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Abstract
The GRAIN detector is part of the SAND Near Detector of the DUNE neutrino
experiment.

A new imaging technique involving the collection of the scintillation light will
be used in order to reconstruct images of particle tracks in the GRAIN detector.

Silicon photomultiplier (SiPM) matrices will be used as photosensors for col-
lecting the scintillation light emitted at 127 nm by liquid argon. The readout of
SiPM matrices inside the liquid argon requires the use of a multi-channel mixed-
signal ASIC, while the back-end electronics will be implemented in FPGAs outside
the cryogenic environment. The ALCOR (A Low-power Circuit for Optical sensor
Readout) ASIC, developed by Torino division of INFN, is under study, since it is
optimized to readout SiPMs at cryogenic temperatures.

I took part in the realization of a demonstrator of the imaging system, which
consists of a SiPM matrix connected to a custom circuit board, on which an AL-
COR ASIC is mounted. The board communicates with an FPGA.

The first step of the present project that I have accomplished was the develop-
ment of an emulator for the ALCOR ASIC. This emulator allowed me to verify the
correct functioning of the initial firmware before the real ASIC itself was available.
I programmed the emulator using VHDL and I also developed test benches in order
to test its correct working.

Furthermore, I developed portions of the DAQ software, which I used for the
acquisition of data and the slow control of the ASICs. In addition, I made some
parts of the DAQ firmware for the FPGAs. Finally, I tested the complete SiPMs
readout system at both room and cryogenic temperature in order to ensure its full
functionality.
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Introduction

DUNE (Deep Underground Neutrino Experiment) is a long-baseline neutrino oscil-
lation experiment that will address some still open questions, as the determination
of the neutrino mass ordering, precise measurements of the CP violation phase and
of the � 23 octant of neutrino mixing matrix. DUNE will consist of a Near Detector
complex (ND) and a Far Detector (FD) and will use the neutrino beam with the
highest intensity in the world.

The ND will be placed at the Fermi National Accelerator Laboratory (FNAL)
close to the neutrino beam source; the FD will be positioned deep underground
at the Sanford Underground Research Facility (SURF) in Lead, South Dakota,
1300 km away from the source. The DUNE's FD is designed to be composed of
four Liquid Argon Time-Projection Chambers (LArTPCs), with a LAr mass of
approximately 17 kt for each cryostat. The DUNE's ND purpose is to monitor the
beam at the source, measure the unoscillated neutrinos �uxes and constrain the
systematic uncertainties on the analysis of the events at the FD. The ND will be
composed of three detectors: two movable and one �xed in an on-axis position.
The ND component permanently �xed on the beam axis is called SAND (System
for on-Axis Neutrino Detection). The SAND multi-purpose detector will monitor
�uxes of neutrinos on the beam axis, with high sensitivity to variations in the
neutrino beam. In addition, the accurate control of the con�guration, chemical
composition and mass of the (anti)neutrino targets in SAND will allow precise
measurements of high statistics samples of (anti)neutrino interactions in hydrogen,
argon and other nuclear targets.

A small LAr active target detector, with a mass approximately of1 t, will be
placed in the upstream region of the SAND magnetized volume. This detector is
called GRAIN (Granular Argon for Interactions of Neutrinos) and it will be used
to study neutrino-LAr interactions topology and cross-section. The LArTPCs used
in the FD are an established system for the reconstruction of particle tracks. In
a LArTPC, the tracks of the charged particles are reconstructed by collecting the
ionization charge produced in the liquid argon. However, a traditional LArTPC
is not suited for GRAIN, because the electron drift time in a LArTPC is too long
(in the order of ms) and would lead to pile-up problems, given the relatively high
event rate at the ND.

