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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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Chapter 1. Neutrino Physics

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].
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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

11



Chapter 1. Neutrino Physics

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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the standard solar model. SK used the elastic scattering� le� ! � le� and used
the direction given by the Cherenkov light to distinguish between background and
solar neutrinos. SK was able to measure8B solar neutrinos with energy threshold
higher than 5 MeV. Meanwhile, both GALLEX and SAGE experiments were based
on the reaction � e + 71Ga ! 71Ge + e� and were sensitive also topp neutrinos,
since this reaction has a threshold of energy of about0:2 MeV. An important im-
provement was made w.r.t. Homestake: an arti�cial source of neutrinos was put
inside the detector to calibrate e�ectively the measurements. However, a de�cit
was still present.

The reason could have been that� e oscillates into� � or � � , but neutrinos from
the sun have energies in the order of few MeV, too low to have charged current
interactions. The problem was that the detectors were only sensitive to charge
current interactions and then they were not able to observe the other neutrino
�avors, but they measured just a reduced� e �ux. Therefore, it was necessary to
measure the neutral current interaction rate, which had to be equal to the solar
model neutrino �ux.

The SNO (Sudbury Neutrino Observatory) was then build in Canada for that
purpose. It was a liquid scintillator, with 1,000 ton of heavy water (D2O) and
10,000 PMTs. The main reactions that were used are: the charged current in-
teraction � e + d ! p + p + e� , which is sensitive just to the� e �ux; the neutral
current interaction � l + d ! p + n + � l , which is sensitive to all neutrino �avor
�uxes equally; the elastic scattering� le� ! � le� , which is sensitive to all neutrino
�avors, but six times more sensitive to the� e �ux. The resulting measured �uxes
where compatible with Bahcall's model. Therefore, the problem could be explained
with neutrino oscillations. The results from SNO measurements are illustrated in
Fig. 1.9.

Figure 1.9: Measurement by the SNO experiment of muon and tau neutrino �ux from the
Sun as a function of the electron neutrino �ux, showing that the total �ux is consistent
with solar models [5].
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1.3.2 Matter e�ect and mass ordering

Another problem arises if it is assumed that neutrinos leave the Sun as� e and
oscillate just for the distance between Sun and Earth. If this was the case, the
distance would beL � 108 km and the energyE < 10MeV, then � m2

12 � 3� 10� 10

eV2, but experimentally it is obtained a value of� m2
12 ' 7 � 10� 5 eV2.

Oscillations come from phase di�erences between mass states. Therefore, while
in vacuum the free Hamiltonian has to be considered, in a material there are also
interaction potentials. It is important to consider also the path that neutrinos have
to travel inside the Sun, since the density of electron is really high, and electron
neutrinos travelling in matter experience extra charged current interactions that
the other �avor cannot, since just electron are present. The additional interaction
potential VW =

p
2GF Ne modi�es the oscillation probability. This phenomenon is

called MSW and it is due to matter e�ects.
The oscillation probability becomes

P� e ! � e = 1 � sin2 2� M sin2

�
� m2

M L
4E

�
; (1.32)

with a squared mass di�erence due to matter e�ect equals to

� m2
M = � m2

V

q
sin2 2� + (cos2 2� � � )2 (1.33)

and a relation for the matter e�ect mixing angle such as

sin2 2� M =
sin2 2�

sin2 2� + (cos2 2� � � )2 ; (1.34)

where� m2
V and � are the values referred to oscillations in the vacuum, while� is

linked to the matter electron density and it is given by

� =
2
p

2GF NeE
� m2

V
: (1.35)

From these formulas, it is possible to determine the sign of� m2
12. In fact,

� m2
12 � m2

2 � m2
1 must be positive and thenm2 > m 1, otherwise there could not

be any resonance and oscillations would not happen. Indeed, only if� m2
12 > 0,

� = 2
p

2GF NeE
j� m2

V j is positive and then

sin2 2� M =
sin2 2�

sin2 2� + (cos2 2� � j � j)2 ; (1.36)

would allow resonances. In conclusion, the matter e�ects on neutrino oscillations
can be used to measure the mass ordering for the solar sector neutrinos.

1.3.3 Experimental con�rmation of solar neutrino oscilla-
tions

The KamLAND arti�cial neutrino experiment was made with a similar L=E ratio
as the neutrinos from the Sun, to con�rm the observations of the oscillations. A
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nuclear reactor was used as neutrino source and the reaction� e + p ! e+ + n was
exploited for the detection of� e. The parameter values obtained were� m2

12 '
7:53� 10� 5 eV2 and tan2 � 12 ' 0:436. KamLAND's results are shown in Fig. 1.10.

Figure 1.10: Three-�avor neutrino oscillation analysis contour using both solar neutrinos
and KamLAND results [9].

Figure 1.11: The survival probability is represented as a function of neutrino energy. The
gray band represents the prediction due to matter e�ect. The higher survival probability
region at low energies is where vacuum-dominated oscillations occur. As the neutrino
energy increases, matter e�ects become important and the lower survival probability at
high energies is due to matter-enhanced oscillations. The reported data correspond to
solar neutrino �ux measurements performed by di�erent experiments [10].

In order to put together all the results from di�erent experiments and solve
the solar neutrino puzzle, Borexino experiment studied the survival probability in
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function of the energy of the neutrinos, in a range between10� 1 MeV and 10 MeV,
as shown in Fig. 1.11.

Borexino's results gave a clear picture of the neutrino �uxes, explaining that
the observed neutrino �uxes were di�erent for di�erent energies, as predicted by
the MSW model in the vacuum regime.

1.4 1-3 sector

Neutrino experiments measured the parameters for both the solar sector oscillations
� � ! � e and the atmospheric sector oscillations� � ! � � . The measured parameters
were respectively� 12 = (33:7 � 1:1)� ; � m2

12 = (7 :54� 0:24) � 10� 5 eV2 and � 23 =
(42 � 3)� ; � m2

23 = j(2:43� 0:06) � 10� 3j eV2.
Therefore, the only oscillation parameter what was still missing was the� 13.

Two experimental ways were accessible: accelerator or reactor experiments, both
using atmosphericL=E ratio. Accelerator experiments measured the appearance
of � e in a � � beam, measuring then the oscillation probability

P� � ! � e = sin2 2� 13 sin2 � 23 sin2

�
1:27

� m2
23L

E

�
; (1.37)

while reactor experiments measured the disappearance of� e, measuring the disap-
pearance oscillation probability

P� e ! � l = 1 � sin2 2� 13 sin2

�
1:27

� m2
23L

E

�
: (1.38)

1.4.1 Daya Bay experiment

Figure 1.12: On the left, the number of observed electron antineutrinos divided by the
number of total antineutrino expected with no oscillations. The main oscillations are due
to the � m2

12 term. The superposed oscillations are a second order e�ect whose amplitude
is proportional to sin2 2� 13. On the right, 90% and 99% con�dence level contours. Credit
Daya Bay.
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The experiment that �rstly measured the � 13 was the Daya Bay experiment, a
reactor experiment that was able to measure sub-oscillations due to this mixing
angle. The value obtained was� 13 = (8 :44� 0:16)� . The results are shown in Fig.
1.12.

