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Abstract

The Deep Underground Neutrino Experiment is a long-baseline neutrino experiment
which is under construction in the United States. It will be composed of a Near Detector
system located a few hundred meters from the neutrino source at Fermilab and a far
detector system composed of four multi-kt LArTPCs at Sanford Underground Research
Facility in South Dakota.

The experiment will measure the leptonic CP violation phase of the PMNS matrix and
discriminate the ordering of neutrino masses. Additional physics goals include detection
of neutrinos from supernovae collapse and search for possible proton decay.

One component of the Near detector complex is the System for on-Axis Neutrino
Detection apparatus, which includes GRanular Argon for Interaction of Neutrinos, a
novel liquid Argon detector that aims at imaging neutrino interactions using scintillation
light collected by optical system and read-out by SIPM matrix.

This thesis work aims at studying the GRAIN performances as a homogeneous
calorimeter able to measure the energy deposited by charged particles in LAr through
scintillation photons emitted along their path inside the vessel. The energy calibration
of the liquid argon volume has required the development (and validation) of an efficient
software for the detector response simulation to the arrival of scintillation photons. The
spatial distribution of the calibration coefficient was analysed, finding a distribution of
values peaked at 0.014 £ 0.003MeV /photons. This fact allowed to consider a unique
calibration coefficient for the LAr volume to obtain a preliminary energy resolution for
the GRAIN detector.
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Introduction

Since their discovery neutrino oscillations have become one of the most direct evidence
of the fact that the Standard Model of particle physics is not a complete theory. The
complementary use of multiple experimental channels and sources, exploiting either the
solar and atmospheric neutrino fluxes or artificial ones produced by nuclear reactors or
particle accelerators, has made it possible to determine many of the parameters related
to neutrino masses. However, some of them have yet to be determined, such as the
ordering of neutrino masses and the potential CP-violating phase of the neutrino mixing
matrix, the latter of which would have a profound impact on the whole lepton sector of
particle physics.

The Deep Underground Neutrino Experiment (DUNE) will be a next-generation neu-
trino oscillation Long Baseline accelerator experiment, leveraging innovative detector
technologies and the most powerful neutrino beam available at the time of completion.

To achieve its goals, the international DUNE experiment, hosted by the U.S. De-
partment of Energy’s Fermi National Accelerator Laboratory (Fermilab) in Illinois, com-
prises three central components: a new, high-intensity neutrino source generated from
a megawatt-class proton accelerator at Fermilab, a massive far detector (FD) situated
1.5km underground at the Sanford Underground Research Facility (SURF) in South
Dakota, 1300 km away, and a composite near detector (ND) installed just downstream
of the neutrino source.

The Near Detector (ND) complex will be composed of three detectors able to provide
complementary information on the neutrino beam and to refine the interaction models
that will be necessary to analyse the FD data. The ND will also be capable of conducting
searches on neutrino interactions, including a wide range of measurements of neutrino
cross sections, studies of nuclear effects, and searches for dark matter, providing high-
granularity and resolution.

The System for on-Axis Neutrino Detection (SAND) will be the only one in the ND
complex to be fixed in an on-axis position, from which it will monitor the neutrino beam
flux. The detector will reuse the magnet and calorimeter from the KLOE experiment.
For the inner volume, a system of trackers and an active LAr target is planned. The
proposed LAr active target of the ND SAND detector, also known as GRAIN (GRanular
Argon for Interaction of Neutrinos), aims to provide fast and granular vertex and track



identification capabilities, together with event energy reconstruction. These tasks will
be carried out using only the scintillation light emitted by charged particles.

For this purpose, an optical detection system is being considered with the aim of
providing a complete spatial and timing reconstruction of the events with a timescale of a
few nanoseconds. Two solutions that are being developed for the optical readout system:
the first employs optical lenses to focalise scintillation photons on the camera plane; the
second, developed in Bologna, is based on the Coded Aperture Mask technique, in which
event reconstruction will be possible through the combination of images from multiple
Coded Aperture cameras with different viewpoints. In both cases, event reconstruction
will be performed by a reconstruction algorithm based on a combinatorial approach: its
output is a 3D neutrino event reconstruction in terms of the probability for each unit
voxel of the GRAIN inner volume to be the source of a detected photon.

The aim of this thesis work is the estimation of the calorimetric efficiency of GRAIN
using simulated neutrino events data. Such an investigation has not been done yet and
will shed light on the effective energy measurement capability of GRAIN. The dissertation
is organised as follows:

e Chapter 1 will give an overview of neutrino physics from a theoretical point of
view, taking also a look at future prospects.

e Chapter 2 will describe the components and facilities of the DUNE experiment
together with its physical objectives.

e Chapter 3 will describe the components of the SAND detector.

e Chapter 4 will describe the photon detection system and the principles of track re-
construction in GRAIN; it will describe the software and data used for the detector
response simulations.

e Chapter 5 will outline the principles and features of calorimetric measurements in
GRAIN and will present the results of the energy calibration.



Chapter 1

Neutrino Physics

1.1 Standard Model neutrinos

The Standard Model of particles physics is a gauge theory defined by the SU(3) x
SU(2)r x U(1)y symmetry, with the subscripts L and Y indicating the left chirality of
the particles and their hypercharge, respectively.

Whereas the strong sector SU(3) symmetry remains unbroken and therefore is an
exact symmetry at any energy level, the electroweak forces undergo spontaneous sym-
metry breaking via the Higgs mechanism, which reduces the symmetry of the model at
low energies to SU(2), x U(1)y — U(1)g, with Q being the electric charge.

Figure 1.1 shows how fundamental particles are organised within the Standard Model.
They are divided into bosons of spin 1 that mediate the interactions, the spin 0 Higgs
boson and the fermions, quarks and leptons, organized in SU(2); left-handed (LH)
doublets and U(1)y right-handed (RH) singlets.

Neutrinos are chargeless leptons that can interact only weakly, either via Neutral
Current (NC) or Charged Current (CC) interactions, the first being mediated by Z°
bosons, and the latter by W+ bosons. For a quick overview of the history of neutrino
discovery, read Appendix A.

Three types, or flavours states, of neutrinos and antineutrinos are currently known:
electron-type, muon-type and tau-type (v, v, and v, respectively). They are defined
by the charged lepton to which they couple in weak charged-current interactions. Fur-
thermore, the number of left-handed, and thus interacting, flavour neutrinos has been
proven to be three. The study of the decay width of the Z° produced at LEP in e*e~
collisions showed that the number of light neutrinos coupled to the neutral weak boson
is [23]:

N, = 1;"”’ = 2.984 £+ 0.008

vv

Flavour neutrino states take part in weak CC and NC processes described, to an
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energy for the 2, 3 and 4 neutrino families. [23]



impressive accuracy, by the Standard Model weak interaction Lagrangian terms [37]:

£6¢ = —L\/_jSCWa + h.c., jC =2 Z VinYelr (1.1)
2 2 l:&MaT
g . a ; 7
Ly =  2cos QW](JJVCZ ; Jal =2 Z P Yalr (12)
l=e,u,T

Due to parity violation in weak interactions, only left-handed particles Iy, vy, or right-
handed anti-particles [;, vr participate to the interaction. For this reason, only LH
neutrinos and RH antineutrinos have been introduced in the SM.

1.2 Theory of neutrino oscillations

Neutrino oscillations were first proposed by Bruno Pontecorvo in the late 1950s, who
later suggested that v, — v, oscillations were possible in the Sun. This intuition was
later confirmed by the Homestake experiment [8], and at present it is at the basis of the
solution of the solar neutrino problem.

The discovery of neutrino oscillations has established one of the core aspects of neu-
trino physics: that neutrinos have a non-zero mass. Indeed, flavour mixing and thus
oscillations require neutrino mass terms, which are not foreseen by the SM. Appendix B
reviews the main mechanisms predicted to be at the origin of the generation of neutrino
masses.

Neutrino oscillations are a quantum mechanical phenomenon that is due to neutrinos
being produced via charged current interactions as flavour states, which are a linear
superposition of mass eigenstates. This makes possible that a neutrino produced with
a specific flavour can later be measured to have a different flavour. The experimental
discovery of this new behaviour in 1998 is evidence that the Standard Model is not a
complete theory [61].

1.2.1 Three flavours oscillations in vacuum

The 3 orthonormal flavour eigenstates v, (where o = e, u,7) are connected to 3 or-
thonormal mass eigenstates v; via a unitary mixing matrix U [61]:

3
Vo = Z Uyvi v;= Z Uliva (1.3)
=1 o

The matrix, in the case of 3 neutrino flavours is the PMNS matrix. If we are dealing
with Dirac neutrinos, it is characterised by three mixing angles 612, 653, 613 and the Dirac



charge-parity (CP) symmetry violating phase d. In the standard parametrization it has
the form

—1id

C13C12 C13512 513€
D _ 5 )
U” = | —ca3512 — S23C12513€" C23C12 — S23512513€" C13523 (1-4)
i& &
593512 — C23C12513€" —523C12 — C23512513€" C13C23

where ¢;; = cos(0;;) and s;; = sin(6;;).
If instead neutrinos are Majorana particles, two additional phases a; and as enter in
the mixing matrix

UM =UPSM(a) (1.5)
where
et 0 0
SM@)=1 0 e 0 (1.6)
0 0 1

These two complex phases «; o however cannot be measured in neutrino oscillation ex-
periments. The mass eigenstates v; show a time dependence:

vi(t) = e Fity, (1.7

)
with E; = /p? +m? in natural units (i.e. c=1). If we now consider a flavour state v,(t)
which represents a neutrino of definite flavour created at t=0 (v,(0) = v,), from eq. 1.3
and 1.7 the time evolution of this state is given by:

_ E Uaie—lEitVi
i

| (1.8)
-3 (S e )
8 i
The amplitude of the transition v, — v is then:
Aoy (1) = (vg|a(t) Z * Uge Bt (1.9)

The transition probability is given by the square of the modulus of the amplitude:

2
Prosy (8) = [Apomsns ()] =D UnUpilUo;Up e Pt (1.10)

Due to their tiny masses, neutrinos are always ultra-relativistic (p > m) and we can
approximate in natural units:

m? m?
E, = p?+m%zp+2—};zE+ﬁ; t~L (1.11)
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Figure 1.3: Neutrino mass eigenstates possible orderings in normal (left) and inverted
(right) hierarchy. The flavour composition of the three states is shown by dividing the
bars into colors: red for v., blue for v, and green for v, [28].

with L being the distance travelled by the neutrino. The probability then can be written
as:
Am?2. L
_ * * - 1]
Pyysiy (L E) = Z UaiUﬁanjUﬂjexp< — i ) (1.12)
17]

where Am?; = m; —m?.
From eq. 1.12 it is possible to derive the probability that starting with v, one still
detects the same flavour at a distance L, called survival probability:

Am?2.L
_ 2 2 - 2 kj
P, ., (L,EYy=1—-4 k%j |Uake|*|Uaj|sin ( 5 ) (1.13)

The total transition probability, namely the probability of observing a change in flavour,
isgivenby 1 — P, .

As can be seen from eq. 1.12 the oscillation depends on Am?j, three mixing angles
¢;; and the Dirac CP violation phase d. It also depends on the L/E ratio, which is one
of the main features that define the different types of neutrino oscillation experiments.

Concerning neutrino mass eigenvalues, from experimental results two scenarios are
possible: the so-called normal and inverted ordering. In normal ordering, neutrino mass
eigenvalues are ordered m; < ms < mg, while in inverted ordering msz < m; < mq
(Fig. 1.3).

10



Propagation through Matter vs Propagation in Vacuum
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Figure 1.4: Difference between neutrino oscillation amplitude probability for a propaga-
tion in vacuum and inside (homogeneous) matter.

Propagation in matter

When neutrinos travel through matter, they can coherently interact with electrons and
nuclei in the medium and their oscillation probability is modified. This effect is called
the MSW effect, from the names of the physicists Mikhaev, Smirnov and Wolfenstein,
who first noticed it [60, 53].

The MSW effect has origin from the fact that v, are the only neutrino flavour that
can take part both in charged current interactions, and NC elastic interactions with
electrons, while v, and v, can only have NC interactions with electrons. This introduces
an extra potential in the Hamiltonian of the electron neutrinos:

V. = £V2GEN, (1.14)

where N, is the electron number density in the medium, G is the Fermi constant and
the sign is positive for neutrinos and negative for antineutrinos. This difference can be
seen in Figure 1.4.

1.2.2 CP symmetry violation

Since all mixing angles are not null, if the Dirac phase ¢ is different from 0 or 7, neutrino
oscillations are CP violating phenomena. This introduces an asymmetry in the behaviour

11



of neutrinos and antineutrinos leading to a difference in the probability of v, — 5 with
respect its CP conjugate 7, — 3. An observable for such effects would then be the CP
asymmetry P(v, — vg) — P(Uy — 1Ug), for @ #  and «, 8 = e, p, 7. It is shown in
Figure 1.5
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Figure 1.5: Asymmetry in neutrino oscillations due to the CP-violating phase. The
neutrino energy is £ = 0.6 GeV

1.3 Neutrino oscillation experiments

Neutrino oscillation experiments are built in order to retrieve the PMNS parameters and
the mass-squared difference. This can be done through the measurement of neutrino
fluxes at the production and at the detection points, allowing the computation of the
oscillation probability P(v, — vz). It is possible to make a first subdivision between dif-
ferent neutrino oscillation experiments, depending on which probability the experiment
is trying to measure:

e Appearance experiments: these experiments measure the presence of neutrino
flavours that are not present in the initial composition of the flux.

e Disappearance experiments: these experiments measure the survival probabil-
ity of neutrino flavours generated at the production point, comparing the initial
and final flux.