The GRAIN detector will instead be designed to exploit the abundant scintilla-
tion light produced by charged particles (about 40,000 photons/MeV), to perform
imaging of particle tracks. The apparatus under development will use an optical
detection system capable of collecting the Vacuum Ultraviolet (VUV) LAr scintil-
lation light emitted at 127 nm. Two VUV imaging systems are under study: one is
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based on lenses, while the other is based on coded aperture masks. The two tech-
nologies have complementary characteristics, and it is possible that the �nal design
will embed both lenses and masks. Regardless of the optical system, SiPM (Silicon
Photomultiplier) matrices will be used as photodetectors, since they provide a fast
response and have a very low noise at cryogenic temperatures. Furthermore, they
are sensitive to a single photon and they are immune to magnetic �elds.

A demonstrator of this novel technology is under study. Indeed, the required
cryogenic temperature, together with the channel density and the wavelength, pose
a real challenge for the implementation of this technology. In particular, the cryo-
genic temperature modi�es the properties and parameters of the readout electronics
within the LAr volume. For this reason, the ALCOR (A Low-power Circuit for
Optical sensor Readout) mixed-signal ASIC prototype optimized for the readout of
SiPMs at cryogenic temperatures is being considered and its usage is under study.

By using a mixed-signal ASIC, the noise is reduced by immediately digitizing
the analog signals, which is acquired near the sensor in a cryogenic environment.
Besides, a mixed-signal ASIC may consume less power than a discrete ampli�er.
GRAIN's back-end electronics will instead be implemented in FPGAs outside the
cryogenic environment.

I took part in the realization of such a demonstrator with the purpose of proving
the imaging capability of the GRAIN system. The demonstrator consists of a 16
� 16 SiPM matrix mounted onto a custom PCB on which it is possible to mount
up to 8 ALCOR ASICs.

In Chap. 1, neutrino physics is illustrated, focusing especially on the oscillation
phenomenon, on the experiments and on the still open questions.

The Chap. 2 describes the future DUNE experiment, that together with HK ex-
periment, will represent the next generation of neutrino experiments. In particular,
the physics objectives, structure and detectors are outlined.

In Chap. 3, the GRAIN detector is the main topic. The chapter covers the
principle of coded aperture imaging, the GRAIN simulations and the description
of the GRAIN demonstrator, realized with the purpose of showing the imaging
system feasibility. Then, SiPMs theory is shown, together with the ALCOR ASIC
that will be used for the demonstrator.

The Chap. 4 is about the development of the DAQ system for the demonstra-
tor. It is described the ALCOR ASIC emulator, which was used to test the link
synchronization in the initial stage of the project. Then, they are illustrated the
DAQ �rmware that can be implemented in FPGAs and the DAQ software that
uses the IPbus protocol to communicate with the FPGA.

Finally, in Chap. 5, the measurements performed using the demonstrator sys-
tem are presented. In particular, they include some preliminary operations, such
as the link synchronization, the test pulse generation and the parameter scans,
together with measurements with a sensor, performed both at room and cryogenic
temperature.
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Chapter 1

Neutrino Physics

1.1 Neutrino oscillations

Neutrinos are fermions that interact only via the weak interaction and gravity.
Neutrinos were postulated �rst by Pauli in 1930 to explain how beta decay could
conserve energy, momentum and angular momentum. The phenomenon of neutrino
oscillations was predicted by Bruno Pontecorvo in 1957 and were later observed in
several experiments: neutrino created with a speci�c �avor were measured to have
a di�erent �avor after some path travelled.

Neutrino oscillation are important because they imply that the neutrino has a
non-zero mass, which requires a modi�cation to the Standard Model. In 2015 the
Nobel Prize for Physics was awarded to T. Kajita and A. McDonald for their con-
tribution to the Super-Kamiokande (SK) and the Sudbury Neutrino Observatory
(SNO) experiments, providing experiment evidence of neutrino oscillations, which
shows that neutrinos have mass.

1.1.1 Dirac mass term

It is possible to describe neutrinos as Dirac particles and obtain the Dirac mass
term. Starting from the Dirac equation:

(i =@� m)� (x) = 0 ; (1.1)

where =@� 
 � @� , it follows the Lagrangian:

L D (x) = � (x)( i =@� m)� (x); (1.2)

and by using the left and right-handed projectors:

PL �
1 � 
 5

2
and PR �

1 + 
 5

2
; (1.3)

it is possible to decompose the fermion �elds into chiral components:� L � PL �
and � R � PR � , such that � = � L + � R .