1.5 Unresolved questions

The knowledge on neutrino oscillations as presented by NuFit in 2021 is shown in
Tab. 1.1.

Parameter value best �t � 1�

� 12 (33:44+0 :77
� 0:74)

�

� m2
12 7:42+0 :21

� 0:20 � 10� 5 eV2

� 23 (49:2+1 :0
� 1:3)�

j� m2
23j 2:515+0 :028

� 0:028 � 10� 3 eV2

� 13 (8:57+0 :13
� 0:12)

�

� CP (194+52
� 25)

�

Table 1.1: Three-�avor oscillation parameters from NuFit �t global data in 2021 [11].

Even if past experiment gave some important results, there are still three open
problems: the determination of the neutrino mass ordering, i.e. to measure the
sign of � m2

23; the precise measurements of the CP violation phase and of the� 23

octant of neutrino mixing matrix, i.e. to measure if the value of this mixing angle
is maximal or not.

1.5.1 CP violation phase measurements

If U 6= U� , whereU is the PMNS matrix, the CP symmetry is violated. There are
14 general conditions that must be met for the CP violation: charged leptons and
neutrinos must not be degenerate in mass (6 conditions), the mixing angles must
not be equal to0 or �

2 (6 conditions), the � CP phase must be di�erent from0 or �
(2 conditions).

However, if the matrix C = � i [M 0� M 0� y; M 0lM 0ly] is de�ned, it is possible to
express the previous 14 conditions with just the condition detC 6= 0, which becomes

� 2J (m2
� 2 � m2

� 1)(m2
� 3 � m2

� 1)(m2
� 3 � m2

� 2)(m2
� � m2

e)(m2
� � m2

e)(m2
� � m2

� ) 6= 0; (1.39)

where J = Im[Ue2U�
e3U�

� 2U� 3] is the Jarlskog invariant, useful to measure CP
violation in a way independent from the parametrization. Using the standard
parametrization, it becomes

J =
1
6

sin 2� 12 sin 2� 23 sin 2� 13 cos� 13 sin� CP : (1.40)
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� CP can be measured only by accelerator based long baseline experiments, there-
fore, reactor experiments cannot access this parameter. The measurement consists
in looking for a di�erent behaviour between neutrino and anti-neutrino oscillations,
but matter e�ects make the measurements more complicate. If� CP = 0 or � , there
would not be CP violation and P� � ! � e would be equal toP� � ! � e . If � CP = � �

2 ,
P� � ! � e would be enhanced, whileP� � ! � e would be suppressed. The opposite would
happen in case� CP = �

2 . An example of oscillation probability for various values
of � CP is illustrated in Fig. 1.13.

Figure 1.13: � � ! � e oscillation probability at T2K as a function of neutrino energy for
various values of� CP and mass ordering. The values ofsin 2� 23 and sin 2� 13 are �xed to
0.5 and 0.1 respectively [12].

1.5.2 Mass ordering problem

The mass ordering problem is related to the fact that there could be two di�erent
ordering for neutrinos' masses depending on whether� m2

13 is positive or negative,
as outlined in Fig. 1.14.

Figure 1.14: Scheme of the two distinct neutrino mass ordering. The colour code indicates
the fraction of each �avor ( � e; � � ; � � ) present in each of the mass eigenstates (� 1; � 2; � 3)
[13].
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The approaches possible for the solution of the problem is using oscillation
interference or the matter e�ect. Both the solutions are shown in Fig. 1.15. In the
�rst case, the aim is to observe a spectral distortion on medium baseline reactor
experiments. For example, JUNO experiment uses this technique. Instead, in the
second case, the goal is to measure the sign of� m2 using the matter e�ect: indeed,
depending on the mass ordering� or � oscillations are enhanced. NO� A, DUNE,
HK experiments (will) exploit this approach.

Figure 1.15: On the left, JUNO plans to distinguish the mass ordering through exquisite
energy resolution, credit: JUNO. On the right, neutrino oscillation probabilityP(� � ! � e)
for various representative values of� CP and normal ordering, for the NO� A and DUNE
baselines [14].

1.5.3 Recent and future experiments

Figure 1.16: The � � CC energy distribution for various o�-axis angles for a medium
energy tune in NuMI is shown [15].
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NO� A and T2K experiments are both o�-axis beam experiments, i.e. the beam is
o�-axis of a small angle with respect the detector. This is made to obtain a well
focused neutrino beam, removing the high energy components, as can be observed
in Fig. 1.16. In particular, NO� A beam is 14 mrad o�-axis, while T2K beam was
43.6 mrad o�-axis.

The results for the � CP value are reported in Fig. 1.17. These experiments
were not able to solve the open problems, but were useful to get more precise
measurements.

Figure 1.17: The relative preferences for values of� CP from the most recent oscillation
analyses made by T2K on the left and by NO� A on the right [16].

In the future, two experiments are programmed: DUNE (Deep Underground
Neutrino Experiment) and HK (Hyper-Kamiokande). DUNE will have the Near
Detector at Fermilab and the Far Detector in South Dakota, with a baseline of
� 1300 kmand with a �ducial mass of about 40 kton of LAr. HK will instead be
in Japan, near SK location and will use1 Mton of pure water, with a similar and
complementary program w.r.t. DUNE. The signi�cance for both the experiments
is shown in Fig. 1.18.

Figure 1.18: The signi�cance for HK and DUNE to measure CP violation for the case
where � CP = � �= 2. Projections for other experiments are shown for comparison [17].
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1.5.4 Majorana mass term

The Dirac �eld  in the Dirac equation (i
 � @� � m) = 0 has four indipendent
components. It is possible to perform a chiral decomposition =  L +  R . The
equations for the chiral components are coupled by the mass

i
 � @�  L = m R ; (1.41)

i
 � @�  R = m L : (1.42)

For massless fermions, they are instead decoupled and then can be written as

i
 � @�  L = 0; (1.43)

i
 � @�  R = 0; (1.44)

which are called Weyl equations. Therefore, a massless fermion can be described
using just a single chiral �eld which has only two indipendent components. These
�elds are called Weyl spinors.