12



A further distinction can be made upon the different origins of neutrinos. Experi-
ments using different neutrino sources are sensitive to different sets of parameters. The
most relevant ones are:

e Solar neutrinos: neutrinos generated in thermonuclear reactions in the core of the
Sun. Solar neutrino experiments are sensitive to the Am?, squared mass difference
and to sin26,, which for this reason are referred to as the solar mass difference
and the solar mixing angle. These experiments can be divided into radiochemical
experiments, such as Homestake, Gallex/GNO [12, 15] and Sage, which exploit the
Inverse Beta Decay reaction of solar neutrino with "Cl, "Ga and ™Ge respectively,
and Cherenkov experiments such as Kamiokande and Super-Kamiokande [22, 11],
together with SNO [5, 6]. The main advantage of the Kamiokande detector is the
real-time nature of the neutrino interactions viewed in the active fiducial volume,
together with the possibility to reconstruct direction and energy, since neutrino
elastic scattering processes preserve directionality. The data collected by solar
neutrino experiments showed the existence of the so called solar neutrino problem,
a deficit in the number of neutrinos arriving from the Sun between 1/2 and 2/3
with respect to the predictions of the SSM, measured by the earlier radiochemical
experiments. The important result of SNO was the that the combined tau and
mu fluxes were found to be two times more intense than the v, one and that the
total flux was in agreement with the predictions from the SSM. This is shown in
Figure 1.6.

e Atmospheric neutrinos: neutrinos produced form the decay of mesons resulting
from cosmic ray interactions with the atmosphere. K and 7 decays give mainly v,,’s
while 1 decay gives both v,’s and v,’s. It is possible to distinguish two types of ex-
perimental set-up to detect atmospheric neutrinos. Experiments such as Soudan2
and Macro use iron calorimeters, constituted of layers of iron, acting as a passive
material and active plastic scintillators layers, which are able to track electro-
magnetic showers produced by e* or long muon tracks. The Super Kamiokande
experiment instead exploit Cherenkov emission. A large tank of water of the or-
der of 1 ton is surrounded by photomultipliers; analysing the rings produced by
Cherenkov light it is possible to discriminate the flavour of the incoming neutrino.
The measurements of the iron calorimeters performed in the 80’s and 90’s observed
a noticeable v, deficit, later confirmed in 1998 by Super Kamiokande, which showed
that while the electron events had no reduction, the muon events had a deficit of
almost 50% for up-going neutrinos. The results can be explained considering the
fact that the neutrino oscillation phenomena driven by the parameters Am2,; and
fo3 that for this reason are often referred to as atmospheric oscillation parameters.

e Reactor neutrinos: mainly 7., produced by the beta decay of fission fragments in
nuclear power plants. Reactor experiments can measure the disappearance prob-

13



ability of the 7, and are usually sensitive to small values of Am? due to the low
energy spectrum of the neutrinos. Among reactor experiments, we can count Long
Baseline Experiments, like KamLAND, and Short Baseline Experiments such as
Daya Bay, Double Chooz, and RENO. The latter are also sensitive to the measure-
ment of the #;3 mixing angle. In the next future reactor experiment will be a key
player in determining neutrino mass ordering and precision measurement of 6,
AmZ2,, and Am3, to sub-percent level.

e Accelerator neutrinos: the neutrino beam is produced from decays of pions and
kaons (mainly), generated from a proton beam hitting a target. Among accelerator
experiments, K2K (KEK to Kamioka) in Japan and MINOS at Fermilab were the
first to confirm the atmospheric oscillation results. The successor of K2K, T2K
(Tokai to Kamioka) used a muon neutrino (£ ~ 0.6 GeV) beam and, together with
the NoVA experiment, was able to perform precision measurements on atmospheric
parameters sin 203 and Am?Z,, in both appearance and disappearance channels.
T2K in particular strongly constrained the range of values of the CP-violating
phase d, excluding values of 0 and 7 at the 95% confidence level (see Figure 1.7).

For a more complete description of neutrino oscillation experiments the reader may have
a look at Appendix C.

1.3.1 Experimental results

In the previous subsections, we reviewed the different experimental neutrino data sam-
ples, discussing their dominant sensitivity to one or two oscillation parameters. However,
every data sample also offers subleading sensitivities to other parameters as well. Al-
though the information they can provide about such parameters may be limited, in
combination with the rest of the data samples, relevant information can emerge. This
constitutes the main philosophy behind global analyses of neutrino oscillation data: joint
analyses that try to exploit the complementarity of the different experiments to improve
our knowledge of the neutrino oscillation parameters. In the table below are shown
the results of a combined analysis of neutrino oscillation data in the framework of the

14
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three-flavour neutrino oscillation scheme, a similar overview is also offered by Figure 1.8.

Normal Ordering Inverted Ordering

sin? 0y5/10~! 3.101013 3.10%015
012/° 33.82%85%2 33.82%8;122
sin? fy5/10~" 5.581029 5.6310 50
Oas/° 483712 48.61 1%
sin® fy5/1072 2.241t§;§§g 2.261t§;18321
913/; 8.612%813 8.65202&2
5CP ° 222728 285726
Am2, /10-%€V2 7.391021 7.3950%
Am2,/1073eV? 2.44910-052 —2.509%0:033
32 —0.030 —0.032

The results reported are not conclusive yet, and we will have to wait for the next
generation of experiments to fully answer fundamental questions:

1. The determination of the absolute mass of neutrinos;

2. The measurement of CP asymmetries in the leptonic field;

17



3. The determination of the mass ordering (normal or inverted);
4. The determination of neutrino origin i.e. Dirac or Majorana.

Some of the future experiments devoted to this purpose (among others), such are

DUNE, JUNO, or RENO-50.
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Chapter 2

The DUNE experiment

The international DUNE experiment, hosted by the Fermi National Accelerator Labora-
tory (Fermilab) of the US Department of Energy, is divided into three central components
(Figure 2.1):

1. a new, high-intensity neutrino source generated from a megawatt-class proton ac-
celerator at Fermilab;

2. a massive Far Detector (FD) situated 1.5km underground at the Sanford Under-
ground Research Facility (SURF) in South Dakota;

3. a composite Near Detector (ND) installed just downstream of the neutrino source.

The Long-Baseline Neutrino Facility (LBNF) project, also hosted by Fermilab, provides
the beamline and civil construction for the DUNE experiment. The organization and
management of LBNF is separate from that of the experiment; its design and construction
are organized as a U.S. DOE/Fermilab project incorporating international partners.

2.1 The Long-Baseline Neutrino Facility (LBNF)

The LBNF beamline at Fermilab will deliver the world’s most intense neutrino beam to
near and far detection centres in an on-axis configuration. The upgrade to the Proton
Improvement Plan IT (PIP-II), a leading-edge, superconducting, linear proton accelerator
under construction at Fermilab, will deliver between 1.0 and 1.2MW of proton beam
power from the Fermilab Main Injector to LBNF, which will focus the proton beam in
a wide energy band of 60 GeV to 120 GeV. The secondary particles produced when the
beam strikes the target are focused by a set of magnetic horns and sent toward the far
detector passing through a 200 m long decay pipe, where they are allowed to decay to
generate the neutrino beam. At the end of the decay pipe, an absorber pile removes the
residual hadrons. The focusing structure is optimised to provide a wide band neutrino
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Figure 2.1: Configuration of the LBNF beamline at Fermilab, in Illinois, and the DUNE

detectors in Illinois and South Dakota, separated by 1300 km [31].
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Figure 2.2: Neutrino beamline and DUNE near detector hall at Fermilab in Illinois [31].

beam with an energy range between 0.5 and 5 GeV so as to cover the first and second
neutrino oscillation maxima, which for a 1300 km baseline are approximately 2.4 and 0.8

GeV. A schematic layout of the beamline is shown in Figure 2.2.

Inverting the horn current polarity both v, or v, beams with small contamination
of v., 7, and "wrong sign” muon neutrinos can be produced. The expected neutrino
unoscillated fluxes at FD site with the 120 GeV proton beam are shown in Figure 2.3,

both for the horn positive and negative current polarity.

The general specifications of the primary beam and the characteristics of the beam

are listed in Table 2.1, corresponding to the parameters expected following the PIP-IT [35]
upgrade.
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Parameter Values

Energy 60 GeV 120 GeV
Protons per cycle 7.5 x 1013 7.5 x 1013
Spill duration 1.0 x 107%sec 1.0 x 107 5sec
Protons on target per year 1.9 x 10% 1.1 x 10
Cycle time 0.7 sec 1.2 sec
Beam Power 1.03 MW 1.2 MW
Beam size at target 1.5 to 1.7 mm
Ap/p 11 x 1071 99% (28 x 10~* 100%)
Beam divergence (x,y) 17 to 15 prad

Table 2.1: Summary of principal primary proton beam design parameters and charac-
teristics [33].

2.2 The DUNE detectors

2.2.1 Far Detector reference design

The DUNE FD will consist of four LArTPC detector modules, each with a LAr mass in
the sensitive region of the cryostat (fiducial mass) of at least 10 kt, installed approxi-
mately 1.5 km underground. Each LArTPC fits inside a cryostat of internal dimensions
15.1m(w) x 14.0m(h) x 62.0m(1) that contains a total LAr mass of approximately 17.5
kt.

DUNE is planning and currently developing two LArTPC technologies: single-phase
(SP) in which all detector elements inside the cryostat are immersed in liquid; and dual-
phase (DP), in which some components operate in a layer of gaseous argon above the
liquid.

Single Phase detector module

In the SP technology, ionization charges drift horizontally in the LAr under the influence
of a strong E field of 500 V/cm towards a vertical anode, where they are read out.
This design requires very low-noise electronics to achieve readout with a good signal-
to-noise (S/N) ratio because no signal amplification occurs inside the cryostat. This
technology was pioneered in the ICARUS project and is the one used for Fermilab’s
currently operating MicroBooNE detector. Figure 2.4 shows the operating principle of
an SP LArTPC.

As can be seen in Figure 2.5 an SP module is instrumented with three module-length
(58 m) anode planes constructed from 6 m high by 2.3 m wide anode plane assemblies
(APAs). Each APA consists of an aluminum frame with three layers of active wires,
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Figure 2.3: Neutrino (left) and antineutrino (right) Fluxes at the Far Detector as a
function of energy in the absence of oscillations with the horns focusing positive particles.
In addition to the dominant v, (7,) flux, the minor components are also shown [33].
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Figure 2.4: The general operating principle of the SP LArTPC. Negatively charged

ionization electrons from the neutrino

interaction drift horizontally opposite to the E

field in the LAr and are collected on the anode, which is made up of the U, V and X
sense wires. The right-hand side represents the time projections in two dimensions as

the event occurs [31].
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Figure 2.5: A 10kt DUNE FD SP module, showing the alternating 58.2m long (into the
page), 12.0m high anode (A) and cathode (C) planes, as well as the field cage (FC) that
surrounds the drift regions between the anode and cathode planes [31].

strung at angles chosen to reduce ambiguities in event reconstruction, that form a grid
on each side of the APA. Two APAs are vertically stacked to cover the entire height of
the active volume of the TPC. 25 of these stacks are placed side by side to form an anode
plane that occupies the whole active volume length.

Double Phase detector module

The DP operating principle is very similar to that of the SP. Even if this technology is
less mature than the SP one, it offers several advantages. Charged particles that traverse
the active volume of the LArTPC ionise the medium, while also producing scintillation
light. The ionisation electrons drift, in this case vertically, along an E field towards an
extraction grid just below the liquid-vapour interface (see Figure 2.6). After reaching
the grid, an E field stronger than the 500V /cm drift field extracts the electrons from
the liquid up into the gas phase, where they encounter micro-pattern gas detectors,
called LEMs, with high-field regions in which they are amplified. The amplified charge
is then collected and recorded on a 2D anode. An array of photomultiplier tubes (PMTs)
coated with a wavelength-shifting material sits below the cathode to record the time (t0)
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Figure 2.6: Operating principle of the DP read-out.

and pulse characteristics of incident light. Figure 2.7 displays a possible design for the

dual-phase LArTPC design module of the FD.

The gain achieved in the gas reduces the stringent requirements on the electronics
noise, and the overall design increases the possible drift length, which, in turn, requires a
correspondingly higher voltage. Although the SP design has multiple drift volumes, the
DP module design allows a single, fully homogeneous LAr volume with a much longer

drift length.

2.2.2 Near Detector reference design

The Near Detector will be located at Fermilab 574 m downstream of the neutrino beam
source and will consist of three elements: two movable subdetectors, a LAr'TPC (called
ArgonCube) and the Multipurpose Detector (MPD), which aim to measure neutrino flux
and energy spectrum at off-axis positions, and a fixed one, System for On-Axis Neutrino
Detection (SAND) (see Figure 2.8).

The ND will serve as the control of the experiment, restricting systematic errors and
measuring the initial unoscillated v, and v, energy spectra (and those of the correspond-
ing antineutrinos). The two movable detectors will use the Ar as target material to
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Figure 2.7: Representation of a possible dual-phase LArTPC design module of the Far
Detector.

Figure 2.8: Representation of the Near Detector hall, with component detectors all in the
on-axis configuration(left) and with the ND-LAr and ND-GAr in an off-axis configuration
(right) [32].
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Figure 2.9: DUNE ND. The axis of the beam enters from the right. Neutrinos first
encounter the LArTPC (right), the MPD (center), and then the on-axis beam monitor
(left).

reduce the systematics uncertainties on the neutrino cross-section.

ArgonCube

ArgonCube will consist of several identical modules in a common tank of liquid Argon;
each of them includes two different TPCs with a 0.33 m drift length, two independent
pixel charge readout planes, and light detection systems. See Figure 2.10 for more clar-
ification. This detector has the same target nucleus and uses the same fundamental
detection principles as the FD, reducing the sensitivity to nuclear effects and the sys-
tematic uncertainties driven by the detector in the extraction of the oscillation signal in
the FD. The LArTPC is large enough to provide high statistics (1x 10%v,-CC events/year
on axis) and a sufficient volume to provide containment of the hadronic system. The
tracking and energy resolution, combined with the fiducial mass of ArgonCube, will allow
for the measurement of the flux in the beam using several techniques, including the rare
process of v — e~ scattering. This detector alone begins to lose acceptance for muons
above ~ 0.7 GeV /c due to lack of containment.
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Figure 2.10: Representation of the design of ArgonCube (left) and of one of its module
(right).