Thus, the Lagrangian can be rewritten as:

L D = � l i =@�L + � R i =@�R � m(� l � R + � R � L ); (1.4)
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Chapter 1. Neutrino Physics

but since neutrinos do not possess a mass in the Standard Model (SM), neutrinos
�elds have only the left-handed component� L , while all the other elementary
fermion �elds (charged leptons and quarks) have both components [1].

However, oscillation experiments have shown that neutrinos are massive, sub-
sequently it is necessary to extend the SM Lagrangian by considering also the
right-handed component� R . Three �elds are therefore obtained:

L0
�L �

�
� 0

�L
l0
�L

�
; l0

�R ; � 0
�R ; (� = e; �; � ) (1.5)

which enter in the Lepton-Higgs Yukawa Lagrangian:

L H;L = �
X

�;� = e;�;�

h
Y 0l

�� L
0
�L � l0

�R + Y 0�
�� L

0
�L

~� � 0
�R

i
+ h:c:; (1.6)

with

�( x) =
1

p
2

�
0

v + H (x)

�
; ~�( x) = i� 2� � =

1
p

2

�
v + H (x)

0

�
; (1.7)

after spontaneous symmetry breaking. Thus, the Lagrangian becomes

L H;L = �
�

v + H
p

2

� h
l
0
L Y 0l l0

R + � 0
L Y 0� � 0

R

i
+ h:c:; (1.8)

whereY 0l and Y 0� can be diagonalized using the unitary transformationsl0
L = V l

L lL ,
l0
R = V l

R lR , � 0
L = V �

L nL , � 0
R = V �

R nR , which are allowed since they leave invariant
the kinetic terms in the Lagrangian.

Subsequently, de�ning the diagonal matrices asV ly
L Y 0

l V l
R = Y l and V � y

L Y 0
� V �

R =
Y � , it is possible to write the Lagrangian as

L H;L = �
�

v + H
p

2

�
�
lL Y l lR + nL Y � nR

�
+ h:c: (1.9)

= �
�

v + H
p

2

� "
X

� = e;�;�

yl
� l �L l �R +

3X

k=1

y�
k � kL � kR

#

+ h:c:; (1.10)

where the mass eigenstates are

V ly
L l0

L = lL �

0

@
eL

� L

� L

1

A ; V ly
R l0

R = lL �

0

@
eR

� R

� R

1

A ; (1.11)

V � y
L � 0

L = nL �

0

@
� 1L

� 2L

� 3L

1

A ; V � y
R � 0

R = nR �

0

@
� 1R

� 2R

� 3R

1

A : (1.12)

However, sincel � � l �L + l �R and � k � � kL + � kR , the Lagrangian can be written
separating the mass terms from the lepton-Higgs couplings as it follows

L H;L = �
X

� = e;�;�

yl
� v

p
2

l � l � �
3X

k=1

y�
k v

p
2

� k � k

�
X

� = e;�;�

yl
�p
2

l � l � H �
3X

k=1

y�
kp
2

� k � kH: (1.13)
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Neutrino oscillations

Therefore, comparing the Dirac mass terms with the present Lagrangian, it is
possible to obtain the following relations

m� =
yl

� v
p

2
; mk =

y�
k v

p
2

; (1.14)

which make evident that the lepton-Higgs couplings are proportional to the lepton
masses.

1.1.2 PMNS neutrino mixing matrix

It is possible to write the charged-current weak interaction Lagrangian as

L CC = �
g

2
p

2
j �

W W� + h:c:; (1.15)

where the weak charged current is given by the sum of the leptonic and quark
currents. The leptonic weak charged-current can be written as

j � y
W;L = 2

X

� = e;�;�

L
0
�L 
 � � 0

�L = 2l
0
L 
 � � 0

L ; (1.16)

which, using the unitary transformations l0
L = V l

L lL and � 0
L = V �

L nL , can subse-
quently be written as

j � y
W;L = 2lL V ly

L 
 � V �
L nL

= 2lL 
 � V ly
L V �

L nL

= 2lL 
 � UnL ; (1.17)

in which the mixing matrix U = V ly
L V �

L was used [2].
The introduction of a mixing matrix brings the de�nition of the left-handed