The possibility to describe a physical particle with a Weyl spinor is possible
since parity can be violated. Majorana showed also that a two-component spinor
can describe a massive fermion if the two chiral �elds are not independent. Neu-
trinos can then be described by Majorana spinors, with only two indipendent
components. The relation that has to hold is� R = � C

L = C� T
l , where the charge

conjugation matrix satis�es C
 T
� C � 1 = � 
 � .

The Majorana equation can then be written asi
 � @� � L = m� C
L , with a Majo-

rana �eld � = � L + � R = � L + � C
L and then � = � C , which implies the equality of

particle and antiparticle. Therefore, only neutral fermion can be Majorana parti-
cles. Indeed, for a Majorana �eld, the electromagnetic current vanishes identically:
�
 � � = 0.

The Majorana mass term can then be written similarly to the Dirac Lagrangian:

L M = � l i =@�L �
m
2

�
� C

L � L + � l � C
L

�
: (1.45)

Since� L has a total lepton quantum numberL = +1 and � C
L hasL = � 1, then

the total lepton number is not conserved, since the Majorana Lagrangian allows
� L = � 2 transitions. This would imply that neutrinoless double beta decays are
allowed.

1.5.5 Sterile neutrinos and seesaw mechanism

The most general mass term is the Dirac-Majorana mass term which can be written
as

L D + M = L D + L L + L R ; (1.46)

where L D = � mD � R � L + h:c: is the Dirac mass term,L L = 1
2mL � T

L Cy� L + h:c:
is the left-handed Majorana mass term, which is forbidden in the SM,L R =
1
2mR � T

R Cy� R + h:c:, which is allowed in the SM.
It is possible to de�ne the left-handed chiral �elds vectorNL and the masses

matrix M as

NL =
�

� L

� C
R

�
M =

�
mL mD

mD mR

�
: (1.47)

22



Absolute neutrino mass

The Dirac-Majorana mass term then becomes

L D + M =
1
2

N T
L CyMN L + h:c:; (1.48)

which has the same structure as a Majorana mass term.M can subsequently be
diagonalized with realmk � 0 using

nL = UyNL =
�

� 1L

� 2L ;

�
UT MU =

�
m1 0
0 m2

�
: (1.49)

Accordingly, the Lagrangian becomes

L D + M =
1
2

X

k=1 ;2

mk � T
kL Cy� kL + h:c: = �

1
2

X

k=1 ;2

mk � k � k ; (1.50)

since� k = � kL + � C
kL . The diagonalization is possible sinceM is real and symmetric

and U = O� is used, with

O =
�

cos� sin�
� sin� cos�

�
; � =

�
� 1 0
0 � 2

�
; � 2

k = � 1; (1.51)

wheretan 2� = 2mD
mR � mL

. The initial diagonalized matrix can be written as

OT MO =
�

m0
1 0

0 m0
2

�
; (1.52)

where

m0
2;1 =

1
2

�
mL + mR �

q
(mL � mR)2 + 4m2

D

�
; (1.53)

and then mk = � 2
km0

k . There can happen some special cases: maximal mixing if
mL = mR , Dirac limit if mL = mR = 0, pseudo-Dirac neutrinos ifjmL j; mR << m D

and seesaw mechanism ifmL = 0 and mD << m R .
In the last case,mL = 0 sinceL L is forbidden in SM,mD . v � 100GeV is pro-

tected by SM symmetries since it is generated by the Higgs mechanism, insteadmR

is not protected by SM symmetries, thereforemR � MGUT >> v . Consequently,
m0

1 ' � m2
D

mR
and m0

2 ' mR . Accordingly, by choosing� 2
1 = � 1 and � 2

2 = +1 , it

is possible to writem1 ' m2
D

mR
and m2 ' mR . This picture would give a natural

explanation of the smallness of neutrino masses, since they would be suppressed
by sterile neutrinos masses, as the name of the seesaw mechanism suggests. Fur-
thermore, the mixing angle would also be very small:tan 2� = 2 mD

mR
<< 1. In

summary, � 1 would be composed mainly of active� L , while � 2 would be composed
mainly of sterile � R .

1.6 Absolute neutrino mass

Thanks to neutrino oscillations, it was possible to measure the squared mass dif-
ferences with good precision. However, the absolute neutrino masses are still un-
determined.
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The situation is di�erent depending on whether the correct ordering is the
normal or inverted one. In case of normal ordering,m2

2 = m2
1 + � m2

12 and m2
3 =

m2
1 + � m2

13 would be distinguished, since� m2
12 and � m2

13 have di�erent order
of magnitude. While, in case of inverted ordering,m2

1 = m2
3 � � m2

13 and m2
2 =

m2
1 + � m2

12 ' m2
1 would have almost the same value, since� m2

12 << � m2
13.

Regardless of the correct ordering, at least two neutrino masses must have a value
higher than

p
� m2

12 ' 5 � 10� 2 eV, due to the fact that the di�erences of the
squared masses are known. These observations are outlined in Fig. 1.19.

Figure 1.19: Allowed ranges for the neutrino masses as functions of the lightest massm1

and m3 in the normal and inverted three-neutrino scheme, respectively [18].

The methods to access the absolute neutrino mass are three: measurements
through decays, neutrino-less double beta decay, cosmology measurements.

1.6.1 Decay measurements

Electron neutrino mass can be measured using the tritium� decay 3H ! 3He +
e� + � e. The Fermi golden rule gives the transition probability for this decay, and
its derivative w.r.t. the kinetic energy T is equal to

d�
dT

=
(cos� C GF )2

2� 3
jM j2 F (E) p E K 2(T); (1.54)

whereK (T) is the Kurie function and it can be written as

K (T) =

"

(Q � T)
q

(Q � T)2 � m2
� e

#1=2

; (1.55)

with Q = M (3H) � M (3He) � me = 18:58 keV. If neutrinos have zero mass,
K (T) = ( Q� T) is just a straight line, but if m� e 6= 0, a deviation is present, which
can be used to measure the value ofm� e . Such deviation can be observed in Fig.
1.20.
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Figure 1.20: Tritium Kurie plot close to the end-point, computed for neutrino masses
equal to0 and 20 eV [19].