Multipurpose Detector

The MPD is placed downstream of the ArgonCube detector; It consists of a high pres-
sure gaseous time projection chamber (HPgTPC) surrounded by an electromagnetic
calorimeter (ECAL) in a 0.5 T magnetic field, provided by a superconductive magnet.
The high-pressure gaseous argon TPC runs at 10 atmospheres and provides a lower-
density medium with excellent tracking resolution to momentum analyse the muons
from LArTPC. In addition, neutrinos interacting with the argon in the MPD constitute
a large, independent sample of v-Ar interactions that can be studied with a very low
momentum threshold for charged particle tracking, excellent tracking resolution, nearly
uniform angular coverage, and with systematic uncertainties that differ from the liquid
detector.

The misidentification of pions as knocked-out protons (or vice versa) can cause a
significant misreconstruction of the neutrino energy and/or a mistake in the event type
classification. This effect can become quite significant at the lower-energy second oscilla-
tion maximum. The gas detector will play an important role in understanding how often
the FD and LArTPC make this mistake, since pions are rarely misidentified as protons
in the high pressure gaseous argon TPC.

ND-LAr and ND-GAr can move to take data at positions off the beam axis. This
capability is referred to as the DUNE Precision Reaction-Independent Spectrum Mea-
surement (DUNE-PRISM). As the detectors move off-axis, generally together, the inci-
dent neutrino flux spectrum changes, with the mean energy dropping and the spectrum
becoming narrower. The data taken at different off-axis angles will allow for the decon-
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volution of the neutrino flux and interaction cross section, as well as the mapping of the
reconstructed versus true-energy response of the detector.

SAND

The final component of the DUNE ND suite is a magnetised beam monitor called the
System for On-Axis Neutrino Detection (SAND). This device monitors the flux of neu-
trinos going to the FD from an on-axis position, where it is much more sensitive to
variations in the neutrino beam. For a more complete description of this detector, read
Chapter 3.

2.2.3 Requirements

The general expression for the number of events for a process X, both in the Near and
Far detectors is:

NX (Erec) = / dEuq)(Eu)Posc(Eu)UX(Eu)Rphys<Eu7 Evis>Rdet(Evi57 Erec) (21)

v

where ® is the incoming neutrino flux, oy is the cross section of the process on a given
nucleus, Rp,s is the physics response introduced by nuclear smearing and Rg. is the
detector acceptance for the final state particles. E,, F,;; and FE,., are the true neutrino
energy, the total energies of the visible final-state particles, and the final reconstructed
energy. In order to unfold the main terms of the expression, different detectors and
nuclear targets must be used. For this reason, a capable Near Detector complex is
mandatory. In particular, a precise beam-monitor detector is needed. The System
for on-Axis for Neutrino Detection (SAND), which composes the DUNE Near Detector
system, has as major task the continuous beam monitoring and the precise determination
of its energy spectrum. In this way, the ND will provide constraints on all systematic
uncertainties relevant to the oscillation analysis. The basic requirement is that the
combined systematics be smaller than the correspondent statistical uncertainties.

2.3 DUNE’s scientific program

The scientific goals behind the DUNE experiment are grouped into a primary scientific
program and an ancillary scientific program [31].

The primary program aims to answer some open questions in neutrino and astropar-
ticle physics:

e Confirmation of the CP-violation in the leptonic sector, which could provide a
possible explanation of the matter-antimatter asymmetry in the Universe;
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Determination of the neutrino mass ordering;

Achievement of precision measurements of three-flavour neutrino oscillations;

Search for proton decay, which would represent a confirmation of the GUT theories;

Detection and measurement of the v, flux of a core-collapse supernova, which should
shed light on the nature of this astrophysical event.

The ancillary science programme instead consists of a series of objectives that the ex-
periment has not specifically planned to achieve, but that could nevertheless enabled by
the facility’s design:

e BSM physics research through neutrino flavour transition measurements;
e Neutrino oscillation measurements using atmospheric neutrinos;

e Research on neutrino interaction physics through measurements of neutrino cross
sections, studies of nuclear effects, and nucleon structure measurements.

2.3.1 Sensitivities and systematics

The v, energy spectrum measured at the Near detector is used to predict both the v, and
ve expected spectra at the Far Detector site: N&#"“?(y,) and Ng2“"“U(1,) [34]. The
observed spectrum of neutrino events is the product of beam flux ®, detector efficiency
€, and neutrino interaction cross section o.

NE (wu) = ®np(v) @ enp(vy) © onp(v) (2.2)

This formula however has to be corrected in order to correctly extrapolate the spectra
observed in the ND to the Far Detector. In fact, have to be considered:

e Differences in the beam flux between ND and FD, ®zp/®yp. The Near
Detector, being closer to the neutrino beamline than the Far Detector, sees an
extended neutrino source. A Monte Carlo simulation is used in order to correct
these differences.

e Differences in the Near and Far Detector efficiencies, erp/enp. These
uncertainties are due to the different event selection efficiencies and the imperfect
modeling of the energy scales of Near and Far Detectors. The possibility to have
identical detectors allows to cancel uncertainties in the extrapolation for v, signal
prediction. For v, signal prediction instead there are residual uncertainties which
arise from the different criteria used to select v, and v, candidate events.
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e Differences in the interactions of neutrinos in the Near and Far detectors,
orp/onp. Concerning v, if the Near and Far Detectors have the same target
nucleus these differences are canceled. Wherease, when the nu-mu signal in the
ND is used to predict the v, (v,) signals in the FD, the uncertainties arising from

differences in v, (v;) interactions dominate.

Summing all up, the expected signals in the FD are given by:

brp(v,) erp(Vy) _ orp(Vy)

Ndata v) = data v,) ® FD\Pp ®P v, = v,)® |7 ® o

FD ( #) ND( #) CI)ND<Vp ( 1% H) GND(VH> O-ND(VH
(I)FD(VM) EFD(Ve) UFD(Ve

Ng%a(%) = Nj%%a@u) ®

N

®@ Py, = ve)® ®

)
Pnp(vy eno(vy) — onp(Vu)

Vv
expected signal events

q)FD(Ve)

GFD(Ve) ® UFD(Ve)

Ndata .
+ NND (ve) ® enp(Ve) — onp(ve)

[

———— QPW. > 1V.) ®
(I)ND<Ve) ( )

Vv
beam v. events

+ NC background extrapolated from N&%(v,)

+ v, background extrapolated from N34 (1)

(2.4)

The main sources of uncertainties are estimated looking at similar experiments, such as

MINOS and T2K, and are thought to be:

e Beam flux uncertainties: they are related to the precision with which the ab-

solute normalisation and shape of the different components of the neutrino beam
will be measured by the ND. The ND has been designed to significantly improve
performance relative to the current generation of high-intensity flux neutrino de-
tectors.

v, energy-scale uncertainty: since the spectrum of v, events in the ND is used
to predict the v, appearance signal at the FD, the uncertainty on v, energy-scale
is propagated as an uncertainty on the v, appearance signal.

Absolute v, energy-scale uncertainty: in order to obtain the desired mass-
ordering and CP-violation sensitivity an accurate measurement of the v, appear-
ance signal shape is necessary. The measurement of the absolute energy-scale of v,
depends on the detector response and it is expected to be an important systematic
uncertainty in the DUNE oscillation analysis.

Simulation uncertainties: these type of uncertainties refer primarily to uncer-
tainties in the neutrino-target nucleus interaction in the Near and Far Detectors.
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Source of MINOS T2K LBNE Comments

Uncertainty Absolute/r, Ve Ve

Beam Flux 3%/0.3% 2.9% 2% MINOS is normalization only.

after N/F LBNE normalization and shape

extrapolation highly correlated between v, /V.
Detector effects

Energy scale 1%13.5% included (2%) Included in LBNE v, sample

(vy) above uncertainty only in three-flavor fit.

MINOS dominated by hadronic scale.
Absolute energy  5.7%/2.7% 3.4% 2% Totally active LArTPC with calibration

scale (1) includes and test beam data lowers uncertainty.
all FD
effects
Fiducial 2.4%12.4% 1% 1% Larger detectors = smaller uncertainty.
volume

Neutrino interaction modeling

Simulation 2.7%/2.7% 7.5% ~ 2%  Hadronization models are better
includes: constrained in the LBNE LArTPC.
hadronization N/F cancellation larger in MINOS/LBNE.
cross sections X-section uncertainties larger at T2K energies.
nuclear models Spectral analysis in LBNE provides

extra constraint.
Total 5.7% 8.8% 3.6 % Uncorrelated v, uncertainty in

full LBNE three-flavor fit = 1-2%.

Figure 2.11: Dominant systematics on the v, appearance channel for T2K and MINOS
and the ones expected in the LBNE experiment, the preliminary name used for DUNE [9].
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Figure 2.12: The appearance probability at a baseline of 1300 km, as a function of
neutrino energy for different values of dcp, assuming Normal Ordering. The black line
indicates the oscillation probability if #;5 were equal to zero. This situation is the one
faced by the DUNE FD, since it will be at about ~ 1300 km from the neutrino source.

2.3.2 Neutrino mass ordering and CP-violation

The DUNE experiment will determine the ordering of the neutrino mass and the CP-
violation measuring probability of v, — v, and v, — v, oscillation. In particular, the
oscillation probability of v, — v, through matter in a constant density approximation
is, at first order [47]:

sin2(A31 —al 2

P(V“ — Ve) ~ sin2 023 SiIl2 2013m 31
31 —

in(Asz; — al in(alL
~+ sin 2023 sin 2013 sin 2012 Sl?i 3 CLZ) ) A31 Slna(z ) A21 COS(A31 + 50]3)
31 —
. sin?(aL
+ cos? fg3 sin® 26,5 #Agl

(2.5)

where A;; = Am?jL/élEy, a = GFNe/ﬂ, G is the Fermi constant, N, is the number
density of electrons in Earth, L is the beamline in Km, and FE, is the neutrino energy
in GeV (see Figure 2.12). When the 7, — v, channel is considered, both dcp and a
switch signs: in this way a neutrino-antineutrino asymmetry A is introduced both by

CPV (0¢p) and the matter effect (a).

P(Va — I/g) —P(ﬂa — 175)

A=A Ama er — —
cop + & P(v, = vg) + P(Uy — Up)

(2.6)
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Figure 2.13: Total v/v asymmetries as a function of dcp/m for four different baselines.
The black (red) lines indicate the asymmetries at the first (second) node, the full ones
being for NH and the dashed ones for TH [19].

The origin of the matter effect asymmetry is simply the presence of electrons and the
absence of positrons in the Earth. In the few-GeV energy range, the asymmetry from
the matter effect increases with the baseline as the neutrinos pass through more matter;
therefore, an experiment with a longer baseline will be more sensitive to the neutrino mass
ordering. For baselines longer than 1200 km, the degeneracy between the asymmetries
from matter and the CPV effects can be resolved. This can be understood looking at
the two types of asymmetries; we can approximate their dependencies from the baseline
length and neutrinos energy near the peaks of oscillation probability as:

ACP X L/E (27)
Amatter x L xFE (28)

Figure 2.13 shows the total neutrino-antineutrino asymmetry A at the first (black) and
second (red) oscillation peak, as a function of d¢p for four different values of L.
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Expected significance for mass ordering and J-p measurements

The evaluation of the sensitivity of the DUNE experiment is performed checking the
compatibility of a particular oscillation hypothesis with the data using the likelihood for
Poisson-distributed data:

Npins

D
X2:—21H£: Z [Ml—Dz—l—Dlln Z] (29)

M;

where M; is the MC expectation in bin ¢ and D; is the observed value.

Comparing the theoretical spectra with the expectation in case of null hypothesis we
can obtain the sensitivity in the neutrino MO and CP-violation measurements, in terms
of Ax?

szrdering = AX(Q)pposite - AXthue (210)
Ax¢py = min [AX?}P((SC’P =0, (bcp = 77)} (2.11)

The aim of the DUNE experiment is to determine neutrino MO with significance of
VAx? > 5 for all possible values of dcp. This will require an exposure of 200-400
kt-MW.-yr, corresponding to 7 years of data collection. Figure 2.14 shows the expected
significance as a function of exposure, expressed in kt-MW-yr, while Figure 2.15 illus-
trates the variation of significance as a function of dcp.

2.3.3 Measurements of oscillation parameters

The DUNE experiment will improve sensitivity on the key parameters concerning v, — v,
and v, — v, transitions:

e sin? 0,3 and the octant of fas;

® dcp;
° Sil’l2 913;
o Amj3,.

The sensitivity to these parameters as a function of exposure is plotted in Figure 2.16.
The determination of the octant of the mixing angle A3 is still an open question. The
problem is whether or not its value is exactly 45°, producing maximal mixing between
mass eigenstates 2 and 3. The latest results of T2K, in fact, leave both lower (< 45°) and
upper (> 45°) octant scenarios open, depending on the mass hierarchy being considered.
A value of 55 being exactly 45 ° would hint at new not yet considered symmetries, while,
for example, an excess in the upper octant of the order of the Cabibbo angle would point
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Figure 2.14: The minimum significance for the determination of mass ordering for the
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Figure 2.17: Octant sensitivity as a function of 3. The yellow areas indicate the 1o
and 3o intervals for the value of 033 from recent global fits. The green area represents
the range in sensitivity due to differences in beam design and dcp value [9].

in the direction of quark-lepton universality models. The octant of 6,3 will be determined
combining the oscillation measurements of v, — v, and v, — v, which depend both on
sin? fo3. The sensitivity to the octant as a function of a3 is plotted in Figure 2.17. It is
defined as

(2.12)

2 —
AXoctant = ‘Xo;gsf>45o — Xotget<4se

2.3.4 Proton decay measurements

Proton decay is predicted by almost all Grand Unified Theories (GUTSs), together with
barion number violation. The detection of this process would be one of the only viable
experimental strategies to probe these theories: the unification scale in fact is in excess
of about 10'°GeV with respects to energies accessible to accelerator experiments.

