce
systematics.
Given the planned resolution and the neutrino �ux from the power plants,
the mass hierarchy is expected to be determined in six years of data tak-
ing, with a con�dence level between 3� and 4� . Beside the JUNO main
goal, additional measurements are accessible to the detector. The reactor
antineutrino �ux can be exploited also for a measurement of the solar os-
cillation parameters sin2� 12 and � m2

21 with a sub-percent accuracy, which
would represent the most precise measurement in the neutrino solar sector.
Supernovae neutrinos can also be observed in case of a stellar explosion, in-
ferring important information on the burst process at the source. The �ne
energy resolution can also be exploited to observe the solar neutrino �ux,
by means of elastic scattering on electrons. Another component potentially
accessible to JUNO is constituted by geoneutrinos, produced by radioactive
decays inside the Earth. Exotic searches include non-standard interactions,
sterile neutrinos and dark matter annihilation signals.
Thanks to the detector large volume, several studies of the atmospheric neu-
trino �ux can be also performed with competitive precision.
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3.1 Scintillator detectors

Scintillation-based detectors represent a very widespread class of devices in
use for experimental particle physics. The key feature is the emission of light
(i.e. the scintillation process) as a result of an energy deposition by a pass-
ing particle. The energy loss excites the surrounding atoms and molecules,
which then de-excite by emitting photons. The produced light is eventually
collected by other devices coupled to the scintillators, like photomultipliers,
which can convert the photon signal into an easy - readable electrical output.
Large LSs had a great success in past years as neutrino detectors and for the
search of rare processes. They are usually built underground, to be shielded
from cosmic radiation, into an environment which is as most background-free
as possible. LSs have the advantage of being easy scalable in dimensions and
presenting a low threshold for the detection of neutrino events. Hence their
wide use within the neutrino community.
LSs are composed of aromatic hydrocarbon structures which include the pres-
ence of benzene rings. Their common feature is a very rapid decay time
(� few ns or less). The emitted light typically peaks in the UV band and its
time pro�le can be described with good approximation by a two - component
exponential decay:

N (t) = A exp
�

� t
� f

�
+ B exp

�
� t
� s

�
; (3.1)

where � f and � s are the two decay constants. Generally, one component is
much faster than the other one, which is why they are referred to as, re-
spectively, fast and slow component. Compared to other detectors, LSs are
able to emit a huge quantity of light per deposited energy, which allows them
to have a low threshold in detection energy. The light is usually collected
by PMTs, which transform the light into an electrical output. Usual lay-
outs include the installation of PMTs onto the detector inner surface, so that
the cost scales with the surface area and large volume detectors can be con-
structed with reasonable costs. LSs share also other important features that
make them suitable for large neutrino detectors: high light yield and attenu-
ation length, good stability, compatibility with other detector materials, high
�ash point, low toxicity, appropriate density for mechanical stability and low
cost [4]. On the other side, since the scintillation light has an isotropic spatial
pro�le, the directional capability in the reconstruction of particle tracks is
limited.
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3.1.1 JUNO liquid scintillator

The core of the JUNO detector is formed by 20 kton of LS, contained inside
an acrylic sphere of� 36 m diameter. The LS is the target medium for the
detection of neutrinos and antineutrinos. The main interaction channel for
reactor �� e is the IBD on free protons, resulting in a prompt positron and a
delayed signal from the neutron capture on hydrogen (� � 200� s). [59]
The JUNO LS is composed of several materials: the solvent liquid is Lin-
ear alkylbenzene (LAB) and forms the bulk of the target material. The
dopant is a two-component system of the �our 2,5-Diphenyloxazole (PPO)
and the wavelength-shifter 1,4-Bis(2-methylstyryl)benzene (Bis-MSB) , that
are added at low concentration (2.5 g/l and 3 mg/l, respectively). The re-
sulting shifts increase the wavelength of the emitted photons to� 430nm.
The output longer wavelength avoids spectral self-absorption by the solvent
and allows a high fraction of the photons to reach the PMTs. Compared to
other materials, the scintillation process is very e�cient: about104 photons
are emitted per MeV of deposited energy.
The target energy resolution of JUNO is 3 % at 1 MeV, corresponding to
at least 1100 photoelectrons (PE) per MeV of deposited energy, considering
photo-statistics only. Compared to the Borexino experiment, it corresponds
to more than twice the PE yield in a detector 200 times the mass. To meet
this demanding requirement, both the initial LY and the transparency of the
liquid have to be optimized simultaneously. During all the preparation time
before the JUNO start, a broad spectrum of laboratory measurements have
been performed and are ongoing, in order to characterize di�erent brands of
LAB and wavelength shifters. A close contact with the producing companies
has been established and allows the optimization of the production quality
within certain limits [59]. Low background conditions are achieved through a
series of puri�cation processes in situ [60]. The contamination level require-
ments are reported in table 3.1, divided for the two physics target in the low
energy region: reactor� e and solar� e.

Channel 238U 232Th 40K

Reactor � e � 10� 15 g/g � 10� 15 g/g � 10� 16 g/g

Solar � e � 10� 17 g/g � 10� 17 g/g � 10� 18 g/g

Table 3.1: Contamination requirements for reactor and solar neutrino anal-
ysis. The speci�cation for the three main contaminants are reported. Values
from [59].

Moreover, a large-scale test is being conducted in one of the Antineutrino
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