In case of neutrino mixing, the Kurie function becomes

K (T) =

"

(Q � T)
X

k

jUekj2
q

(Q � T)2 � m2
k

#1=2

: (1.56)

In this case the plot obtained is di�erent, since the parameters are2N � 1,
due to the constrain:

P
k jUekj2 = 1. Usually experiments are not so sensitive to

neutrino masses sincemk << Q � T and then it is better to consider the e�ective
mass de�ned as

m2
� =

X

k

jUekj2m2
k ; (1.57)

which can be used to rewrite the Kurie function as

K 2(T) = ( Q � T)2
X

k

jUekj2
s

1 �
m2

k

(Q � T)2

' (Q � T)2
X

k

jUekj2
�
1 �

m2
k

2(Q � T)2

�

= ( Q � T)2

�
1 �

m2
�

2(Q � T)2

�

' (Q � T)
q

(Q � T)2 � m2
� : (1.58)

The modi�ed Kurie plot is shown in Fig. 1.21.
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Figure 1.21: Tritium Kurie plot modi�ed by neutrino mixing, provided m1 = 5 eV and
m2 = 15 eV, with � = �= 4 [20].

In the quasi-degenerate casem2
� ' m2

� , while in case of inverted orderingm2
� '

� m2
12 ' 7:5 � 10� 5 eV2, conversely in case of normal orderingm2

� ' 8 � 10� 5 eV2.
In particular, if m� . 4 � 10� 2 eV, the correct ordering would be the normal one.
These observations are outlined in Fig. 1.22.

Figure 1.22: E�ective neutrino mass m� in Tritium beta decay experiments as a func-
tion of the lightest massm1 and m3 in the normal and inverted three-neutrino scheme,
respectively [18].

Experiments need to measure the deviation of the spectrum from the straight
line. Therefore it is needed a large number of electrons close to endpoint, a good
energy resolution and small energy losses. A recent experiment built to exploit such
technique is KATRIN, which used a tritium source and an electron spectrometer.
Electrons from beta decays are guided by the magnetic �eld and the spectrometer
perform an adiabatic conversion of the electric �eld, acting as �lter for the elec-
trons. The electron are then counted for di�erent values of the retarding voltage
of the spectrometer, in particular around the tritium beta endpoint of18:58 keV.
Currently, the upper limit obtained by KATRIN's measurements ism� < 0:8 eV.
KATRIN's results are illustrated in Fig. 1.23.
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Figure 1.23: In a) the spectrum of electrons over a90 eV wide interval from all 274
tritium scans and best-�t model is shown. The integral beta decay spectrum extends up
to tritium's endpoint on top of a �at background. Experimental data are displayed with
1� statistical uncertainties enlarged by a factor 50. In b) the residuals relative to the�
uncertainty band of the best �t model are shown. In c) the integral measurement time
distribution of all 27 HV set points is shown [21].

1.6.2 Neutrinoless double beta decay

Figure 1.24: Representation of the energies of theA = 76 isobars. The single beta decay
between76Ge and 76Se is energetically forbidden, hence leaving the double beta as the
only decay channel. The two mass parabolas exist because of the pairing interaction that
lowers the energy of even Z - even N nuclei with respect to odd Z - odd N nuclei. For odd
A nuclei there is a single mass parabola, and all single beta transitions are energetically
allowed [22].

Some nuclei, with even mass numberA, cannot undergo� decay, since that would
violate the energy conservation principle, but a double� decay could be allowed
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(Z; A) ! (Z + 2; A) + 2 e� + 2� e, as shown in Fig. 1.24.
Double beta decay rates were studied in detail

� 2� =
�
T1=2; 2�

� � 1
= G2� jM 2� j2; (1.59)

whereG is a phase space andM is the nuclear matrix element. Double beta decay
is a second order process in perturbation theory and the measured half-lives are in
the order of1024 years. Neutrinoless double beta decay is a similar process, but the
neutrinos are not present in the �nal state since they annihilate with each other,
as exempli�ed by the Feynman diagrams in Fig. 1.25.

Figure 1.25: Feynman diagrams of the ordinary double beta decay on the left and the
neutrinoless double beta decay on the right [23].

In order for this decay to be possible, some requirements have to be satis�ed:
neutrinos must have mass, neutrinos must be Majorana particles and the lepton
number conservation must be violated. The �rst requirements is satis�ed since it
is known from oscillations that neutrinos have mass, while the other two are not
proven yet, but they are necessary to have an interaction between two neutrinos.
In fact the interaction is possible just if one neutrino has a left-handed chiral state
and the other has a right-handed chiral state, but both the neutrinos have a left-
handed helical state. One can see that observations of neutrinoless double beta
decay would be a proof that neutrinos are Majorana particles.

The decay rate of this process would be

� 0� =
�
T1=2; 0�

� � 1
= G0� jM 0� j2jm�� j2; (1.60)

with the e�ective Majorana neutrino mass equal to

m�� =
X

k

jUekj2mk : (1.61)

The corresponding half-life would then be in the order of1027 years. In case the
neutrinos are majorana particles, it is not possible to eliminate 5 out of 6 phases
of the unitary matrix. Indeed the Majorana mass term

L M =
1
2

3X

k=1

mk � T
kL Cy� kL (1.62)
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is not invariant under the global U(1) gauge transformations� kL ! ei� k � kL , and
then it is possible just to use the lepton phase transformationsl � ! ei� � l � to
eliminate 3 phases.

Performing these transformations on the weak charged current term it is ob-
tained

j � y
W;L = 2

X

� = e;�;�

3X

k=1

l �L 
 � U�k � kL

= 2
X

� = e;�;�

3X

k=1

l �L e� i� � 
 � U�k � kL

= 2e� i� e
X

� = e;�;�

3X

k=1

l �L e� i (� � � � e) 
 � U�k � kL : (1.63)

It is possible to eliminate 3 phases of the mixing matrix, one overall phase and
two phases which can be factorized on the left. Therefore, in the Majorana case
there are two additional physical phases w.r.t. the Dirac case, and the mixing
matrix becomesU = UD D M , with UD the Dirac mixing matrix with just one
phase, while

D M =

0

@
1 0 0
0 ei� 2 0
0 0 ei� 3

1

A : (1.64)

The e�ective Majorana neutrino mass then becomes

m�� =
X

k

jUekj2mk = jUe1j2m1 + jUe2j2ei� 2 m2 + jUe3j2ei� 3 m3; (1.65)

where � 2 = 2� 2 and � 3 = 2( � 3 � � CP ). In the quasi-degenerate casejm�� j ' m� ,
while in case of inverted orderingjm�� j ' j � m2

12j ' 7:5 � 10� 5eV2, conversely
in case of normal orderingjm�� j ' j 2:7 + 1:2ei� j � 10� 3eV2. In particular, if
m� . 10� 2eV, the correct ordering would be the normal one. These observations
are outlined in Fig. 1.26.