The non-detection of proton decay instead sets proton life-time constraints and pro-
gressively rules out theories based on their predictions.
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Figure 2.18: Feynman diagrams for two major proton decay modes: the main decay for
SUSY GUTs p* — Kt (left) and the main decay for gauge-mediation GUTs p* — e*x®
(right) [9].

Given the scale of energy deposition in the few hundred MeV to few GeV range, a de-
tector optimised for neutrino oscillation physics at long baselines is naturally well suited
for sensitive searches for nucleon decay. Furthermore, DUNE will have the capability to
detect two dominant proton decay modes (see Figure 2.18):

pt = K (2.13)
pt—etn? (2.14)

Since Kaons have an especially high ionization rate the first decay mode is especially
interesting for large LArTPCs, where Kaons would be detected with great efficiency us-
ing liquid Argon technologies. The second mode instead is better detectable by water
Cherenkov experiments because the mass of the proton is converted into the electromag-
netic shower energy of the positron and the photons from the decay of 7°. In Figure 2.19
several key nucleon decay channels relevant for DUNE are illustrated, along with existing
experimental limits.

2.3.5 Supernova neutrino measurements

During its experimental life, estimated in ~ 20 yr, DUNE should have a 40% chance of
observing neutrinos from a core collapse Supernova in the Milky Way. This would be
of great importance for our understanding of this astrophysical phenomenon, which has
only been confirmed in its basic characteristics by the observation of neutrino events
from SN1987, a supernova in the Large Magellanic Cloud, 50 kpc away.

Supernovas also promise an extremely varied environment to study neutrino oscilla-
tion, with their initial flavour composition being strictly linked to the expanding shock
and turbulence. In this case the oscillation patterns would be very different for NH and
IH and furthermore, the oscillations of neutrinos and anti-neutrinos would also mani-
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Figure 2.19: Summary of nucleon decay experimental lifetime limits from past or cur-
rently running experiments for several modes, and the model predictions for the lifetimes
in the two modes p* — e*7® and p* — K. The limits shown are 90% confidence level
(CL) lower limits on the partial lifetimes, 7/B, where 7 is the total mean life and B is
the branching fraction [13].
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Figure 2.20: Number of core-collapse neutrino events in LAr detector as a function of
distance to the supernova for different detector masses.

fest rather differently, making the observation of both with high statistics of particular
interest.

Currently, experiments searching for neutrinos from a core-collapse supernova are
sensitive primarily to #’s. On the other hand, the DUNE detector will be very sensitive
to the v, component of the flux, via the absorption interaction

Ve + Ar — e + YK~ (2.15)

This interaction can be identified via the coincidence of the electrons with the gamma
product by the de-excitation of the “°K*. Figure 2.20 illustrates the behaviour the
number of signal events, which scales with mass and the inverse square of distance.

2.3.6 Oescillation physics with atmospheric neutrinos

Thanks to its large target mass and to its underground location, DUNE will be able to
study atmospheric neutrino oscillations. Since the atmospheric sample contains v’s of all
flavours over a vast range of energy and path lengths, including some for which matter
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Figure 2.21: MO sensitivity as a function of exposure (left) and of the true value of
o3 (right) using atmospheric neutrinos. The sensitivities of the Hyper-Kamiokande
experiment sensitivities are also shown for comparison.

effects are relevant, all oscillation parameters could be measured, ordering a very useful
complementary program to the main accelerator one. In Figure 2.21 (right) the MO
sensitivity as a function of the exposure time is shown; it is practically independent from
dcp making possible to resolve some ambiguities in the mass ordering measurements
made with neutrino beams.

2.3.7 Near Detector scientific program

The ND will also have a physics program of its own, independent of the FD. This
programme will include measuring neutrino interactions to explore the two pillars of
the standard model: electroweak physics and quantum chromodynamics. It will also
explore physics beyond the standard model, searching for non-standard interactions,
sterile neutrinos, dark photons, and other exotic particles.

41



Chapter 3

System for on-Axis Neutrino
Detection

3.1 Detector components

The aim of SAND is to be a compact and multipurpose detector capable of provid-
ing calorimetry and precision tracking measurements on events produced on different
materials such as Argon and Hydrogen. It will be composed by:

e a superconducting solenoid magnet, reused from the KLOE experiment;

an electromagnetic calorimeter (ECAL), reused from the KLOE experiment;

a low-density tracker based on Straw Tube Technology ;

the GRAIN detector.

3.1.1 The superconducting magnet

The SAND detector will employ the existing superconducting magnet operated in the
K? LOng Experiment (KLOE). The magnet was designed in conjunction with its iron
yoke to produce 0.6'T over a 4.3m long, 4.8m diameter inner volume. The coil was
located inside a cryostat positioned inside the return yoke (see Figure 3.1). The cooling
of the coil is performed by thermo-siphoning cycles: gaseous He at 5.2 K was injected at
3 bar (absolute pressure) from the cryogenic plant and liquefied through Joule-Thomson
valves into a liquid He reservoir in thermal contact with the coil. Current leads are
directly cooled by liquid He, while the radiation shields are cooled by gaseous He at 70 K
from the cryogenic plant.
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Figure 3.1: The KLOE detector: (left) 3D engineering CAD model of the magnet and
(right) vertical cross section [14].

3.1.2 The electromagnetic calorimeter

The ECAL is a lead scintillating fiber sampling calorimeter, which offers a time resolution
below the ns range, excellent energy resolution and 47 hermeticity. As can be seen in
Figure 3.2, the calorimeter is cylindrical and is located inside the KLOE magnet, close
to the coil cryostat. Two additional calorimeters (endcaps) ensure hermeticity. The
barrel consists of 24 modules, each of which is 4.3 m long, 23 cm thick and trapezoidal in
cross-section, with bases of 52 and 59 cm. Each end-cap consists of 32 vertical modules
that are 0.7-3.9 m long and 23 cm thick. The calorimeter weight is about 100t and the
read-out system includes 4880 phototubes. Due to the large overlap of the barrel and
endcaps, the KLOE calorimeter does not have an inactive gap at the interface between
those components.

All ECAL modules are stacks of approximately 200 grooved, 0.5 mm thick, lead foils
with 200 layers of cladded 1 mm diameter scintillating fibers, glued together with a
special epoxy compatible with the fiber materials. The average density is 5g/cm?; the
radiation length is ~ 1.5 cm; and the total thickness of the calorimeter is ~ 15 radiation
lengths. Each module is read at both ends by phototubes through a light guide to
match the circular photo-cathodes. The read-out divides the calorimeter module in five
layers: the first four are 4.4 cm thick while the last one is 5.2cm thick. The readout
segmentation gives an r-® (in the case of the barrel) or z-z (in the case of the endcaps)
readout resolution of 1.3 cm (4.4/1/12 cm).

The energy and time resolution of the calorimeter were evaluated in the commission-
ing and running phases of KLOE and were found to be
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Figure 3.2: A view of the KLOE calorimeter. The far endcap is closed and ECAL
modules can be seen as vertically oriented slabs. The barrel ECAL modules are slabs
that have a trapezoidal cross-section and that run along the barrel. [14].

e Energy resolution: o/E = 5%/+/E(GeV)
e Time resolution: o = 54/1/FE(GeV) ps

3.1.3 Straw Tube Tracker
The Straw Tube Tracker (STT) has been designed to:

1. Provide a high resolution in momentum, angle and space, thorough high granularity
of the detector, maintaining at the same time a low density and an overall thickness
of about one radiation length X to minimise secondary interactions;

2. Provide a large target for neutrino interactions, with a fiducial mass of about 5t;
3. Offer a range of different target materials;
4. Offer particle identification capability for e, 7, K, p, u;

In order to fulfill the first two requirements, apparently in contrast with each other, the
neutrino target have been separated from the tracking system. To achieve the goal of
keeping the detector transparent to secondary particles, the target is spread over the
detector in smaller modules.
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Figure 3.3: Drawing of a compact STT module including three main elements (left to
right): (a) a polypropylene CHy target; (b) a radiator with 119 polypropylene foils for
e* ID through Transition Radiation process; (b) four straw layers XXYY (beam along z
axis and B field along x axis).

The detector will be installed so that neutrino beam enters through the side of the
barrel, perpendicular to the magnetic field. A system using STT, stacked in ortogonal
XY planes will fill most of the magnetic volume, and the planes will be interleaved with
compact CHy and C modules, to add mass and act as an additional target for neutrino
interactions.

Looking at a single CHy module, it is composed of:

e a solid polypropylene (CH,) target slab, 5.3 mm thick;

e a radiator of 150 CH, polypropylene foils, 15 um thick, interposed with 120 pm air
gaps. The radiator is configured in such a way as to guarantee a correct electron
identification;

e 4 straw tube layers, XXYY, glued together with a straw diameter of 5mm. It has
mylar walls with total thickness of 20 um and 70 nm Aluminium coating, Tungsten
wire with 20 um diameter and 20 nm Gold coating.

The tubes will be filled with a gas mixture of Xe/CO, (70/30) with an internal pressure
of 1.9 atm. Figure 3.3 shows a representation of a standard module.

One of the most important feature of the STT modules is the possibility to remove
the radiator and to substitute the CHj slab with a different nuclear target; a broad range
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Figure 3.4: Left picture: Detailed 3D engineering CAD model of one STT module
equipped with CHy target slab (in brown color) and radiator (in blue color). Right
picture: Engineering CAD model of of one STT module equipped with graphite target
(in black color). The tracking part is composed of four straw layers XXYY and is the
same as in the CHy module on the left [32].

of target materials like C, Ca, Fe, Pb, etc. in fact can be installed in place of the target
radiator, provided that they can be manufactured in the form of thin planes. Figure 3.4
shows the corresponding design of two STT modules equipped with CHs and graphite
targets.

In summary, the STT design is overall very well equipped to meet the physics goals
set for SAND. It provides a very good spatial (< 200 um), angular (~ 2mrad), mo-
mentum (~ 3%) and timing resolutions, while also offering good particle identification
by exploiting both the ionization dE/dx and TR for the e/m separation. The use of
polypropylene targets together with the graphite ones allows the study of the neutrino
interaction with hydrogen through the statistical subtraction technique. The study of
neutrino interaction with hydrogen is very useful since it is free of nuclear effects which
impact the neutrino interactions on other nuclei.

3.1.4 The GRAIN detector

The GRAIN detector consists of a LAr volume with a mass of the order of 1t instru-
mented with optical system in order to read-out the scintillation light by means of arrays
of SIPMs. Currently, both Hadamard matrix and lenses are options for the optical sys-
tem. The design of the cryostat is still under study and it is guided by the conflicting
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requirements of reducing the material exiting particles have to cross and of sustain the
LAr mass. The exact position and size of the LAr target are currently under discussion;

however, recent designs suggest a volume positioned upstream, almost in direct contact
with the ECAL (see Figure 4.1).

3.2 Physics program

3.2.1 Reducing the systematic uncertainties for the neutrino
oscillation studies

In order to constrain the systematic uncertainties relevant for the neutrino oscillation
analysis, all the varaibles that enter in eq. 2.1 need to be decoupled and measured
independently:

e O(E,): flux measurements benefit from detectors with low-density tracker materi-
als, in order to achieve high resolution and precise neutrino energy scale measure-
ments. SAND will be able to measure the fluxes for all (anti)neutrino flavours with
high accuracy.

o Rypys(Eyis, Erec): having in the same detector both Ar and lighter targets helps to
disentangle the physics response function from Rg.;. SAND is able to constraint the
physics response function thanks to the presence the LAr target and of Hydrogen
target in the STT, for which R,pys = 1.

e ox(FE,): the cross-section measurements require to have in the Near Detector the
same target of the Far Detector, in this case the LAr. Once the flux is precisely
measured, the cross section on Argon can be evaluated by using the large sam-
ple of interactions provided by GRAIN. The cross-section measurements need the
knowledge of R,pys and Rgeq.

o Ryct(FEyis, Erec): the only way to evaluate the FD response factor is through mea-
surements performed in a ND based on the same technology (LAr). Determining
the o x Rynys product is possible in SAND due to the presence of a variety of different
nuclear targets.

The determination of R, separately from ox in STT is possible by defining a set
of kinematic variables sensitive to nuclear smearing effects: the use of CC interaction
samples allows us to compare the distributions of these kinematic variables from events
in Ar and H targets. Comparing the measurement of ox Rps,s and the constraints on
Rypys offered by SAND with the measurements made in the LAr ND ArgonCube makes
it possible to unfold Ry in liquid Argon and validate the predictions for the FD.
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3.2.2 Precise measurements and searches for new physics
Precise measurements in the electroweak sector

Due to SAND capabilities, it will be possible to precisely determine the weak mixing
angle sin? fy in (anti)neutrino deep inelastic scattering (DIS). The strategy for measuring
sin? @y will take advantage of the ratio of neutrino NC and CC DIS interactions:

v
R, = 2NC. (3.1)
9cc
Thanks to the STT tracking capability, it will be possible to efficiently identify the v,
CC interactions and separate the NC interactions from the CC ones, which will allow
for a significant reduction in systematic uncertainties. A precision of 0.35% on sin® Oy
seems be achievable through v-N DIS interactions.

Another independent way to measure sin? 6y exploits the NC v, —e elastic scattering.
This channel is not affected by hadronic uncertainties but it is limited by the low statistics
due to its small cross section. Through the usage of this channel the sin? fy value can
be find out from the ratio:

o(v.e = vye)

Rue = (32)

o(vue = vye)
in which the systematic uncertainties that arise from the electrons selection and identifi-
cation cancel out [52]. The v(7)-H interactions are used to measure the v, and 7, fluxes,
needed to determine R, .. SAND can measure v — e elastic events with small background
(which can be calibrated in situ with data).

One possible way to increase the statistics consists in a combined analysis of the
events collected in SAND and in the ND LArTPC detector. In fact, the STT reduces the
systematic uncertainties while the LArTPC increases the statistics. With this method,
and considering v —e interactions, seems possible to achieve for sin? §y an overall relative
precision of 1% or better.