�avor neutrino �elds as it follows

� L = UnL = V ly
L V �

L nL = V ly
L � 0

L =

0

@
� eL

� �L

� �L

1

A ; (1.18)

and they allow to write the leptonic weak charged current as in the SM:

j � y
W;L = 2lL 
 � � L = 2

X

� = e;�;�

l �L 
 � � �L : (1.19)

Each left-handed �avor neutrino �eld is associated with the corresponding
charged lepton �eld which describes a massive charged lepton. Basically, left-
handed �avor neutrino �elds are useful for calculations in SM approximation of
massless neutrinos interactions, while if neutrino masses have to be taken into
account, it is necessary to consider also the mixing matrix using

j � y
W;L = 2lL 
 � UnL = 2

X

� = e;�;�

3X

k=1

l �L 
 � U�k � kL : (1.20)
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Chapter 1. Neutrino Physics

While in the standard model with massless neutrinos all lepton quantum num-
bers (L; L e; L � ; L � ) are conserved, one can see that, when neutrino masses are
considered, just the total lepton numberL is conserved, because the Lagrangian is
invariant under global U(1) gauge transformations. Instead, single lepton quantum
numbers are not conserved by the Dirac mass term.

The unitary mixing matrix U is called PMNS (Pontecorvo-Maki-Nakagawa-
Sakata) matrix and is de�ned as

U = V ly
L V �

L =

0

@
Ue1 Ue2 Ue3

U� 1 U� 2 U� 3

U� 1 U� 2 U� 3

1

A (1.21)

Then, thanks to the PMNS matrix, it is possible to express the neutrino �avor
basis in function of the neutrino mass basis:

0

@
� eL

� �L

� �L

1

A =

0

@
Ue1 Ue2 Ue3

U� 1 U� 2 U� 3

U� 1 U� 2 U� 3

1

A

0

@
� 1L

� 2L

� 3L

1

A (1.22)

Since a unitary N � N matrix depends onN 2 independent real parameters,
the PMNS matrix has 9 parameters, which are 3 mixing angles and 6 phases.
However, just one of these phases is physical and taking this into account, the
physical parameters are just four: 3 mixing angles� 12; � 23; � 13 and 1 phase� 13.
These parameters enter in the standard parametrization of the PMNS matrix as it
follows

U =

0

@
1 0 0
0 c23 s23

0 � s23 c23

1

A

0

@
c13 0 s13e� i� 13

0 1 0
� s13ei� 13 0 c13

1

A

0

@
c12 s12 0

� s12 c12 0
0 0 1

1

A ; (1.23)

wherecab � cos� ab; sab � sin� ab and 0 � � ab � �
2 ; 0 � � 13 < 2� . The PMNS matrix

is given by the product of three independent matrices and each of them belong to
a di�erent interactions' sector.

1.1.3 Neutrino oscillations in vacuum

Using the PMNS matrix, it is possible to write the neutrino �avor eigenstate at
the source, considered at the initial timet = 0:

j� (t = 0) i = j� � i = U�
� 1j� 1i + U�

� 2j� 2i + U�
� 3j� 3i : (1.24)

At a certain time t > 0 the neutrino propagated state will be

j� (t > 0)i = U�
� 1e� iE 1 t j� 1i + U�

� 2e� iE 2 t j� 2i + U�
� 3e� iE 3 t j� 3i ; (1.25)

where, using natural units,E 2
k = p2 + m2

k and t = L if it is considered a detector
with a distance L from the source. The detector will then measure a neutrino
eigenstatej� � i 6= j� � i , depending on the oscillation probability

P� � ! � � (L) = jh� � j � (L)ij 2 =
X

k;j

U�k U�
�k U�

�j U�j exp
�

� i
� m2

kj L

2E

�
; (1.26)
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Neutrino oscillations

where� m2
kj � m2

k � m2
j is the di�erence between neutrino masses squared.