Figure 1.26: E�ective Majorana mass m�� in neutrinoless double beta decay experiments
as a function of the lightest massm1 and m3 in the normal and inverted three-neutrino
scheme, respectively [18].
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Experiments aim to measure the characteristic discrete spectrum, as exempli�ed
in Fig. 1.27. The goal is to estimate the value of the half-life of the0��� decay,

which is proportional to T1=2; 0� /
q

Mt
B � E . Therefore, a detector must have large

mass, a good energy resolution and an extremely low background.

Figure 1.27: Distribution of the sum of the two electron energies for2��� and 0��� .

There are two types of experiments: experiments in which the source is inserted
as thin foil inside a tracking detector and the ones in which the detector constitutes
also the source. NEMO is an example of the �rst type of experiments, it used a
source of100Mo that is know to be a2��� source. The problem of these experiments
is that the source material is limited and they have a limited energy resolution.
An example of possible tracks is shown in Fig. 1.28.

Figure 1.28: Top view and side view of a typical�� decay event in NEMO-3. The two
electrons are emitted from the source foil, the circles correspond to the tracker information,
the red curved lines are the �tted tracks and the red rectangles show the hit calorimeter
cells, credit NEMO.

Other experiments, which instead exploited the second technique, are CUORE
bolometry experiment, HdM, GERDA. All these experiments just gave a lower
limit on the half-life of 0��� decay. For example, HdM used germanium and
claimed a discovery, but GERDA used the same technique and showed that it was
just probably due to some systematic errors. The most recent values are from
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KamLAND-Zen collaboration: T1=2; 0� > 1:1 � 1026 years andm�� < (0:06� 0:16)
eV, the uncertainty on the upper limit for the e�ective mass is due to nuclear
structure e�ects which cause variations in the nuclear matrix elements.

1.6.3 Cosmology constraints

Neutrino masses di�erent from zero can a�ect large scale structures in cosmology.
These structures are constrained by CMB measurements performed by Planck
mission. Massive neutrinos are di�cult to cluster because of their relatively high
velocities, since they suppress matter �uctuations on scales smaller than their free-
streaming scale. From the cosmology constraints, the sum of the neutrino masses
has to be smaller than0:12 eV (95%, Planck TT, TE, EE + low E + lensing +
BAO), as displayed in Fig. 1.29.

Figure 1.29: Samples from Planck TT, TE, EE + low E chains in the
P

m� - H0 plane.
Solid black contours show the constraints from Planck TT, TE, EE + low E + lensing,
while dashed blue lines show the joint constraint from Planck TT, TE, EE + low E +
lensing + BAO, and the dashed green lines additionally marginalize overNef f . The grey
band on the left shows the region with

P
m� < 0:056 eV ruled out by neutrino oscillation

experiments. Mass splittings observed in neutrino oscillation experiments also imply that
the region left of the dotted vertical line can only be a normal ordering, while the region
to the right could be either the normal ordering or an inverted ordering [24].

Baryogenesis through Leptogenesis

Matter dominates over antimatter in the universe, despite standard cosmology
predicts that the number of baryons and antibaryons produced in the Big Bag
were the same. Modern physics wants to address this apparent contradiction.

Sakharov proposed three conditions which have to be satis�ed to produce more
matter than antimatter. These conditions are: baryon number violation, C and
CP violation, interaction out of thermal equilibrium. Certainly, the �rst condition
is necessary to produce a di�erent number of baryons and antibaryons. C vio-
lation is needed, since otherwise interactions which produce more particles than
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antiparticles would be compensated by an opposite interaction. CP violation is
necessary to produce a di�erent number of left-handed baryons and right-handed
anti-baryons, and also of left-handed anti-baryons and right-handed baryons. The
last condition is due to the fact that otherwise CPT symmetry would balance the
processes that could modify baryons and antibaryons numbers.

CP violation was measured in the quark sector, but it is not su�cient to gener-
ate the observed matter-antimatter asymmetry. A possible solution can be consid-
ering leptogenesis as a consequence of the seesaw mechanism. In the early universe,
H + and H � were physical particles, while today there is only one neutral stan-
dard model Higgs particle. In the early universe's conditions, heavy neutrinos
could be produced, decaying into Higgs particles. However, phases in the Yukawa
coupling matrix would have led to inequality in decay rates:� ( N ! l � + H + ) 6=

� ( N ! l+ + H � ) and � ( N ! v + H 0) 6= �
�

N ! v + H
0
�

, causing both C and
CP violation.

Even with the lepton number conserved at the beginning of the universe, the
considered decays could have produced a lepton number violation. Subsequently,
it is possible to consider the standard model sphaleron process, which does not
conserved neither the baryon number or the lepton number singularly, but just
their di�erence B � L. This process could have started to act after the universe
has cooled down at electroweak scale, i.e.250 GeV. Therefore, starting from an
initial state with baryon number conservation and lepton number violation, this
process produced a violation also in the baryon number, conserving justB � L.
Furthermore, it is possible to estimate the value of the couplingy using the seesaw
relation for the light neutrino mass:

m� �
v2y2

MN
: (1.66)

From this relation, it is obtained a lower limit for the heavy neutrino mass:
MN � 109 GeV [2], considering the measurements of light neutrinos masses and
assuming a valuey2 � 10� 5, which would explain the observed cosmic baryon
asymmetry.
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DUNE experiment

2.1 DUNE program

The Deep Underground Neutrino Experiment (DUNE) is a long-baseline neutrino
oscillation experiment, that together with the Hyper-Kamiokande (HK), will rep-
resent the next generation of neutrino experiments [25]. DUNE will consist of two
neutrino detectors and will use the neutrino beam with the highest intensity in
the world. The Long-Baseline Neutrino Facility will provide the neutrino beamline
and the infrastructures for the detectors, which overview can be seen in Fig. 2.1.

The Near Detector will be used to monitor the beam status at the source with
high precision and will be placed at the Fermi National Accelerator Laboratory in
Batavia, Illinois. While, the Far Detector is much larger w.r.t. the near one and
will be positioned deep underground at the Sanford Undergound Research Facility
(SURF) in Lead, South Dakota,1300 kmaway from the source. The Far Detector
is designed to be a massive liquid argon time-projection chamber (LArTPC).

Figure 2.1: Overview of DUNE experiment [25].