Furthermore, since DIS and the v — e channels are characterized by different scale of
momentum transferred, they represents an excellent tool to test the running of the value
of sin? Ay in a single experiment.

Isospin Physics, Nucleon Structure and QCD tests

The availability of large statistics of neutrino-hydrogen interactions in SAND allows for
the testing of isospin sum rules, including the Adler sum rule [2], which gives the isospin
of the target, and the Gross-Llewyn-Smith(GLS) sum rule [46].

SAND will also offer a precise calibration of the energy scale uncertainties together
with an excellent precision in the determination of both neutrino and antineutrino fluxes.
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These peculiar feature will allow for a measurement of the structure functions and cross-
sections with an accuracy comparable to the one achievable in electron-scattering exper-
iments.

Due to the statistics and the energy reachable in DUNE, the v — © data collected
by SAND could be used to perform global QCD analysis, in order to study the parton
distribution functions, perturbative and non-perturbative corrections in a wide range of
the transfered momenta Q? and Bjorken x variable. The presence of H and other various
nuclear targets (Ar, C) allows to separate valence and sea quark distributions, d and u
quark distributions, the strange quark s and § distributions.

Neutrino-nucleus interaction studies

Thanks to its modular structure the STT allows for the integration of many different
nuclear targets. In this way, and by measuring structure functions, form factors and
cross-sections, it is possible to study how the nucleon structure is modified inside a
heavy nucleus. It is also important to study the final state interactions, since they
can introduce a significant smearing in the reconstruction of the kinematic variables of
final-state particles.

Searches for New Physics

All the precision measurements described in the previous paragraphs are potentially
sensitive to many Beyond the Standard Model (BSM) effects, which would produce
deviations from the SM predictions. For example, the excellent electron identification
capability and resolution of the STT make SAND very suitable to test the low energy
anomaly found by the MiniBooNE experiment. Among the various possible explanation
that could be tested in order to understand the origin of this anomaly, which includes
both SM and BSM physics, there is the oscillation into sterile neutrinos. This could
be done measuring the CC ratios for both neutrinos and antineutrinos R, = (v.N —
e X)/(v,N = p=X) and R., = (0N — e*X)/(7,N — u"X) together with the
NC/CC ratio R, ), as a function of L/E. These measurements would be sensitive to
both appearance and disappearance anomalies in all four neutrino spectra.

In addition the SAND has an excellent sensitivity to the appearance of v,, which
could result from both sterile neutrino oscillations or BSM interactions. The detector
can further improve the sensitivity of the ND complex to searches for Dark Sector physics
including for example heavy sterile neutrinos, axions, dark photons, WIMPs and many
others.
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Chapter 4

The GRAIN detector

The GRAIN active liquid argon target will consist of a vessel containing O(1¢) of Liquid
Argon located in the upstream part of the magnetised volume of SAND. Its main role is to
put constraints on nuclear effects and to provide a complementary Ar target permanently
located on-axis for cross-calibration. Figure 4.1 shows two views of GRAIN, inside the
inner volume of SAND. The LAr target will be ~ 1X thick along the beam direction
in order to reduce energy loss, showering, and multiple scattering of particles that will
enter the downstram STT and calorimeter detectors.

The cryostat walls will be made of carbon fiber composite material reinforced by thin
internal aluminium foils. The exact positioning, size and shape of the active target are
still in the process of optimization.

The novelty of GRAIN is its ability to reconstruct neutrino interactions using only
scintillation light. 1t will be instrumented with an optical detection system to collect
Liquid argon scintillation photons which are emitted in a narrow band centered around
128 nm, known as Vacuum Ultra Violet (VUV) light.

4.1 The GRAIN design

In this section, the relevant dimensions and parameters of the GRAIN LAr active target
are presented.

The inner volume of the cryostat has a width (along the x axis) of 130 cm, with
elliptical sides (in the y — z plane) 147.6 cm high and 47.5 cm long, respectively along the
y and z axes. The direction of the neutrino beam in the simulations is along the positive
z-axis. A scheme of the inner volume of the GRAIN is shown in Figure 4.2.
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Figure 4.1: Left picture: cutaway view of the inner volume of SAND, showing the position
and vessel structure of GRAIN. Right picture: view of the inner volume detectors of
SAND with the KLOE calorimeter and an STT module on the right. The GRAIN
cryostat is on the left. The neutrino beam comes from the left, perpendicularly to the
axis of the cylinder.

(a) (b)

Figure 4.2: Frontal (a) and side (b) views of the GRAIN geometry. The chosen disposi-
tion of the cameras maximises their number. In (a) the front-facing side is cut to allow
a better view of the inner volume. The neutrino beam direction is along the positive
z-axis. The front facing side has been cut for better viewing.
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4.1.1 Scintillation in LAr

LAr scintillation photons are emitted in the Vacuum Ultra Violet in a 10 nm band
centred around 127 nm with a time profile made by two components with very different
characteristic decay times, a fast one in the nanosecond range and a slower one in the
microsecond range.

The passage of ionising particles in LAr produces pairs of positively charged argon
ions (Ar") and free electrons and also produces excited atoms (Ar*). When they couple
to neutral Ar atoms, ionized Ary™ or excited Ary* argon dimers are produced. The first
one eventually recombines with a thermalised electron producing Ar,™. In both processes
(recombination and excitation), the decay of the final state results in the emission of
vacuum ultraviolet (VUV) photons.

Art + Ar = A" +e” = At — 2Ar + v (4.1)
Ar* + Ar — Ary" — 2Ar + (4.2)

Ary™ has two possible states, a singlet (!X7) and a triplet (*3]) state. The singlet
transition to the ground state Ary has a short decay time 74,5 ~ 61ns, while the triplet
transition to the same ground state is allowed only because of spin-orbit coupling and
has a much longer lifetime 74,,, ~ 1.6 us.

The scintillation photon yield of LAr depends on the ionizing particle type and on
the Linear Energy Transfer (LET). The highest photon yield is reached by relativistic
heavy nuclei, from Ne to La. Low LET light particles (¢~, p) have a slightly reduced
photon yield because a fraction of the ionisation electrons escape from recombination.

The optical properties of this medium are not well known yet: controversial measure-
ments or calculations exist for the refractive index or the Rayleigh scattering length at
the LAr emission wavelength. Table 4.1 gives a brief overview of current knowledge of
these parameters. Two recent experimental observations in particular can not be easily
explained with the current understanding of the LAr scintillation process. The DUNE
Collaboration has reported a clear dependence of the lifetime of the triplet state 3%
of the Ary* dimer on the applied electric field [51]. Scintillation light was produced
by a sample of cosmic muons that crossed the 4-ton prototype of the dual-phase DUNE
detector [7], in which light was detected with an array of five 8” photomultipliers (Hama-
matsu R5912-02Mod) coated with TPB [56], to convert 127 nm photons to 430 nm and
the electric field was varied between 0 and 600 V/cm.

The second experimental evidence is related to the doping of LAr with small concen-
trations of xenon. As can be seen from Figure 4.3 reported that adding a few tens of ppm
of xenon to LAr has the effect of shifting the wavelength of the triplet component from
127 nm to 174 nm, shortening the signal from few us to hundreds of ns and enhancing the
Light Yield (LY). The enhancement of LY can not be explained by an higher quantum
efficiency of the wavelength shifter (TPB) for 174 nm than for 127 nm, since it has been
measured to be almost the same [27] and should be attributed to an increase of the LAr
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Parameter Value Measured /Calculated by:
. 1.37 (calc.)[43]
Refractive index n 147 4 0.07 (cale.)[45]
66 £ 3 (exp.)[55]
Attenuation length (cm) 527 (exp.)[24]
> 110 exp.)[1]
: : 90 (calc.)[43]
Rayleigh scattering length (cm) 55 L5 (cal.)[45]

Table 4.1: Summary of the current knowledge of the optical properties for liquid argon
at its scintillation wavelength, from calculations (calc.) and measurements (exp.). The
wide range of values for the Rayleigh scattering length is related to the spread in values
of the refractive index [16].

photon yield. These two effects point to quenching processes of the triplet states and
to an hidden amount of light which has not been described before. The effect produced
by LAr doping with Xe can have important consequences for light detection: it helps to
increase the photon detection efficiency in the case of both lenses and masks.

The scintillation properties of liquid argon allow to perform both spatial and calori-
metric measurements by means of an optical detection system capable of collecting the
VUV scintillation emission. The two kind of measurements are discussed in Sections 4.3
and 5.1, respectively.

4.1.2 Photon detection system

Conventional SiPMs have a high efficiency peaking at 400-500 nm and in general no
sensitivity for VUV light. The sensitivity has been further extended to below 150 nm
and now even at the VUV region with quantum efficiency at the level of 17% [21].

The imaging system is composed of 76 cameras, 8 on each elliptical side, 25 on each
of the curved faces, and 10 on the top and bottom of the inner volume along the x-axis,
five on each side. This number of cameras is the highest that is possible to insert into the
vessel, given their dimensions. Each camera is a 32 x 32 pixel matrix of SiPM sensors,
with a size of 3.2mm and pixels separated by 0.2 mm, resulting in a total detector side
length of 102.4mm. Several detector geometries, with different pixel sizes, have been
tested to find the best set-up. The thickness of the detector assembly is 1 mm. The sides
of the camera are enclosed by a 1 mm thick layer of a yet to be chosen opaque material.
The SiPM sensors should have a Photon Detection Efficiency (PDE) of ~ 25%, however
it has still to be measured since the sensors need to be coupled to some wavelength-
shifter, such as polyethylene naphthalate (PEN) and tetraPhenyl butadiene (TPB), and
the use of Xe-doped LAr (see Section 4.1.1). ProtoDUNE-DP for example, uses PMTs
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Figure 4.3: Waveforms of xenon doped liquid argon at different xenon concentrations
as predicted by the model. The waveforms represent the sum of LAr and xenon shifted
light[57].
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either covered with PEN foils or directly coated with TPB. While TPB is broadly used,
PEN is a novel material, never used before in such a large scale experiment and whose
efficiency is not well known. Both PEN and TPB have a maximum of re-emitted photons
around a wavelength of 430nm [39, 20].

In Table 4.2 the main parameters of the GRAIN design are shown.

Cryostat dimensions || Detector parameters

Width 130cm || Pixels per side 32

Height 147.6 cm Pixel edge 0.2mm

Length 47.5 cm Pixel size 3 mm
Total volume | 0.91m?® || Detector thick. 1 mm
Fiducial vol. | 0.49m? || Detector side | 102.4 mm

Table 4.2: Summary of the relevant dimensions of the design of GRAIN.

4.2 Simulation tools

4.2.1 Monte Carlo simulations of neutrino events with GENIE

Until quite recently, most of the neutrino experiments developed their own neutrino
event generator, each optimized for the energies, nuclear targets, detectors and physics
topics relevant for the experiment. Today particular importance is given to the neutrino
energy region of few GeV, since these energies are relevant for some of the current and
future Long-Baseline accelerator experiments such as DUNE.

GENIE is a ROOT-based MC neutrino event generator designed using object-oriented
methodologies and developed entirely in C++. It is adopted by the majority of the neu-
trino experiments [10]. The long-therm goal of GENIE is to be a canonical neutrino-
interaction generator whose validity is extended to all nuclear targets and neutrino
flavours over a wide spectrum of energies, from a few MeV to some PeV.

GENIE takes as input a neutrino flux and a geometry representation and gives as
output a file that records event information regarding the simulated process. In partic-
ular, for each event, GENIE returns a list of particles that exit the struck nucleus after
the scattering interactions, hadronizations, and final-state interactions.

GENIE and Geant4 takes in input a geometry representation, which for the SAND
detector is provided through a Geometry Description Markup Language (GDML) file.
Figures 4.4 and 4.5 represent the SAND layout with its main components generated
starting from the geometric description.
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Super conductive magnet

Figure 4.4: Lateral view of SAND geometry with its main components. The neutrino
beam direction is from the right to the left.
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Figure 4.5: Front view of SAND geometry with its main components. The neutrino
beam direction is toward the page.
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4.2.2 Particle propagation with EDEP-SIM

The energy deposition simulation (edep-sim) is the official program employed by the
DUNE collaboration. It is a GEANT4 software package that aims to simulate particle
propagation and geometry-related problems [40]. This simulation implements a fairly
detailed model of the energy deposited as ionization and scintillation.

Edep-sim takes as input a particle kinematic file and a geometry file, supporting
several kinematic particle file format including the ones produced by GENIE. The output
is a standard ROQOT file containing:

e TGeoManager object: with detector geometry;

e TG4Event tree: with the event data. It contains all the most relevant information
for each event, such as event ID, primary particles, particle trajectories, and energy
deposition on the detectors.

4.3 Vertex reconstruction

The expected number of neutrino interactions in the overall SAND detector (yoke, mag-
net, ECAL, STT, GRAIN) is ~ 90 per spill, while in GRAIN is ~ 0.1.

LArTPC technology uses both the scintillation light emitted by the argon and the
electrons produced by ionisation. At the Far Detector, the Vacuum Ultra Violet (VUV)
scintillation light is shifted by means of a wavelength shifter and collected to provide
information on the deposited energy and the timing of the event, while the drift of the
ionization charges is used for the topological reconstruction of the event.

However, because of the relatively slow drift of the electrons, of ~ 1.5mm/us at
500 V/cm and 85K [59], a set-up similar to the one of the Far Detector will have a
time response of the order of some milliseconds and could not be suitable for a high
rate of particles due to the pileup of the events. To solve this problem, an alternative
and innovative approach, able to provide a much faster response could be to use the
scintillation light not only for calorimetric measurements, but also to provide the spatial
reconstruction of the event.

LAr can be used for imaging purposes since it is transparent to its own scintillation
emission (see Table 4.1). This, in turn, requires an optical system capable of collecting
enough light and a fast and segmented photodetector capable of providing adequate
resolution.