Despite the oscillation probability formula being really complex, in some cases,
it is possible to consider just two neutrino �avors at a time. This approximation is
based on the fact that depending on the di�erent physical processes, the order of
magnitude of� m2

kj is completely di�erent, which allows the decoupling of neutrinos
interactions, considering just two �avors.

Therefore, considering just two neutrinos the mixing matrix becomes

U =
�

cos� sin�
� sin� cos�

�
; (1.27)

and then the �avor eigenstates are

j� � i = cos� j� k i + sin � j� j i j � � i = � sin� j� k i + cos� j� j i : (1.28)

De�ning � m2 � m2
k � m2

j , it is possible to calculate the transition probability
formula, which can be written in natural units as

P� � ! � � = P� � ! � � = sin2 2� sin2

�
� m2L

4E

�
: (1.29)

Hence, the survival probabilities are

P� � ! � � = P� � ! � � = 1 � P� � ! � � : (1.30)

While, using S.I. units, the transition probability can be written as

P� � ! � � = sin2 2� sin2

�
1:267

� m2[eV2]L [km]
E[GeV]

�
: (1.31)

Neutrino oscillations are perfect to measure tiny neutrino masses, since even
if � m2 is small, the oscillation probability can be ampli�ed by a long baselineL,
thus oscillations are observable at macroscopic distances.

At large L or, alternatively, at small E , the oscillation probability tends to the
constant value ofhP� � ! � � i = 1

2 sin2 2� , due to the e�ect of �nite energy resolution,
as shown in Fig. 1.1. In fact, the uncertainty relation1 � � E � t ' � m2

2E L holds.
In addition, the plane wave treatment of neutrino oscillation is just an ap-

proximation. Indeed, since a plane wave has a de�nite momentump, it would be
impossible to know where the neutrino was produced due to the Heisenberg prin-
ciple, and then, the distanceL would be unknown. It is then necessary to describe
each mass eigenstate using a wave packet, which can have a di�erent mass. During
time propagation, the wave packets will separate and, as a consequence, there will
be no more oscillations. In summary, di�erent mass eigenstates produced at the
same instant arrive at separate times, depending on their individual speeds. E.g.
supernova neutrinos are no longer oscillating when they reach the Earth: since sep-
aration occurs approximately in103 km, they would arrive with a time di�erence
in the order of 10� 4 s.

Neutrinos come from di�erent sources: the sun, cosmic rays interaction with
the atmosphere, nuclear reactors and accelerators. Each of this source produces
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Figure 1.1: Probability of � � ! � � transitions for sin2 2� = 1 as a function of � m2hL=E i .
The solid line represents the transition probability averaged over a GaussianL=E distri-
bution with � L=E = 0 :2hL=E i . The dashed line is the unaveraged transition probability
[1].

neutrinos with di�erent parameters L and E, and thus with a di�erent accessi-
ble � m2. Therefore, various experiments were designed to exploit these neutrino
sources and to probe di�erent neutrino sectors.

Two possible modes are available for the measure of neutrino oscillations: ap-
pearance or disappearance. In both cases, a neutrino source is used. Then, some
experiments use a small near detector to measure the neutrino �ux near the source,
in order to make sure of the composition of the initial �ux, while a large far detector
measures the neutrino �ux after a distanceL. The appearance experiments start
with a neutrino �avor � � at the source and the far detector looks for a di�erent
neutrino �avor � � at distanceL from the source, measuring the appearance prob-
ability P� � ! � � ; while the disappearance experiments look for the same neutrino
�avor � � at distance L from the source, measuring the disappearance probability
P� � ! � � .

1.2 Atmospheric neutrinos

Atmospheric neutrinos are produced as a consequence of cosmic rays interacting
with the atmosphere: pions are produced, which can decay into a muon and a
muon neutrino, as exempli�ed in Fig. 1.2. Low energy muons can then decay again
in an electron, an electron neutrino and a muon neutrino.