DUNE experiment has the goal to address some still open questions of neutrino
physics. First, DUNE will try to determine the correct neutrino mass ordering, us-
ing the matter e�ect to �nd the sign of � m2

13. Furthermore, the observation of the
CP violation and the measure of� CP are expected. CP violation in leptonic sec-
tor is really compelling since it could explain the origin of the matter-antimatter
asymmetry in the Universe. In fact, matter dominates over antimatter, despite
being equally created in the Big Bang. DUNE will also perform precision measure-
ment of the � � ! � e oscillation parameters, studying also atmospheric neutrinos,
in particular trying to solve the octant problem of � 23.
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Another questions that DUNE tries to probe is the validity of Grand Uni�ed
Theories (GUTs), according to which the fundamental forces were all uni�ed in just
one force. Since these theories predict the possibility of proton decay, DUNE will
search for these events, improving the lower limit value for the proton's lifetime.
Furthermore, DUNE will be capable of measuring neutrino �uxes coming from core
collapse supernovae. This will allow the study of the evolution of astrophysical
phenomenon. In addition, DUNE will search for active sterile neutrino mixing,
light dark mass candidates and heavy neutral leptons.

2.1.1 CP violation measurements and mass ordering deter-
mination

As aforementioned, DUNE aims to measure the value of the CP violation phase
parameter. This value could help to solve the matter-antimatter asymmetry prob-
lem. Another goal is to determine the correct neutrino mass ordering, measuring
the di�erence between neutrinos squared masses through the matter e�ect [26].

Both the CP violation phase and the matter e�ect term can be measured con-
sidering higher order transition probabilities

P
�

(�)

� � !
(�)

� e

�
� sin2 � 23 sin2 2� 13

sin2(� 13 � aL)
(� 13 � aL)2

� 2
13

+ sin 2� 23 sin 2� 13 sin 2� 12
sin(� 13 � aL)

� 13 � aL
� 13

sin(aL)
aL

� 12 cos(� 13 � � CP )

+ cos2 � 23 sin2 2� 12
sin2(aL)

(aL)2
� 2

12: (2.1)

Here, � ij = 1:27 � m2
ij L=E � , while a is the matter e�ect term, de�ned as

a = �
GF Nep

2
� �

1
3500km

�
�

3:0 g=cm3

�
; (2.2)

where GF is the Fermi constant, Ne is the number density of electrons in the
Earth's crust. In neutrinos case, both� CP and a are positive, while in antineutrinos
case, they are negative. Even in case� CP = 0 and thus CP is conserved, the
asymmetry in the oscillation of neutrinos and antineutrinos would be measured
nevertheless. Indeed, their interactions rate would be di�erent, since electrons are
present in the Earth's crust, while positrons not. DUNE will be more sensitive to
the matter e�ect term a than T2K and NO� A, since it enters quadratically in the
measured oscillation probability. Both the CP violation and the matter e�ect can
enhance either neutrinos or antineutrinos oscillation probabilities. In Fig. 2.2, the
appearance probability at a baseline of1300 km, as the one of DUNE, in function
of neutrino energy is shown for di�erent values of� CP , for both neutrinos and
antineutrinos, in case of true normal ordering.

The physics program of DUNE foresees that after 3.5 years in neutrino-beam
mode and 3.5 years in antineutrino-beam mode, the expected number of events
will be � 1000� e=� e and � 10000� � =� � in 7 years.
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Figure 2.2: Appearance probability at a baseline of1300 km, as a function of neutrino
energy, for � CP = � �= 2 (blue), 0 (red), �= 2 (green), for neutrinos (left) and antineutrinos
(right), for normal ordering. The black line shows the oscillation probability if� 13 were
equal to zero [26].

As introduced in Sec. 1.5.1, the CP violation parameter enters in the de�nition
of the Jarlskog invariant. Especially, if the standard parametrization of the PMNS
is choosen, it can be written as follows:

J =
1
6

sin 2� 12 sin 2� 23 sin 2� 13 cos� 13 sin� CP (2.3)

� 0:03 sin� CP ; (2.4)

which was obtained by considering the current best-�t values of the mixing angles
and assuming the normal ordering. CP violation would be con�rmed if the Jarlskog
invariant is di�erent from zero and then if � CP 6= 0, � . The obtained value for the
neutrino sector Jarlskog invariant, could be higher than the one for the quark
sector, which isJ � 3 � 10� 5.

The measure of the CP term is done through the asymmetry term de�ned as

A =
P(� � ! � e) � P(� � ! � e)
P(� � ! � e) + P(� � ! � e)

�
cos� 23 sin 2� 12 sin� CP

sin� 23 sin� 13
� 12 + A matter

= A � + A matter : (2.5)

The asymmetry term has be written as sum of two asymmetries due to CP vi-
olation and matter e�ects, which behaves respectively asA � � L=E and A matter �
L � E .

The degeneracy between the two asymmetries can be resolved for baselines
longer than 1200 km. In fact, for an energy range of few GeV,A matter increases
with the baselineL, since the neutrino pass through more matter. The higher the
baseline, the higher the sensitivity to the mass ordering. Then, for these baseline
values, knowing the value ofj� m2

13j, A matter suppressesA � , allowing the distinction
between normal and inverted ordering.
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Figure 2.3: On the left, signi�cance of the DUNE determination of CP-violation as a
function of the true value of � CP , for seven (blue) and ten (orange) years of exposure.
Normal ordering is assumed. The width of the transparent bands cover 68% of �ts. The
solid lines represent the median sensitivity. On the right, signi�cance of the DUNE de-
termination of CP-violation for the case when� CP = � �= 2, and for 50% and 75% of
possible true� CP values, as a function of time in years. Normal ordering is assumed
[26].

Figure 2.4: On the left, signi�cance of the DUNE determination of the neutrino mass
ordering, as a function of the true value of� CP , for seven (blue) and ten (orange) years
of exposure. Normal ordering is assumed. The width of the transparent bands cover 68%
of �ts. The solid lines represent the median sensitivity. On the right, signi�cance of the
DUNE determination of the neutrino mass ordering for the case when� CP = � �= 2, and
for 100% of possible true� CP values, as a function of time in years. Normal ordering is
assumed [26].

DUNE will be able to determine the neutrino mass ordering and to measure
the value of � CP , since it will have a baseline equal to1300 km. The signi�cance
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of the DUNE determination of CP-violation and of the neutrino mass ordering are
shown respectively in Fig. 2.3 and Fig. 2.4, both in function of the true value of
� CP and of time in years, assuming true normal ordering.

2.1.2 Measurement of the octant

Even if DUNE experiment will improve the sensitivity on bothsin2 � 13 and � 23, the
octant problem is still open [26]. For example, if� 23 = 45� , the mixing between� 2

and � 3 would be maximal and� � and � � would have equal contributions from� 3.
The T2K experiment obtainedsin2 � 23 = 0:514+0 :055

� 0:0056 in case of normal ordering,
while sin2 � 23 = 0:511� 0:055in case of inverted ordering, giving therefore the most
precise measurement. Measurements of� e appearance are sensitive tosin2 � 23,
while the ones of� � disappearance are sensitive tosin2 2� 23. Combining both these
measurement in a single experiment will allow to determine the value of the� 23

octant. Fig. 2.5 shows the sensitivity of DUNE to the determination of the� 23

octant as a function of the true value ofsin2 � 23, assuming true normal ordering.

