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Abstract

The Standard Model (SM) of particle physics describes the electromagentic, weak
and strong interactions nicely in terms of particles: bosons, which are mediators of
these interactions and fermions, which are the matter content. With no concrete
hints for new physics beyond the SM from the experimental side, weakly interacting
physics are a subject of focus in the recent times since weakly coupled sector particles
may have eluded our detectors hitherto. Among the fermions in the SM, neutrinos
are massless and electrically neutral particles which participate only in weak inter-
actions. The experimentally observed phenomenon of neutrino oscillation establishes
neutrinos having mass and there is a mixing between the three neutrino flavours. The
point to note is the neutrino mass terms in the action introduces off-diagonal elements
in the neutrino mass matrix in the flavour basis which depends on neutrino mass and
mixing parameters. Measurements of the neutrino oscillation parameters may lead to
discovering the underlying symmetries of the neutrino mass matrix thus providing a
lead in the ultra-violet (UV) physics beyond the Standard Model. In current and fu-
ture neutrino oscillation experiments, the oscillation parameters, namely the neutrino
mass-squared differences and the mixing angles are being measured with precision.
The main three unknowns in the neutrino oscillation in the standard three generation
framework are: the neutrino mass hierarchy, octant of A3 and the leptonic phase
dop. Among several ongoing & future experiments where these unknown oscillation
parameters can be probed, Deep Underground Neutrino Experiment (DUNE) is an
ambitiously planned experiment and consists of the largest Liquid Argon-TPC neu-
trino detector. It will have high intensity v,—beam from Fermilab directed towards

Sanford Underground Research Facility (SURF) laboratory. Using v,-disappearance
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and v, appearance channels, it will be able to measure the three unknowns mentioned
earlier with high statistical significance. Beside this, DUNE detector is capable to
detecting tau-flavored neutrinos, the species of neutrinos which have been identified
very less number of times in any experiment til now. DUNE is going to surpass this
with huge tau statistics. In the first half of the thesis we considered the physics po-
tential using this v, — v, appearance channel. We studied the physics capabilities
in the standard oscillation framework and the sensitivities of the measurement using
the v,-appearance channel. Alongside we investigated the impact of systematics, tau
detection efficiency and various experimental reaches on the v.-appearance channel.
DUNE collaboration also has plans for a tau-optimized flux which will be able to
provide almost 4-times larger 7-events. We also performed studies based on this flux.
Apart from the standard physics scenarios, new physics especially such coupling to
the third generation leptons are weakly constrained and can be concretely probed
using the v,-appearance channel. We investigated the measurement sensitivities of
new physics in terms the non-standard interaction (NSI) parameters and predicted
the bounds DUNE will be able to pose on these.

In the second half of the thesis we focused on the hidden weakly coupled sec-
tor physics. Several theoretical models envisage various types of dark matter (DM),
among which of particular interest is the possibility that there is a specific type of
particle that may serve as a portal between the dark particles of the new type of
matter and the ordinary matter of the SM through a new very weak interaction. In
a theoretical scenario of DM particles, this new sector can be constituted of possible
DM candidates that can be classified based on the masses of the mediators being in
the TeV, sub-GeV, eV or lighter. Due to the unsuccessful results from the traditional
searches for WIMP particles, there are at least two possible reasons why a DM par-
ticle of a new sector has not been discovered yet: first, the mass scale of the new
particles, including the mediators of the new forces, is well above the energy scale
reached so far in laboratory experiments, mainly investigated in collider experiments.
Second, the mass scale is within experimental reaches, but the couplings between the

new particles and the SM ones are so feeble that the whole new sector has so far
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remained hidden. We reviewed the search for dark photon (mediator between the
SM and the hidden sector) in various experiments and observations and studied the
current bounds. Dark photon (DP) is particular of interested in terms of anomalies
of the discrepancy between the theoretical and experiment value (¢ — 2), and the
electron-positron observed in decays of excited 88 Be nuclei In particular, the last
anomaly can be resolved by hypothesizing the emission of a 17 MeV dark photon
(DP) A’ , in the decay ® Be * =8 Be + A’ followed by A’ — et + e~. We developed
a novel technique to search for this DP in the PADME experiment in the Frascati
National laboratory. This method involves the DP being produced by resonance in
positron beam-dump experiment. We investigated the sensitivity of PADME using
this process and compared it with the bremsstrahlung method of production. Both
of them are complementary in the sense that these strategies of DP search will be
able to probe different regions of the parameter space.