In the following sections two different imaging techniques are described: the first one
makes use of coded aperture masks while the second employs lenses.
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Figure 4.6: Examples of MURA masks of different ranks.

4.3.1 Coded aperture imaging

Coded Aperture Imaging techniques were applied in the 1970s in the field of X-ray imag-
ing, becoming a leading technique in X-ray and gamma ray astronomy [44, 54]. In its
original formulation, a coded aperture mask is formed by many pinholes arranged accord-
ing to some specific pattern. A mask coupled to the detector forms a Coded Aperture
Camera. Mask designs currently being considered for the GRAIN optical readout sys-
tem are based on the Modified Uniformly Redundant Array (MURA) family of coded
aperture patterns (see Figure 4.6). An important property of MURAs is the throughput
of the aperture, i.e. the fraction of open elements with respect to the total number, is
always around 50%.

Each point of a light source will project a shadow of the aperture on the detector
surface and the overall pattern of lights and shadows can be processed, generating a
reconstructed 2D image of the original object [41]. In the case of a point source, a single
pinhole counting s photons would have a SNR=4/s, according to Poisson statistics; for
a Coded Aperture with IV holes instead, the total average count and variance would be
Ns, giving a SNR=v/Ns.

Using a combination of 2D images from different points of view, it is possible to
generate a three-dimensional image. The 3D analytical reconstruction was still being
developed at the time of writing this dissertation. The main difficulty for this technique
is the formation of fake artifacts during the 2D image deconvolution process, due to the
fact that this method was originally created for astrophysical light sources, located at
the infinite, while in this case photons are originated at a mean distance of ~ 50cm
from the masks, with the particle tracks being almost never parallel to the mask surface.
Furthermore the exposure time is much smaller than the one available for an astronomic
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Figure 4.7: Simplified view of the combinatorial approach: for each detected photon, a
probability amplitude (red and blue) is projected in the segmented volume through all
possible mask holes. The green pixels indicate where the amplitudes sum up.

measurement, so that the low Photon Detection Effciency (PDE) of sensors (just 20-25%)
to the VUV scintillation emission is a serious problem.

A reconstruction algorithm that can be employed in conjunction with Coded Aperture
Imaging techniques and is able to directly reconstruct a 3D image is currently under
development. It adopts a combinatorial approach: for each detected photon, project a
probability amplitude in the LAr volume through all possible mask holes (see Figure 4.7).
The volume of the vessel is ideally segmented into smaller volumes, called voxels. Each
hit is then propagated back into the LAr volume with an appropriate weight assigned to
voxels. The probability amplitude of each voxel is computed summing the amplitudes
from all the hits.

When a proper cut is applied to the probability amplitude, it should be possible
to reconstruct the particle tracks. One of the problem which arises however is the low
contrast between signal and background which requires a dedicated algorithm to find the
best cut to maximize the S/N ratio.

The combinatorial method can employ any multiple pinhole mask (but some masks
patterns may be more effective than others) and it is well-suited to operate with low
light-yields, as the probability propagation is done for each photon individually. Its only
main drawback is that it is computationally heavy, requiring GPU acceleration for the
computation of the amplitude projection weights.
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Figure 4.8

4.3.2 Vertex reconstruction with lenses

A more classical approach adopts optical lenses. The liquid argon scintillation light,
however, is emitted with a wavelength in the Vacuum-Ultra-Violet region, for which
lenses” and mirrors’ transmission is highly inefficient. The lens material must therefore:

e have high transmittance;
e have a refractive index different from that of LAr (not known precisely, 1.26-1.4);
e be suitable in cryogenic environment.

A preliminary design envisages 38 pixelated SiPM cameras coupled to optical lenses,
as shown in Figure 4.8. Using lenses, the sensor response is already the final image and
no other manipulation (such as the deconvolution process performed in the mask case)
of the signal is needed.
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Chapter 5

Energy calibration

5.1 Calorimetry

The main purpose of this thesis work is to investigate the possibility of getting energy
information from the scintillation photons collected by the cameras. Reconstruction of
the energy released by a charged particle moving in LAr would provide a better constraint
on the incoming neutrino energy.

In order to be able to perform an energy reconstruction, the detector must be cali-
brated using samples of MC events. Knowing the energy deposited in LAr by particles
from the simulation, it is possible to compare it with the number of detected photons ob-
tained from the detector response simulation. For this thesis I used 8 million events with
the primary interaction vertex uniformly distributed within GRAIN, comprehending all
types of neutrino interactions.

The number of photons detected by the cameras depends on where the photons have
been emitted i.e. on the distance between production point and a particular camera.
The work for this thesis tried to discover whether or not it is possible to find a unique
calibration coefficient for the LAr volume. A first answer may come from Figures 5.1
and 5.2: in the latter a larger spread is visible with respect to the first plot. Therefore,
given this apparent impossibility to compute a coefficient for every point of the volume,
we choose to divide it into smaller volumes in which we assumed the calibration coefficient
to be uniform. Our first choice was 5 x 5 x 5cm? cubes, however the 10 x 10 x 10 cm?
possibility has been investigated, too. The possibility of assuming a constant calibration
coefficient inside the cube volume is justified by the fact that the attenuation length for
light in liquid argon is of O(1)m.

The emission of Cherenkov light could be a source of asymmetry in light detection,
since it is directional; however, the number of emitted Cherenkov photons is negligible
with respect to that of scintillation photons, due to the high light yield of LAr.

The analysis of MC events is done through a simulation chain that starts with an

62



x

—

(=}
(*]

2 800
S C —{200
o -
i - - -
Q- 700— - —{180
zZ C "
600 — ) - —{160
- i, ; ' - —140
500— f . ool
: 1 20
400 :— 100
300— | 80
o Centra 6
= voxel w0
100 =
00 = 2
0 T 1 1 I 1 1 | | 1 1 1 l | 1 1 l | 1 1 I 1 1 1 I 1
0 200 400 600 800 1000 1200

E[Mev]

Figure 5.1: Detected photons for v, CCQE interaction in the central cube as a function
of deposited energy (from EDepSim). A sample of 10000 events has been used.

edepsim file, simulates the optical photon propagation and the detector response giving
as output data which can be analysed to retrieve physical information such as trajectory
or energy of particles (see Figure 5.3). In this way it is possible to test the design and
the performance of the detector.

5.2 Detector response simulation

The simulation of the detector response is a crucial step in the simulation chain. It
emulates the photon detection of SiPMs and the following signal processing which leads
to the determination of the number of photons that arrived on each pixel of a camera.

This information then can be used for tracking purposes or, in this case, to determine
the total number of photons produced by the passage of a charged particle in LAr. The
computation of a calibration coefficient for the LAr volume requires high statistics and
hence lots of neutrino events. The current software used for the detector response, called
Full Response, gives a detailed reconstruction of the read-out system. Because of its
accuracy the Full Response simulation takes a lot of time to run.

The simulation of some thousands of events has to be repeated for each cube: the high
number of cubes (22906 for a cube side of 5cm), together with the long computational
time of the Full response, would result in an excessively long duration of the entire
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Figure 5.2: Detected photons for v, CCQE interaction uniformly distributed in GRAIN
as a function of deposited energy (from EDepSim). A sample of 10000 events has been
used.

process. In order to mitigate the problem, the following approach has been adopted:
e Creation of a faster and approximated detector response.

e Calibration of only 1/8 of the LAr volume. As a result of the symmetries of the
vessel, the rest of the volume will be calibrated by consequence.

e Reduction of LAr light yield from 40 000 photons/MeV to 4000 photons/MeV.

Part of my work for this thesis has been dedicated to the creation of a new detector
response, which I called Fast-Calo Response, since it is devoted to calorimetric studies,
and to its validation, comparing it with the Full Response. Section 5.2.1 describes both
the Full and Fast-Calo Responses, highlighting their differences, while Section 5.2.2 shows
the studies performed for the Fast-Calo validation.

5.2.1 Full and Fast-Calo Responses
Full Response

Full-Response software emulates the behaviour of a particular Data Acquisition System
(DAQ) to photon detection by SiPMs. Since now, different integrated circuit (IC) chips
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Figure 5.3: Complete data flow diagram.

have been tested, among which it is worth mentioning the triroc and alcor ASICs. In
particular, the first is the one employed for the current simulations, while the second
ASIC is going to be refined for future usage. Both alcor and triroc are already existing
chips that have been chosen for these simulations only for practical reasons. In the next
few years, a dedicated custom ASIC will have to be created for specific use in GRAIN.

For a given electronics, the Full Response simulates waveform signal formation re-
sulting from a photon hitting a SiPM; from the analysis of the signal should be possible
to count the number of photons arrived.

Triroc is a highly configurable SiPM readout ASIC intended for PET prototyping with
time-of-flight capability. This 64-channel ASIC incorporates a dual triggering system
that will flag the arrival photons and provides energy cut-off at a specified level [50]. This
chip integrates the signal coming from photoelectrons over a certain time interval with
a Time-to-Digital Converter (TDC); the number of photons is extracted by performing
a conversion of the integrated charge to the photon number, while the rising edge of the
waveform provides the time information.

The choice of a 200 ns integration time allows to exclude most of the slow component
of the scintillation light, as can be seen in Figure 4.3. In case of multiple events in fact
it would produce the superposition of the signals, preventing their individual analysis.
A detailed study on the proper integration time however has still to be carried out, to
better understand the effect of the superposition of the slow component emission from
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Figure 5.4: Detected photons (scaled to 40000 photons/MeV) as a function of MC
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4000 photons/MeV (green), and 1000 photons/MeV (violet).

an event with the fast component of the subsequent event.

Alcor instead is a mixed-signal ASIC developed to readout silicon photomultipliers
at low temperature. The chip is designed in a 110 nm CMOS technology. The alcor chip
will provide both single photon counting and Time-over-Threshold (ToT) modes [3].
The latter can obtain not only trigger timing information as an output signal rise edge
but also incident radiation energy as an output signal time width. In single photon
counting mode an event rate of up to 5 MHz per channel can be accommodated. The
time resolution is 50 ps and the target power consumption is less than 5 mW per channel.
For now, this application is under implementation.

Fast-Calo Response

For what concerns the Fast-Calo Response, instead, it is straightforward to check that
its functioning is much simpler, avoiding the simulation of the signal waveform and its
subsequent elaboration by directly counting the number of photons that arrive on the
camera surface. Some operations are then performed on this quantity, trying to take
into account the main features of the read-out system:

e Check whether photons hit an active area: between each pixel of a camera there
is a dead area of 0.2mm width. Only photons that hit the active area can be
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Figure 5.5: Comparison between the total number of detected photons inside the LAr
vessel, obtained from Full and Fast-Calo Response simulations. A total amount of 1000
events have been simulated.

detected.
e Apply a PDE: 25% photon detection efficiency for SiPMs has been considered.

e Consider a cross-talk probability of 7% i.e. a finite probability for the photoelec-
trons produced in a sensor pixel to generate an electron-ion avalanche in a nearby
pixel.

e Consider a finite integration time: as for the Full Response the integration time
has been set to 200 ns.

e Consider an uncertainty on signal amplitude: to better approximate the real situa-
tion, each detected photon generates a signal (in arbitrary units) whose amplitude
follows a Gaussian distribution peaked at 1 and with a 0.10 standard deviation.

These operations are repeated for each camera of the detector, while PDE and cross-talk
probabilities are only preliminary values, waiting for the final choice of SiPM sensors.

The structure of this new detector response allows for a much faster execution time,
producing at the same time an output comparable with that from the Full Response.
The latter fact being confirmed by the analysis described in Section 5.2.2.
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Figure 5.6: Comparison between the number of detected photons by the cameras for
event n°44, obtained from Full and Fast-Calo Response simulations. A total amount of
1000 events have been simulated.

5.2.2 Preliminary verification

Before proceeding with the energy calibration of the liquid argon volume, it is mandatory
to check the validity of the choices made to speed up the event simulation, which consists
of the reduction of the light yield and in the use of the Fast-Calo Response.

Light yield reduction

The long time required to process the propagation of scintillation photons forced the
reduction of the LAr light yield (LY), from 40000 photons/MeV to 4000 photons/MeV.
Figure 5.4 shows the comparison between the number of photons detected by the cameras
using the Full Response simulation as a function of the deposited MC energy for different
light yields of LAr; each data set is properly scaled to 40 000 photons/MeV.

This result clearly highlights a good proportionality between the two simulations,
and LY reduction leads only to a scaling in the number of detected photons. The choice
of 4000 photons/MeV LY is the best compromise between a fast simulation time and
a sufficient number of photons detected by SiPMs, to provide enough statistics for the
subsequent analysis.
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Figure 5.7: Number of photons detected as a function of deposited MC energy, from the
Fast-Calo Response simulation.

Fast-Calo Response validation

The validation of the Fast-Calo Response aims to find a proportionality between the
output of the Full and Fast-Calo Responses. In this way, one is authorised at using this
faster but approximated simulation. For this purpose, 1000 events have been analysed
with the two software and the result is shown in Figure 5.5, where the total number of
photons collected by the cameras of the LAr vessel is used.

Obviously, for a correct comparison, the parameters of the two simulations, in par-
ticular the integration time, PDE, and cross-talk probability, have to be the same.

This kind of comparison has also been performed for each camera of the detector,
plotting the number of photons from Fast-Calo and Full Response. Figure 5.6 reports as
an example the photons detected by the cameras for Event 44.

5.3 Fit and results

After these preliminary steps, it is possible to proceed with the calibration of the GRAIN
volume. In order to be as clear as possible, Cube_X0_Y0_Z-3 is taken as an example. In
Figure 5.7 the number of photons detected is displayed as a function of the energy deposit.
The calibration coefficient is extracted fitting this distribution with a straight line, shown
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Figure 5.8: Number of photons detected as a function of deposited MC energy, from the
Fast-Calo Response simulation. The distribution is fitted with a linear model in which
p0 is the slope and pl the intercept.

in Figure 5.8. The range of the fit was chosen to avoid the change in slope that occurs
at higher energies (in this case around 1.6 GeV). Its origin has to be investigated since
it could be due to a leakage of statistics or to a different phenomenon.