Figure 2.5: Sensitivity to determination of the � 23 octant as a function of the true value
of sin2 � 23, for ten (orange) and �fteen (green) years of exposure. Normal ordering is
assumed. The width of the transparent bands cover 68% of �ts. The solid lines represent
the median sensitivity [26].

The mixing angle� 13 is instead expected to be measured in few years by reac-
tor experiments with a precision that will be limited by systematic uncertainties.
� 13 measurements will provide crucial constraints for both the CP violation pa-
rameter � CP and the � 23 octant. In addition, DUNE is expected to measure the
value of � 13 in an independent way w.r.t. reactor experiments, obtaining a similar
precision. Reactor experiments measure� 13 using electron neutrino disappearance,
while DUNE will measure it through electron neutrinos and antineutrinos disap-
pearance. Therefore, DUNE will able to provide an independent constraint on the
PMNS neutrino mixing matrix.

37



Chapter 2. DUNE experiment

2.1.3 Atmospheric neutrinos

DUNE's Far Detector could be exploited to study neutrino oscillations of atmo-
spheric neutrinos, since it has a large mass and it is located deep underground.
These kind of measurements would be complementary to the arti�cial neutrino
measurements and it would be possible to measure all the mixing parameters,
since the ratioL=E for atmospheric neutrinos can assume a broad range of values
[27].

Besides, the sensitivity to mass ordering determination can be described by
the square root of the exposure to atmospheric neutrinos. Thus, sensitivity is
not limited by the values of the systematic uncertainties. Furthermore, the mass
ordering sensitivity using atmospheric neutrinos is practically independent on CP
violation, but it depends on the value ofsin2 2� 23. Hence, atmospheric neutrinos
measurements could help to solve the octant problem, putting some additional
constraints on� 23.

2.1.4 Proton decay

The proton is a stable particle according to the Standard Model, since it is the
lightest baryon and it cannot decay without breaking the baryon number symmetry.
On the other hand, some Grand Uni�ed Theories (GUTs) beyond the Standard
Model predict the breaking of this symmetry, allowing protons to decay.

DUNE will search for two proton decay modes:p ! e+ � 0 and p ! K + � . The
former is interesting since it has the highest branching ratio among the predicted
decays. The latter can be used speci�cally in DUNE, since stopping kaons have a
higher ionization density than particles with lower masses. Therefore a LArTPC
is able to recognize theK + track e�ciently [27]. Both these decays could happen,
but just through new particles beyond the Standard Model, as illustrated in Fig.
2.6.

Figure 2.6: Feynman diagrams of proton decay modes according to GUTs.

If proton decay is observed, the lifetime will be measured. While in case of no
observations, DUNE will be able to determine just a lower limit for the proton's
lifetime. The current limits on proton's lifetime were set by Super�Kamiokande.
DUNE's Far Detector will start with an initial �ducial volume of 10 kton and there
will be added another10 kton a year after. With its total �ducial volume, DUNE
will improve the current limits by an order of magnitude with 90% C.L., after
running for 20 years. Obviously, a larger detector mass would improve the limits
even more in the same amount of time.
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2.1.5 Supernovae neutrinos

The DUNE experiment will have a wide dynamic range such that it will be sensitive
to neutrinos both of high energies on the order of the GeV and just few MeV.

In particular, in the energy regime from around5 MeV to several tens of MeV,
DUNE will be sensitive to the electron neutrino �avor component of the burst of
neutrinos from a galactic core-collapse supernova [28].

In fact, in that speci�c range, the liquid argon present in DUNE' LArTPCs,
has a particular sensitivity to the electron neutrino component through the charged
current (CC) interaction � e + 40Ar ! e� + 40K � . It is possible to observe a short
electron track produced in liquid argon and secondary particles caused by the
excited kaon. Elastic scattering between electron neutrino and argon atom is also
possible in the mentioned energy regime. In this case an electromagnetic cascade
would be observed.

DUNE would be able to contribute to the multi-messenger astronomy, since
it would be able to detect supernova neutrinos, together with neutrinos and an-
tineutrinos from other astrophysical sources, e.g. solar and supernova background
neutrinos. However, the background and the trigger constitute a challenge, due to
the low energy regime of the neutrino events.

Preliminary studies have shown that DUNE's detection e�ciency to the entire
Milky Way is not limited by the expected background rates due to low energies. In
addition there is the possibly of detecting neutrinos from beyond the Milky Way,
depending on the neutrino luminosity of the core-collapse supernova. DUNE's
energy resolution is expected to be between 10% and 20% in the range between
5 MeV and several tens of MeV.

DUNE is expected to be able to measure the supernova electron neutrino spec-
tral parameters. Furthermore, it will use supernova burst signal to access, for ex-
ample, to neutrino mass ordering and collective e�ects. If a measurable supernova
event will occur during DUNE experiment's lifetime, it would provide information
about the early stages of a core collapse and it could even signal the birth of a
black hole.

2.2 DUNE elements

Figure 2.7: Neutrino beamline and DUNE Near Detector hall at Fermilab in Illinois [26].
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The Long-Baseline Neutrino Facility (LBNF) will use a high intensity neutrino
beam that will travel through both the Near Detector in Illinois, displayed schemat-
ically in Fig. 2.7, and the Far Detector in South Dakota.

2.2.1 Neutrino beam

The neutrino beam for the DUNE experiment is produced using a proton beam
which collides with a target. The protons have an energy in range between69 GeV
and 120 GeV, while the target is made of graphite and beryllium. In the proton-
target interaction, secondary particles are produced, mainly� � ; K � , which are
focused into a decay pipe by two magnetic horns. Inside the pipe, these particles
decay mostly into � � and

(�)

� � . At the end of the pipe, an absorber removes the
hadrons, leaving just the neutrinos. The magnetic horns can be polarized to focus
only negative or positive particles. Therefore, it is possible to obtain a high purity
� � or � � beam with just a small contamination of the respective anti-neutrino and of
(�)

� e . It is of primary importance to know the beam composition and contamination,
since the measurements depend on it. The expected neutrino �uxes at the FD are
shown in Fig. 2.8.

Figure 2.8: Neutrino �uxes at the FD for neutrino mode (left) and antineutrino mode
(right) [26].