Keywords: Weakly interacting, Neutrino Physics, Neutrino Oscillation, Long-
Baseline Neutrino Experiments (LBL), Deep Underground Neutrino Experiment (DUNE),
Leptonic CP Phase, CP Violation, Non-Standard Interaction (NSI), tau, v, appear-
ance, Liquid Argon detector, Fermilab.

BSM U(1), dark sector, dark photon, dark matter, PADME, resonance, bremsstrahlung,
ATOMKI, Be-anomaly.
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Chapter 1

Introduction

The Standard Model (SM) of particle physics successfully describes electromagnetism
as well as the strong and weak nuclear forces. It classifies all the observed elementary
particles and was developed in stages throughout the latter half of the 20th century,
by the work of many scientists around the world. Symmetry plays a central role in the
SM supplemented with beautiful and well-coordinated unity. What lies at the heart of
this theory is the gauge principle: a continuous global symmetry group is made local
(gauged) by introducing fields, which serve as mediators for the interactions among
particles. The particular symmetry group in the Standard Model is SU (3) x SU (2) x
U (1). In terms of the particle spectrum, SM has 17 fundamental particles (or quanta
of fields) and their corresponding anti-particles. All anti-particles are not entirely
new set of particles since some particles are their own anti-particles. Twelve are spin
1/2 fermions. Among them six posses strong interaction due to their colour charges
(red, green and blue); these are known as quarks. Quarks also carry electric charges:
the up, charm and top quarks have electrical charge 4+ 2/3 while the down, strange
and bottom quarks have 1/3 charge. The rest of the fermions do not participate in
the strong nuclear interaction and are known as leptons. Three leptons have electric
charge 1. They are known as the electron, the muon and the tau-on. While the other
leptons are neutral and are known as neutrinos. Neutrinos only feel the weak nuclear
force. Apart from the fermions there are the force mediating particles - the gauge
bosons with spin-1. The gluon, responsible for the strong nuclear force, is massless

and binds quarks together to form bound-state hadrons. Photons are the gauge boson
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mediators of electromagnetism and are also massless. However the crucial difference
between photons and gluons lies in the fact that gluons themselves carry colour, while
photons are electrically neutral. This is so because the symmetry group that describes
the strong interaction is SU(3), which is non-abelian, while U(1), the symmetry group
of electromagnetism, is abelian. The weak nuclear force is mediated by 3 massive
bosons (& therefore short-ranged interaction): W* and Z, with electrical charges 1
and 0, respectively. W boson is responsible for the radioactive nuclear processes.
The neutral Z boson on the other hand, participates in interactions like that between
two neutrinos. The masses of the W and Z bosons come from their interaction with
a particle known as the Higgs boson which is a scalar particle. It has no spin and
is responsible for the origin of masses of the particles in the Standard Model. The
Higgs is important because an explicit mass-term for the gauge bosons breaks the
gauge symmetry. Moreover, the SU(2) part of the Standard Model symmetry group
is also broken by explicit fermion masses. However, if the symmetry is spontaneously
broken by the vacuum expectation value of a scalar field, a mass term is generated
without explicitly breaking any symmetries. This is known as the celebrated Brout-
Englert-Higgs mechanism [1, 2, 3, 4]. Although SM has been met with enormous
theoretical and experimental successes [5, 6, 7, 8, 9, 10], there are several questions

unexplained within. These are a few examples !
e Gravity: The Standard Model does not involve gravitational interaction.

e Neutrinos: Neutrinos in the Standard Model are massless. But neutrino oscil-

lations experiments suggest that they have masses.

e Baryon Asymmetry: Matter is much more abundant than antimatter. The

Standard Model has no explanation for this.

e CP: The strong CP problem: why does Quantum Chromodynamics (QCD) or

the strong interactions not break the CP symmetry ?