At the beginning of the '80s, some theories predicted that the proton could
decay, e.g. through the decayp ! e+ � 0� e, with a measurable lifetime. In order to
prove this possibility, huge detectors were build with size on the order of103 m3

and mass of1 kton.
Atmospheric neutrinos interactions represent the main background for the de-
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tection of proton decay and that is the reason why their �uxes were studied in
detail. In the end, proton decay was not discovered, but neutrino oscillations were
observed.

Figure 1.2: Schematic drawing of the production of atmospheric neutrinos [3].

1.2.1 Super-Kamiokande

The experiment Super-Kamiokande (SK) in Japan, was designed for the search
of proton decays. It was build 1,000 m underground, to be shielded from cosmic
rays muons and it was a Cherenkov detector, which used 50,000 ton of water as
radiator, with more than 10,000 PMTs to collect the produced photons. SK's
interior is displayed in Fig. 1.3.

Figure 1.3: Inside the Super-Kamiokande neutrino detector during work on the detectors.
Credit: Kamioka Observatory, ICRR, Univ. Tokyo.

The reconstruction of the events was done using the Cherenkov light detected
as a ring by PMTs, as exempli�ed in Fig. 1.4. The vertex was reconstructed using
the timing information, the direction using the cone and the energy was measured
using the total light collected. Muon neutrinos interactions produce a muon, which
produces a very sharp ring, since it is a minimum ionizing particle, while electron
neutrinos interactions produce an electron which produces a fuzzy ring, since it
scatters more.
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Figure 1.4: An example event display from the Super-Kamiokande detector, showing the
sharp-edged Cherenkov ring from a 0.6 GeV muon. Each small circle represents one PMT
over threshold, with the size of the circle correlated with the number of photoelectrons, and
the color of the circle related to the arrival time of the Cherenkov light [4].

Figure 1.5: SK experiment's measurement of muon or electron neutrino �ux as a function
of the arrival direction of the neutrinos. cos� = � 1 means upward going. It shows that
muon neutrinos disappear, because they change �avor, during their travel through Earth.
The red-dotted line shows the expectations in case of no-oscillation [5].

10



Atmospheric neutrinos

The energy range was between 0.2 GeV and 100 GeV, while the distance range
was between 10 km, for neutrinos travelling the shortest distance not through the
Earth, and 13,000 km, for neutrinos travelling for a distance equal to the full
diameter of the Earth.

SK observed the dependencies on the zenith angle of electronic and muon neu-
trinos. These distributions gave interesting results: while for the electron neutrinos
the data and the MC simulations were compatible, for the muon neutrinos there
was observed a large de�cit of the data w.r.t. the MC simulations, especially in the
region where the cosine of the zenith angle was equal to� 1, which corresponded
to a travelled path of 13,000 km. The results can be found in Fig. 1.5.

Since electron neutrino �ux had no excess, the de�cit could be explained consid-
ering neutrino oscillations of muon neutrinos into tau neutrinos, another neutrino
�avor which was still not discovered at that time. The best �ts gave as parameters
� m2

23 ' 2:0 � 10� 3 eV2 and sin2 2� 23 ' 1:00.
Indeed, thanks to a measure of an exclusion region, which is reported in Fig.

1.6, the Chooz experiment was able to exclude the possibility to have� � ! � e

oscillations for atmospheric neutrinos events.

Figure 1.6: Exclusion plot for reactor neutrino experiments. Also shown is the allowed
region from the atmospheric experiments. The dotted line in the SK region indicates a
lower bound on� m2 obtained from an analysis of upward-going muon data [6].

1.2.2 Arti�cial neutrino beam experiments

Experiments with arti�cial neutrino beams were designed in order to verify the
atmospheric neutrinos oscillations parameters, using a similarL=E ratio.

To obtain a neutrino beam, a proton beam is used to hit a target. The target
has to be able to sustain high temperatures without fusing, for example it can
be made of graphite. From the beam-target interactions, hadrons are produced.
The main products are pions since they are the lightest, but also some kaons are
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produced. Then magnetic horns are used to produce neutrino or antineutrino
beams. In particular, is possible to change the horns' polarity to focus positive
(negative) hadrons, which subsequently are injected into beam pipes to let them
decay into neutrino (antineutrinos), due to lepton number conservation rules.