2.2.2 Far Detector

The DUNE Far Detector will be installed 1500 kmunderground at the SURF in
South Dakota. The Far Detector will initially consist of two Liquid Argon Time
Projection Chamber (LArTPC) detector modules with a �ducial volume of10 kton
each. Each of the LArTPCs will be put inside a cryostat that contains a total LAr
mass of about 17.5 kton, which will be used as target for neutrino interactions.
The scheme of the FD is illustrated in Fig. 2.9. The Single Phase (SP) LArTPC
technology will be used. A prototype detector was assembled at CERN, to test
the SP technology. This prototype called ProtoDUNE-SP is smaller w.r.t. future
DUNE detectors, but use the same components. The conducted tests have shown
good performances of such prototype.
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Figure 2.9: Underground caverns for DUNE FD and cryogenics systems at SURF, in
South Dakota. The scheme shows the �rst two Far Detector modules in place [26].

Liquid argon

Liquid argon (LAr) will occupy the detector volume and will constitute the target
for neutrino interactions.

The passage of ionizing particles in argon can produce excitation and ionization
of atoms. Indeed, if the energy released in the interaction is smaller than the
ionization energy, the atom will be excited, while if the energy is high enough, the
atom will be ionized. Excited atoms form excited molecular states Ar*

2 . Instead,
ionized atoms form excited molecular states Ar+

2 , which eventually recombine with
electrons, producing Ar*2 states, which then decays emitting scintillation light, as
it is shown in Fig. 2.10.

The two lowest allowed radiative decays are the ones from the singlet (1� +
u )

and the triplet ( 3� +
u ) states to the ground state (1� +

g ), which happen with di�erent
decay times, with a respective value of� 1 ' 5 nsand � 2 ' 1:6 � s [29].

Figure 2.10: Scintillation and ionization in argon [29].

The emission spectrum for those transitions has a narrow peak at126:8 nm
[30], hence photons are produced in the Vacuum Ultra Violet (VUV) band. It
is important to consider the wavelength range while designing the detector, since
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there are some technical problems, such as the transparency of the scintillator
medium to these wavelengths and the sensitivity of the photosensors. Fortunately,
reabsorption cannot occur if the argon is pure, because the energy of the single
atomic excited state is too high.

Another remark that has to be taken into consideration is the presence of im-
purities. Impurities can absorb ionization electrons or quench emitted scintillation
light. For example, electronegative atoms, such as oxygen, could absorb electrons.
That is the reason why the requested impurities are less than 100 parts per tril-
lions, to have an electron lifetime larger than 3 ms at 500 V/cm. Instead, impurities
such as nitrogen can quench the emitted scintillation photons. In this case it is
requested an impurity smaller than 25 parts per million, to ensure the detection of
at least 0.5 photo-electron per MeV for event. Therefore, a puri�cation mechanism
to introduce new argon will be implemented.

Photon detection

A photon detection system has to be used to collect the scintillation light emitted
at 126:8 nm by charged particles traversing liquid argon (LAr). Since these photons
are in the VUV range, it is necessary to use a wavelength shifter, to convert the
photons to a di�erent wavelength at which photo-sensors are sensitive. Indeed,
available photo-sensors have a low photon detection e�ciency for VUV wavelength
photons. SiPMs (Silicon Photo-Multipliers) are used as photo-sensor to convert
the light into an electric signal. SiPMs were chosen since they can be very small
and they allow a good light collection e�ciency, without reducing signi�cantly the
active volume of LAr. Indeed, photon detection modules are placed in the inactive
space between wire planes, to have no impact on �ducial volume.

The ARAPUCA is a light trap which captures wavelength shifted light inside
highly re�ective boxes. A more advanced device, the X-ARAPUCA, is being con-
sidered as one of the possible alternatives for DUNE's photon detection modules.
Its working principle is shown in Fig. 2.11. X-ARAPUCA design makes use of
total internal re�ection to capture wavelength shifted photons to further improve
photon detection e�ciency [31].

A photon detection module includes four X-ARAPUCA cells. Both ARAPUCA
and X-ARAPUCA cells are composed of various layers: a wavelength shifter ma-
terial, which covers a dichroic �lter plate that traps the light. In this way the
photon remains inside the cell's volume. Inside the box, the photons are taken to
the photo-sensors by a wave lenght shifter light guide, using total internal re�ec-
tion. The refractive indexes are chosen to minimize the re�ections and reduce the
probability to loose photons, increasing the photon detection e�ciency.

The �rst X-ARAPUCA prototype has an acceptance window of dimension
8 � 10 cm2 made by a dichroic �lter with a cuto� of 400 nm. This window is
coated with pTP (p-Terphenyl) on the side which is exposed. The prototype's
lightguide posses the same dimensions of the window and is made by acrylic doped
with TPB (TetraPhenyl-Butadiene), with an emission wavelength spectrum cen-
tered around 430 nm. Finally, the bottom layer is constituted by a high-pressure
�berglass laminate called G10. Over this plane, a high re�ective foil Enhanced
Specular Re�ector (ESR) is placed. For what regards the photosensors, there will
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Figure 2.11: Working principle of an X-ARAPUCA cell [32].

be used cryogenic SiPMs, with an active area of6 � 6 mm2 each, as the ones used
for the ProtoDUNE detector. Just half of the active area of the SiPMs will collect
the photons directly from the acceptance window. The other half will collect pho-
tons re�ected by the rest of the cell. On the opposite sides of the photon detection
module are settled 6 SiPMs each and are mounted on photosensor PCBs (Printed
Circuit Boards).

To summarize, each X-ARAPUCA cell will use eight PCBs, therefore there
will be 48 SiPMs for each cell and 192 SiPMs for each photon detection module.
SiPMs on a PCB are connected in parallel to reduce the number of necessary
readout channels, obtaining just four channels for each photon detection module.
Approximately 300,000 SiPMs will be used for the DUNE's Far Detector. These
SiPMs will be immersed in LAr and will work in a cryogenic environment. Hence,
it is of utter importance to test the mechanical and electrical parameters when
subjected to these conditions.

Single phase LArTPC

As aforementioned, liquid argon (LAr) atoms can be excited or ionized by charged
particles produced by neutrino interactions. In a single phase (SP) time projection
chamber (TPC), an electric �eld is used to drift the free ionized electrons to the
anode plates, where the charge is collected [34]. The scheme of a SP module is
displayed in Fig. 2.12.

The ionization charges drift horizontally for few meters and the maximum path
is 3:5 m. The APA (Anode Planes Assembly) is used to catch the charge produced
by ionization drifting in the TPC volume. The anode wall is composed of 50 APAs.
Three instrumented and two unistrumented anode layers are present on each side
of the APA's metal frame. Three complementary views of the ionization in the
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