'We have not included the fine-tuning problems like the Higgs naturalness or the cosmological
constant.
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e Dark Sector: Cosmological observations require the existence of dark matter
but the Standard Model of particle physics provides no candidate to explain
these.

This dissertation is concerned with the second, third and the fifth points, as we
entertain the notion that BSM physics, in the general form, involving dark photons,
SM neutrinos and Non-Standard Interactions (NSI) are useful probes for the weakly

coupled sector physics.

1.1 Neutrinos

The origin of neutrinos can be traced back to the late 19th century (1896) when
Becquerel discovered radioactivity. It was observed that the nucleus of an unstable
atom loses energy by emitting alpha («), beta () and gamma () rays. It was
largely believed that the S-decay is governed by the two-body process, similar to the
a-particle emission,

No(A,Z) = N(A, Z+1)+e,

the energy of the electron emitted in the process is equal to the tiny masses differences
of the nuclei involved. But the measurements of the electron energy spectra was not
conforming to this mechanism as its spectrum is continuous. It was a great puzzle
in the 1920s since a two-body in the final state decay means a fixed energy line for
the electrons. In this context, Niels Bohr suggested that the energy in the micro-
world was conserved only on an average and not on an event-by-event basis. In
1930, Wolgang Pauli postulated the famous “Neutrino Hypothesis” to bring back the
principle of energy conservation in S-decay and suggested that the continuum spectra
is due to one more invisible light neutral particle involved in the (-decay. Though
he himself was not so sure about this postulate. In this hypothesis, one has three
particles involved, so the electron would be able to take any momentum from zero
to the maximum allowed value, that is, a continuous energy spectra and the rest of

the residual energy is carried away by the other light and invisible particle. This
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lead Enrico Fermi to formulate his theory of S-decay based on Pauli’s hypothesis
(1933). Inspite of skepticism, this invisible particle hypothesis was accepted and the
name "neutrino” (in Italian, "ino” suffix is used for ”small”; neutrino represented a
”small neutron” since neutron was the only neutral particle discovered back then)

was coined. Thus the process of f—decay became

n—pt+e + .

Furthermore, the conservation of angular momentum dictates that the neutrinos must
have spin-1/2 and thus they obey the Fermi-Dirac Statistics. But this theory was only
firmly established in 1953 when in 1956, Reines and Cowan detected electron anti-
neutrinos from a nuclear reactor at Savannah River via the inverse 3 decay for the first
time [11]. The principle of lepton number conservation lead to postulation of newer
kinds of neutrinos after this discovery. Muon decay processes should give rise to muon-
flavored neutrino which was subsequently observed at the Brookhaven Laboratories
in 1962 [12]. There the first neutrino beam was created from protons coming from
an accelerator and projected on a target producing hadrons, mainly pions and kaons
and decaying subsequently in the ”decay tunnel”, generating neutrinos (in particular
v,-s with a small contamination of v.-s). After the decay tunnel, an absorber was
able to stop all the particles except neutrinos. The remaining neutrino beam reached
the detector, which was able to identify neutrinos via the charged current neutrino
interactions with nuclei (v, N — pX). Third kind of neutrino, namely the tau-on
flavored neutrino was observed in 2000 by the DONUT accelerator experiment [13].
This was particularly difficult since they involve only heavy hadrons, like charmed
mesons, which are able to produce v,.-s in their decays. Moreover, one needs high
energy threshold for producing the 7 lepton, 3.4 GeV, and identifying its charge

current interactions.

These fundamental particles and their interactions were formulated and embedded
in what is now known as the Standard Model (SM) of particle physics [14], an effort to

unify the electromagnetic, weak, and strong forces, which was developed throughout
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the latter half of the 20th century. This has been described earlier in this chapter.