For example, if a neutrino beam is desired, positive charged particle will be
selected. In this case, most of the neutrinos come from� + ! � + � � , therefore are
muon neutrinos, but there can be a beam contamination due to electron neutrinos
or antineutrinos from di�erent reactions: if the produced muon decays following
� + ! e+ � e� � (0.01 contamination from both � e and � � ), if the pion decays into
an electron� + ! e+ � e (10� 4 contamination, since this process is suppressed due
to a chirality term that is very small because it depends on the electron mass),
if a produced kaon (produced with a 10% probability w.r.t. the pion) decays as
K + ! � 0e+ � e (0.005 contamination, since the branching ratio of this decay is 5%).

The angle with which the neutrino is produced w.r.t. the pion direction of �y
is small, since it can be shown that� C � 1


 �
= m �

E �
<< 1, but since the distanceL

can be very large, it is important to consider it in the design of a far detector.
The experiments which con�rmed the atmospheric neutrino oscillations were

K2K ( E � 1 GeV; L � 250 km) and MINOS (E � 3 GeV; L � 750 km), both
of them were disappearance experiments. MINOS' results are shown in Fig. 1.7,
together with previous experiments.

Figure 1.7: MINOS contours for the oscillation �t to experimental data, including sys-
tematic errors. Contours from SK, K2K and earlier MINOS result are shown [7].

One can see that while natural experiments have a better resolution on the
mixing angle measurement since it is possible to have a large statistics, arti�cial
experiments posses a better resolution on the squared mass di�erence since they
allow a more precise parametersL and E determination. MINOS �nal results
are: � m2

23 = (2 :43� 0:13) � 10� 3 eV2 (68% cl) and sin2 2� 23 > 0:90 (90% cl) [8].
More recently, the OPERA experiment (E � 17:7 GeV and L � 730km) had also
measured the �ux of � � , measuring the appearance probability.
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1.3 Solar neutrinos

Photons from the solar core takes a million years to reach the surface, while neu-
trinos generated by fusion processes take just2 s. Thus, neutrinos can be used to
probe the solar core properties.

For this reason, neutrino �uxes were studied in detail and are described by
Bahcall's solar standard model. On earth, a �ux of4:0 � 1010 cm� 2s� 1 electron
neutrinos arrives. These neutrinos come mainly from thepp cycle, with a contin-
uous distribution with energy under0:5 MeV, but there are other reactions that
bring neutrino with di�erent energies. Therefore, the neutrino �ux depends on the
neutrino energy and it can be observed in Fig. 1.8.

Figure 1.8: The energy spectrum of neutrinos from the pp chain of interactions in the Sun,
as predicted by the standard solar model. Neutrino �uxes from continuum sources (pp,
hep, 8B) are given in the units of counts percm2 per second. The pp chain is responsible
for more than 98% of the energy generation in the standard solar model. The arrows at
the top of the �gure indicate the energy thresholds for the past neutrino experiments.

1.3.1 Solar neutrino �ux problem

Di�erent experiments tried to measure the neutrino �uxes for di�erent energies.
The �rst one was the Homestake experiment, in which the reaction� e + 37Cl !
37Ar + e� was used to detect the� e �ux, with an energy threshold above800 keV.
Therefore, it was sensitive just to8B and 7Be electron neutrinos. Homestake ob-
served only one third of the expected number of solar neutrinos as predicted by
Bahcall's model.

The possible explanations were three: the solar model is imprecise, the experi-
ment is not calibrated in a proper way or there is some physical phenomenon that
happens to neutrinos as they travel from the Sun to the Earth. Other experi-
ments measured then the solar neutrino �ux, such as SK, GALLEX and SAGE
experiments, but they also observed a de�cit. Indeed, they measured, respec-
tively, approximately a neutrino �ux of 0.5 and 0.6 w.r.t. the �ux predicted by
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