At this point, it is possible to verify whether the calibration succeeded by trying to
reconstruct the energy deposited by the charged particles using the number of detected
photons. Figure 5.9 provide a comparison between the reconstructed energy deposit and
the Monte Carlo information from edep-sim which, to a first degree, display a good linear
dependence.

A more detailed analysis of the energy reconstruction can be performed by plotting
the difference between the reconstructed and Monte Carlo energy, normalised to the MC
energy: (Ene — Freco)/Ernc (see Figure 5.10).

Figure 5.11 instead contains the 1-dimensional residual histogram, with the following
characteristics:

e the distribution is peaked at around zero;

e the distribution is asymmetric with respect to negative values, which means that
in this case the deposited energy has a higher probability of being overestimated;

The energy resolution of the GRAIN detector can be calculated by fitting the distribution
of op/FE as a function of the reconstructed energy, where og is the uncertainty about

70



Cube_X0_Y0_Z-3

. h2_34
s - Entries 5207
= 7000 —{180
- I~
B C
@ - — 160
$ 6000—
3 - — 140
o - h
5000— - .-
- - —120
4000/— P 100
- L
3000 " : 80
— L -
: e 60
2000(— P, .
- T 40
10001 -, 20
G 11 -I 1 | L1 1 1 | 11 1 1 | L1 1 1 | 11 11 | L1 1 1 | 1 11 1 | G
0 1000 2000 3000 4000 5000 6000 7000

MC energy (MeV)

Figure 5.9: Reconstructed energy deposit as a function of Monte Carlo energy deposit.
The straight line indicates the bisector of the quadrant.

the reconstructed energy. Once again the range of the fit was chosen to avoid the region
in which a non-linearity between the number of detected photons and the MC deposited
energy was found. The general expression for the energy resolution of a calorimeter is:

Of a

— =—F—=805®c 5.1
where a is the stochastic term, due to fluctuations in the number of signal generating
processes, b represents the noise in readout electronics, and c is a constant term resulting
from imperfections in calorimeter construction (dimension variations) and non-uniform
detector response. Figure 5.12 shows the energy resolution calculated for Cube _X0_Y0_Z-3.

10 cm cube side

Despite the good results for energy resolution, one of the problems encountered during
the analysis is the not excessively high number of events in each cube, which ranges
from a few thousands down to a few hundreds, leading to poor statistics in some cubes.
To amend this statistics leakage, calibration has also been performed on larger cubes of
10 cm side, applying the same procedures. Figures 5.13, 5.14, and 5.15 show the results
of the energy calibration for the 10 x 10 x 10 cm?® Cube_X1_Y1_Z-2, since it encompasses
the 5 cm side Cube_X0_Y0_Z-3.
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Figure 5.10: 2D plot of (Ey¢ — Ereco)/Ernc as a function of deposited MC energy.

General results on energy calibration

The residual plot highlights an overestimation of the energy deposit at low energies. A
possible explanation could be due to the so called ”blinded” cameras, which are those
matrices traversed by a charged particle as it travel inside the LAr vessel. Their energy
deposition on the camera pixels causes the latter to saturate. In this case the signal
produced is higher than the energy deposited by the particle in LAr. The verification of
this hypothesis will require further studies.

Indeed, the foreseen pathway will be the development of a machine learning algorithm
able to identify blinded cameras from the photon distribution on the camera, without
using the edep-sim information.

From the energy calibration of 1/8 of the GRAIN volume, a distribution of the
calibration coefficient has finally been extracted. Figure 5.16 display the distributions
obtained from cubes of 5cm and 10 cm side.

These results show a non-negligible spread in the coefficient values, for both the
two kinds of cubes. The mean values of the two distributions almost coincide, even if
the number of the analysed 10 cm cubes is not so high. Despite these drawbacks, an
attempt to calculate the energy resolution for the whole LAr vessel can be made: using
the mean value of the calibration coefficient from the 5 cm cubes distribution, the plot
of Figure 5.17 is created. This choice is supported by the fact that small spread of the
coefficient values allows one to ignore the spatial information of the neutrino event.
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Figure 5.14: Histogram of the residuals, normalised to Monte Carlo energy (Eyc —
Ereco)/Ene for 10 x 10 x 10 cm?® cubes.

74



Cube_X1_Y1_Z-2

p0 0.1703 + 0.006521
p 0+1.416
p2 0.1114 +0.009711

/1E

0.7

0.6

0.5

0.4

0.3

X
x

200 400 600 800 1000 1200 1400 1600 1800
energy (MeV)

(]

Figure 5.15: Energy resolution o /F plotted as a function of the reconstructed energy
deposit, for Cube X1_Y1 Z-2. The points are fitted with the general expression for the
energy resolution of eq. 5.3. The parameters p0, pl and p2 correspond to factors a, b
and c, respectively.
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Calibration coefficient distribution
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Figure 5.16: Distribution of the calibration coefficients in case of 5 cm side cubes (a)
and 10 cm side cubes (b).
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Figure 5.17: Overall GRAIN energy resolution oz /FE plotted as a function of the recon-
structed energy deposit. The points are fitted with the general expression for the energy
resolution of eq. 5.3. The parameters p0, pl and p2 correspond to factors a, b and c,
respectively
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Conclusions and prospects

The next generation of long baseline neutrino experiments will play a key role in our
understanding of the neutrino physics. One of them is DUNE, a dual-site experiment,
which will study neutrino oscillations, having the main purpose of measuring the po-
tential CP violating phase of the neutrino mixing matrix, together with the ordering of
neutrino masses, the first of which would have a profound impact on the whole lepton
sector of particle physics.

As part of the SAND detector of the DUNE ND complex, GRAIN will play an
important role in the characterisation of the neutrino beam and in the improvement of
LAr interaction models. GRAIN will take advantage of its granularity and fast response
and contribute to the SAND physics case.

In this paper, a first quantitative assessment of neutrino event energy reconstruction
performance for the mask system in GRAIN was performed. The possibilities of light
yield reduction and usage of a new detector response software were first studied, com-
paring the output of each simulation with that of the Full Detector Response. The good
agreement found between the Full and Fast-Calo responses allowed for a faster event
simulation using the latter software.

The division of the GRAIN LAr volume into small cubes has been necessary to
overcome the spatial dependence of the calibration coefficient. In particular, two different
cube sizes were investigated: cubes of 5 cm side allowed for a better spatial resolution, but
with the limited data sample available, the measurement leaks from statistics; conversely,
the 10 cm cube side has been found to provide a much higher event number.

The validity of the reconstructed energy deposit by charged particles generated from
neutrino events was tested and compared with the Monte Carlo truth taking into account
the residual distribution, and a correspondence was found within 16%-18%. A detailed
study on the effect of blinded cameras on the energy reconstruction, however, needs to
be performed. Furthermore, a possible deviation from linearity has been found around
~ 1.6 GeV between the number of detected photons and the energy deposited in LAr.
Its existence and origin will have to be carefully investigated.

The spatial dependence of the calibration coefficients has shown to be not so promi-
nent, with a mean value of 0.014 + 0.003MeV /photons. This opens up the possibility of
an energy reconstruction independent of the track reconstruction ¢.e. from knowledge of
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the trajectory of the particles and/or the location of the interaction vertex in the LAr
vessel.
From these consideration, an overall energy resolution for the GRAIN detector has

been finally computed:
OR . 17%

E VE

B 20%, (5.2)

where the noise term is negligible.
The next steps to take to better analyse this reconstruction technique will be:

e study of the effect of blinded cameras on the energy reconstruction;

e investigation of the possible deviation from linearity between the number of de-
tected photons and the energy deposited;

e use of the spatial information obtained from the 3D tracking algorithm to choose
the exact calibration coefficient for the energy reconstruction.
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Appendix A

Brief history of neutrinos

The neutrino was first theorised in 1930 by Wolfgang Pauli in order to account for the
conservation of energy and momentum in beta decays. At the beginning, this process
was thought to proceed as

A A -

72X 2z Y te

However looking at the energy spectrum of emitted electrons (Fig. A.1) it was clear that
it was due to a three body process, but then a particle was missing. For a two body
decay the electrons’ energy spectrum should form a sharp peak around

B (TAzmptme (A1)
2mA

Instead, this energy corresponds only to the maximum electron energy in Figure A.1.

The problem of missing energy could be solved by introducing a new particle, which
had to be neutral to conserve electric charge and extremely light, due to the fact that the
observed electron energies range up to the value given in Equation (A.1). Fermi called
this particle neutrino. A first estimate of the cross section of the inverse interaction was
(Bethe and Peierls)[48]:

o(vp — net) <107 *em?, E, ~2MeV (A.2)

The smallness of the cross section led physicists to conclude that it would be almost
impossible to detect such an interaction. Bruno Pontecorvo was the first to realise that
with a neutrino flux of about 10*c¢m? /s, on the order of the one produced by an average
nuclear reactor, and a ton mass scale detector, one could obtain a rate of a few events
per day [25].

Indeed, in 1956 Cowan and Reines discovered the antineutrino at the Savannah River
nuclear reactor in South Carolina [42]. Their technique for the identification of the
antineutrino inverse beta decay interactions relied on the detection of the light produced
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Figure A.1: The beta decay spectrum of tritium (3H —3 He). Source: G.M. Lewis,
Neutrinos (London: Wykeham, 1970)

by the neutron capture in delay with respect to the annihilation of the positron, a
signature still in use today.

Nowadays we know the existence of three flavours of neutrinos, associated with the
corresponding charged leptons, as shown in Table A.1 [37]. Leptons in the table above

Lepton Charge Mean life (s) Mass (MeV)

e” —e 0 0.511
Ve 0 0
wo —e 2.197-1076 105.658
Yy 0 0
T —e (291.04+1.5)- 1071 1777
vy 0 0

Table A.1: Leptons.

all have Total Lepton Number L = +1, while their antiparticles have L = —1, together
with opposite electric charge.

An interesting feature of weak interactions is that parity is not conserved. Indeed, it
was demonstrated by Madame Wu in 1957 that only left-handed components of electrons
and neutrinos participate in weak processes, and the same is true for other flavours.
Conversely antiparticles enter in interactions with right-handed components.

According to the Standard Model (SM) neutrinos are massless fermions. On the other
hand, as we will discuss in more detail in Section 1.2, the observations of Neutrino Flavour
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Oscillations by experiments operating in many different regimes have since proven that
the mass of these particles is indeed non-zero. While the measurement of the absolute
values of neutrino masses is still an open problem, the available upper limits are so much
smaller than the masses of the other fundamental fermions that their natural production
mechanism is thought to be of a non-Standard Model origin.

Neutrinos can thus be an handle with which to probe beyond the Standard Model
physics: flavour oscillations represent the first hint for such a theory, and the searches for
neutrinoless double S-decay might provide additional evidence by proving the Majorana
nature of neutrinos and the non Standard Model origin of their masses.
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Appendix B

Origin of neutrino masses

The SM Lagrangian does not allow for a mass term such as epeg+h.c., since it would spoil
the symmetry invariance under SU(2);, x U(1)y. However, when this group symmetry
is broken, masses can be produced through the Brout-Englert-Higgs (BEH) mechanism.
Considering a Yukawa-type coupling of the lepton SU(2) doublet to a scalar field @,
when the field acquires a vacuum expectation value v it is possible to built the Lagrangian

Ly=— Y Yoo, ®lp+he, (B.1)
«o,B=e,u,T

where 1,7, are the left-handed lepton isospin doublets while

@:%(Uﬂh). (B.2)

Rewriting the Lagrangian, one gets

_U—l—h

£:
" V2

(IY"l5 + hec). (B.3)
with [} g being the chiral lepton array.
The matrices of Yukawa couplings Y3i! and Y”” can then be diagonalized:
VIY'WL =y! with Yoiﬁ =9 0as (0,8 =¢e,1,T)

with real and positive ¢!, and y. and V}, V} being appropriate 3 x 3 unitary matrices.
In order to be definite mass states, the lepton fields must have a diagonalized Yukawa
Lagrangian; thus, massive lepton fields can be defined as:

€r, €R
L=Vl = {p|, lp=Vily=| nr
TL TR
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leading to the diagonalized Higgs-lepton Yukawa Lagrangian:

Y jﬁh (LY + hoc.)

i (B.4)
v ;5 SN Y (latdan + ).

a7/3267u77—
which contains the Dirac mass term m,, for the charged lepton fields l, = lo1, + lor:

Ly =

Yol
my == (a=-e,u,7). B.5
=Y (a=en) (B3

The discovery of neutrino oscillations has additionally established one of the core
aspects of neutrino physics: neutrinos have a non-zero mass. Indeed flavour mixing
and thus oscillations require neutrino mass terms that feature the flavour fields or a

combination of them.

B.1 Dirac neutrinos

The simplest extension to the Standard Model that can accommodate neutrino mixing
is the introduction of the right-handed components of the flavour neutrino fields, v,g.
They are called sterile neutrinos, since they are singlets under the whole gauge group
and are not interacting with all other particles. In this so-called minimally extended
Standard Model the asymmetry between the lepton and quark sector due to the absence
of RH neutrino fields is eliminated, and Dirac mass terms for neutrinos are generated
through the Brout-Englert-Higgs mechanism as with the other fundamental fermions.

L = mp (Vg + VRt (B.6)

where v,(g) is the left(right)-handed chiral component of the Dirac spinor 1. The SM
Higgs-lepton Yukawa Lagrangian now takes the form:

Ly=— Y Yobtbar®lp— > Yolhhar®vhs+ hec, (B.7)
a,f=e,pu,T a,B=e,u,T

where 1,7, are the left-handed lepton isospin doublets while

b = io,d* — % <“ N h) . (B.8)

Performing the same operations as before the matrices of Yukawa couplings Y and Y
can be diagonalized:

VL”Y’IVIZ% =Y!, with Yoiﬂ =4y 6as (0,8 =¢e,1,7)
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and
VY VE =YY, with Y =yldes (k,j=1,2,3).

Transforming the leptonic fields as follows,

€r, €R
_ vy _ by _
lp=V'lp=1wp], lR—VRl = | MR
TL TR
: nr ; R
14 / v /
n, =V, 'vp = |var |, ng=Vgp'Vp = | 2R
Vsr, V3R

leads to the diagonalized Higgs-lepton Yukawa Lagrangian:

h\ -
EH = _<U\—/|—§ > [ZLYIZR +77LLYVTLR} + h.c.

v _
- Z yglaLlaR + Z y}/(DkLVkR + h.c..
\/5 B= k=
a,f=e,u,T =1
The neutrino masses for the fields v, = v, + Vg are given by:
!
me =22 (k=1,2,3). (B.10)

V2

Although this mechanism of generation of neutrino masses is legitimate, if we look at
the value of the Yukawa coupling g, , it is many orders of magnitude smaller than the
couplings for the other fermions [58]:

2.100% <g, <100  while ¢ ~7-107", g ~2-107%, g, ~7-107°

It looks extremely implausible that they have a common origin. This is also true if we
think about smallness of neutrino masses: even if their absolute values are still unknown
from neutrino oscillation and cosmological data the mass of the heaviest neutrino has
been estimated to be

1
5.10 2V ~ (\/Ami> < mg < (5 Zmz) ~3.107teV

(]

where Am? is the atmosphere neutrino mass-squared difference [58]. Another possibility
is the method of the effective Lagrangian which, after SSB generates Majorana neutrinos
with definite masses and suppression via seesaw mechanism of neutrino masses with
respect to SM masses of leptons and quarks.
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B.2 Majorana Neutrinos

As we saw, Dirac mechanism for neutrino masses is not a completely exhaustive model.
A new beyond-the-Standard Model theory has been developed trying to account for neu-
trino masses generation in a more natural way. To be precise there is not a single theory
but many [26, 58, 29]. One of the most popular is the Weinberg effective Lagrangian: it
allows the introduction of neutrino masses using only left-handed (Majorana) neutrino
fields.

In order to build a Lorentz invariant mass term, a product of left-handed and right-
handed components is required; this is achieved by the fact that the charge conjugated
field

Ve, = COvl, (B.11)

is right-handed. A generic Majorana mass term may be written as
1
— §mMﬂeLI/§L + h.c. (B.12)

It is straightforward to see that the above mass term is not invariant under a global U(1)
transformation
ver, = € v (B.13)

corresponding to the non conservation of lepton number L. Considering all neutrino
flavors the Majorana mass term has the form

1
LM = —§DLMMVE + h.c. (B.14)
where MM is a complex 3 x 3 matrix. It can be diagonalized by the transformation

MM = UmUT, with UU' = 1 and my, = m0, m; > 0. Lagrangian B.14 thus
becomes

3
1 Z _
EM — —5 2 m;V;V; <B15)
where v; are mass eigenstates with eigenvalues m;.

Vi = Z Ui]LlVlL + Z(U;ﬂ/lL)c (B16)
l l

It’s straightforward to verify that the field v; satisfies Majorana condition v; = v{, and
that the flavor neutrino fields v;;, are given by a superposition of mass eigenstates v;,
whose contributions are weighted by coefficients Uj;.

3
VL = Z Uuvir (B.17)
i=1
The matrix U is called Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix.
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B.2.1 Type-I seesaw mechanism

The Standard Model for three generations of neutrinos can be extended to contain m
right-handed neutrinos vz building a gauge invariant renormalizable Lagrangian £ =
‘CSM + ‘CVR

1 1
L= Z‘IjL’yMaMVL + iﬂR’yuaul/R - DLMDVR - éngLVL - 517}%MRI/R + h.c. (B18)

It contains a m x 3 complex Dirac mass matrix Mp together with Majorana mass matrices
My, and Mpg for left-handed and right-handed neutrinos, which are respectively m x m
and 3 x 3 symmetric matrices [49]. Notice that Majorana mass terms are not produced
through SM Higgs mechanism and SSB. Writing the complete mass term for 3 + m
neutrino generations results in

_ LMy Mp\ (vp
Emass - _5 (VLVR) (Mg MN) (VR) + h.c. (B19)

where v = (v, v%)" is a (3 + m)-dimensional vector. Since the Majorana mass term
for LH neutrinos is forbidden from SM gauge invariance, it is physically reasonable to
choose M, = 0.

The mass matrix can be diagonalized by unitary matrix U to give 3 +m mass eigen-
states. If the mass eigenvalues of My are much higher than the scale of electroweak
symmetry breaking v, we obtain three light neutrinos v; and m heavy neutrinos, N.

T 0 MD - Ml 0
U (Mg ) U= (B.20)
1, 1o
Liass = =5 My = SNM'N (B.21)

where M; and M), are 3 x 3 and m X m real diagonal matrices.

In this way values for LH neutrino masses compatible with experimental bounds are
obtained.

The main experimental technique used today to confirm whether neutrinos are Majo-
rana particles or more canonical Dirac fermions is the search for the neutrino-less double
beta decay, a process which is possible only if neutrinos and antineutrinos are the same
particle. Some of the experiments now active in the field include CUORE, CUPID and
Gerda. [38, 4, 30].
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Appendix C

Neutrino oscillation experiments: an
insight

C.1 Solar experiments

The Sun produces an intense flux of neutrinos as a sub-product of some of the thermonu-
clear reactions that produce energy burning hydrogen into helium. The main reactions
which can produce neutrinos are displayed in Table C.1. Neutrinos can travel directly

Reaction Label Flux(cm™2s7!)

p+p—‘ H+e +v, pp 5.95 x 1019
p+e +p— *H+v, pep 1.40 x 108
SHe+p — He+e" +v, hep 29.3 x 10°
Be+e — Li+vr, Be 4.77 x 10°
B — ®Be* +e" + v, *B 5.05 x 10°

Table C.1: Neutrino production from fusion reactions in the Sun. The total solar flux at
the Earth is 6.5 x 10'° neutrinos per cm? and per second.

from the core of the Sun to the Earth in a few minutes and hence provide a direct way
to study processes by which protons form helium in the Sun. Despite the huge neutrino
flux (almost 10'!!) the detection proved a formidable challenge because of the very small
scattering cross section of neutrinos on ordinary matter.

The detailed prediction of the electron neutrino flux created by the thermonuclear
reactions in the interior of the Sun follows the Standard Solar Model (SSM). The solar
neutrino spectra predicted by the SSM are shown in Figure C.1.

Solar neutrino experiments are sensitive to the Am?, squared mass difference and to
stn2615, which for this reason are referred to as solar mass difference and solar mixing
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Figure C.1: The solar neutrino spectra predicted by the SSM. Courtesy of J.N. Bahcall
from http://www.sns.ias.edu/ jnb/.

angle. These experiments can be divided into two main categories depending on the
revelation techniques: radiochemical and Cherenkov.

To the first field belong experiments such as Homestake, Gallex/GNO [12, 15] and
Sage, which exploit the Inverse Beta Decay reaction of solar neutrino with ¥'Cl, "'Ga
and "Ge respectively. These experiments have a quite low energy threshold but they
are not able to give any information on direction, energy or time of events. Among the
experiments which use the Cherenkov technique we can find Kamiokande and Super-
Kamiokande [22, 11], together with SNO [5, 6].

The Kamiokande experiment has been the first to exploit the Cherenkov technique. It
consisted of a tank of about 3000 tons of pure water and 1000 photomultipliers positioned
on the inner walls. The experiment observed the Cherenkov light produced by recoil
electrons in elastic scattering (ES) interactions v, +e~ — v, + e, which have an energy
threshold of £ > 5MeV. Light water detectors are mainly sensitive to v, but also to v,
and v, with a reduced cross section (o(v,,v,;) >~ 0.150(v,)).

The main advantage of the Kamiokande detector is the real-time nature of the neu-
trino interactions viewed in the active fiducial volume together with the possibility of
reconstructing direction and energy, since neutrino elastic scattering processes preserve
directionality.

The Kamiokande Collaboration demonstrated that solar neutrinos actually come from
the direction of the Sun by reconstructing the direction of flight of the incident neutrinos.
The data collected also confirmed the existence of the so called solar neutrino problem, a
deficit in the number of neutrinos arriving from the Sun between 1/2 and 2/3 with respect
to the predictions of the SSM, measured by the earlier radiochemical experiments.
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The SNO experiment improved v detection capability using heavy-water (d2O) rather
than purified water as target. This allowed to have access to two more reactions [18]:

(CC) Ve+d—=p+p+e; E > 5MeV (C.1)
(NC) Up+d—=>p+n+u; f=epuT E > 2.2MeV (C.2)

The first reaction being sensitive only to v, while the second to all flavours.

The important result of SNO was the that the combined tau and mu fluxes were found
to be two times more intense than the v, one and that the total flux was in agreement
with the predictions from the SSM. This is shown in Figure 1.6.

Another important and more recent Solar experiment is Borexino, which was the first
with an energy threshold low enough to measure the monochromatic flux of "Be and pep
neutrinos.

C.2 Atmospheric experiments

Atmospheric experiments exploit the production of neutrinos form the decay of mesons
(pions and Kaons) resulting from cosmic ray interactions with the atmosphere. K and
7 decays give mainly v,’s while p decay gives both v,’s and v,’s. At low energy (below
2GeV where all of the muons decay before hitting the earth), the flux of each flavour
neutrino occurs in the ratio
Qv+ )
- (v, + 1)

It is possible to distinguish two types of experimental set-up to detect atmospheric
neutrinos. Experiments such as Soudan2 and Macro use iron calorimeters, constituted
of layers of iron, acting as a passive material and active plastic scintillators layers. The
active layers are able to track either the electromagnetic showers produced by e* or long
muon tracks. The Super Kamiokande experiment instead exploit Cherenkov emission.
A large tank of water of the order of 1t is surrounded by photomultipliers; analysing
the rings produced by Cherenkov light it is possible to discriminate the flavour of the
incoming neutrino.

The measurements of the iron calorimeters performed in the 80’s and 90’s noticed
a noticeable v, deficit and a value of R below unity. These observations were later
confirmed in 1998 by Super Kamiokande. In the Multi-GeV data of SK, there was also
a zenith angle distribution consistent with neutrino oscillation, since the variation of the
flux is a function of the energy and zenith angle or, equivalently, of the L/E travelled by
the parent neutrino.

Super Kamiokande showed that while electron events had no reduction, the muon
events had a deficit of almost 50% for up-going neutrinos. These results can be explained
if they are considered due to neutrino oscillation phenomena driven by the parameters

~2 (C.3)
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Figure C.2: 90% C.L. (straight line) and 99% (dashed line) C.L. allowed regions at the
sin 26,3 - AmZ, plane obtained from the atmospheric (left) and long-baseline accelerator
experiments (right). Both plots correspond to the normal ordered neutrino mass spec-
trum [17].

Am3,; and 6y3 which, for this reason, are often referred to as atmospheric oscillation
parameters. The best fit values for these parameters are today given by combining the
results of Super Kamiokande with the ones from modern neutrino telescopes ANTARES
and IceCube (Figure C.2).

C.3 Reactor experiments

Reactor neutrinos have been an important tool for both the discovery and precision
measurement in the history of neutrino studies. Since the first generation of reactor
neutrino experiments in the 1950s, the detector technology has been greatly advanced.
The current reactor experiments have led neutrino physics into the precision era. Among
them we can count Long Baseline Experiments, like KamLAND, and Short Baseline
Experiments such as Daya Bay, Double Chooz, and RENO.

Neutrinos from nuclear reactors are v, with energy of the order of the MeV. This
makes the particles above threshold for electronic CC interactions, but not for other
flavours, which means that, if the neutrino oscillates, CC interactions cannot happen.
Reactor experiments can then measure the disappearance probability of the 7, and they
are usually sensitive to small values of Am? due to the low energy spectrum of the
neutrinos.

In KamLAND, the 1000t liquid scintillator detector measured the interactions of 7,
from a cluster of nuclear reactors located ~ 175 km far away. The antineutrinos interact
via inverse beta decay at an energy threshold of E > 2.6 MeV:

ve+p—e+n E>27MeV (C.4)
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Short Baseline Experiments have been able to measure the disappearance of reactor elec-
tron antineutrinos at distances of about 1 km. Their characteristics made them sensitive
to the measurement of the 6,3 mixing angle.

In the next future reactor experiment will be a key player in determining neutrino
mass ordering and precision measurement of 612, Am3,, and Am3; to sub-percent level.

C.4 Accelerator experiments

In this kind of experiments neutrinos are generated using a proton beam impinging on
a target producing secondary mesons (pions and Kaons) which are let decay to obtain
a beam of neutrinos (mainly v,). The produced beam is monitored by a near detector,
usually few tents of meters far apart from the production hall.

Among accelerator experiments, K2K (KEK to Kamioka) in Japan and MINOS at
Fermilab were the first to confirm the atmospheric oscillation results. K2K used a beam
of about 98% v, with a mean energy of about 1.3 GeV produced from 12 GeV protons
accelerated at the KEK synchrotron. The experiment had a near detector at about
300 m from the proton target, and used Super-Kamiokande as its far detector at about
250 km. MINOS also looked for v, disappearance using the NuMi neutrino beam at
E ~ 3GeV. Similarly to K2K it had a near detector at about 1 km from the source
and a second detector in the Soudan mines at about 735 km away as its far detector.
The first results published in 2006, combined with the ones from K2K first confirmed
neutrino oscillations at 50.

The successor of K2K, T2K (Tokai to Kamioka) used a muon neutrino (E ~ 0.6 GeV)
beam and, together with the NoVA experiment, was able to perform precision measure-
ments on atmospheric parameters sin 20,3 and AmZ,, in both appearance and disappear-
ance channels.

T2K in particular strongly restricted the range of values of the CP-violating phase ¢,
excluding the values of 0 and 7 values at 95% confidence level (see Figure 1.7).
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