Although the neutrinos are massless in the SM, the experimentally observed phe-
nomenon of “neutrino oscillation” dictates that neutrinos have non-zero mass. The
strangeness oscillations of neutral kaons was observed in 1955 [15]. Bruno Pontecorvo
conceived the idea that neutrinos undergo quantum mechanical oscillation among
their states and postulated the existence of neutrino-antineutrino oscillations. This is
an interference phenomenon in which a neutrino created with a specific lepton flavour
(Ve, v, o1 1) can later be measured to have a different flavour [16]. This occurs only
if neutrinos are massive and they mix leading to the fact that the flavour eigen-
states are not the same as the mass eigenstates. Afterwards its discovery, the second
neutrino paved the way for Maki, Nakagawa and Sakata to discuss the possibility
of the mixing between two massive neutrinos [17]. Their oscillation theory, for the
first time, considered neutrinos as massive particles, even though all the observations
were compatible with the massless neutrinos hypothesis. Experiments that looked
at neutrinos coming from the Sun observed some anomalies that could be explained
considering the oscillations between v, and v, since 1968 [18, 19, 20]. The effect of
matter in these oscillations was explored by Wolfenstein [21]. He showed that matter
effect suppresses oscillations of the solar neutrinos propagating in the Sun and super-
nova neutrinos inside a star. He considered hypothetical experiments with neutrinos
propagating through 1000 km of rock, which back then were thought-experiments
only.

However, the first evidence of neutrino oscillation was found by the Super-Kamiokande
experiment in 1998 [22] which was concerned about investigating the directional anal-
ysis of the fluxes of atmospheric neutrinos which are basically neutrinos that orig-
inate from decays or interactions of the cosmic rays inside the atmosphere. This
study clearly produced a deficit in the flux of muon-flavored neutrinos traveling a
large distance through the Earth. Oscillations between v,-s and v,-s states of the
neutrinos explain this anomalous phenomenon. On the back of this evidence, many
other neutrino oscillation experiments were constructed and thoroughly studied neu-

trinos arriving from the Sun (Refs. [23]-[25]), cosmic rays [26], nuclear reactors (Refs.
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[27]-[28]) and particle accelerators (Refs. [29]-[34]).
Neutrinos interact in the gauge-basis and therefore detected according to the La-
grangian in their flavour or gauge eigenstates (v,). It is related to the mass or energy
eigenstates (;) as

Va) = UnilVi), (1.1)

with @ = e,u,7 and ¢ = 1, 2, 3. U is the unitary mixing matrix known as the

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix.

Ua Us Uga
U=1Un Up Ugs
L U*rl U7'2 U‘T3 i
-1 0 0 [ C13 0 S13€ i [ 812 1]
=10 Cag Say 0 1 0 —812  C12 0
[0 —s23 co3 | | —s13€” 0 13 0 0 1
[ €12€13 512€13 size "
= | —s12023 — c12823813€"°  ciaco3 — S12823813€"  sa3ci3
| s12823 — Ciaca3s13€’®  —cia823 — s1ae23813€"  eazens

0;; are the various mixing angles, s & c are respective sine and cosine of the 0;;
angles and dcp is the CP-violating phases in the matrix 2. The probability that v,-
flavored neutrino to transform to vg-flavored neutrino (v, — v3) in a time interval ¢
is given by the amplitude squared |(v(t)|va)|?. Just to sketch an example, oscillation
of the three flavours of neutrinos in vacuum, the probability of flavour transition

Vo — v can be expressed as [35]

Pog =00 — 4> Re(UaiUsUlUs) sin’{Ay;L/AE} (1.2)
1<j
+ 2 Im(UaiUsUs;U,) sin{2A;,L/AE},

1>]

where A;; = m7 —m3 and i, j runs from 1 to 3. This will be discussed in details

2Majorana phases have not been considered as they do not enter in the neutrino oscillation
phenomena
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in the next chapter. It is evident from this relation the oscillatory terms depend
on the mass squared differences of the neutrinos and not the absolute masses of the
neutrinos themselves. Moreover, the flavor transition is characterised by the energy
of the neutrinos £ and the baseline L associated with it. The oscillation probability
is maximum when L/E is of the order of 1/A,;.

Most of the oscillation parameters have been determined with a very small uncer-
tainty till now. But there are still many open questions, for example, the CP violation
in the neutrino sector (that is, measurement of the phase dcp), the mass hierarchy
(if the mass of neutrino my is greater than ms or not) and the octant of fa3 (whether
the value of 3 is less than or greater than 45°). Also now that we are in the era
of precision measurements in the neutrino sector, also search for evidences of new
physics in the oscillations has gained momentum.

The open questions mentioned above will be explored in future neutrino exper-
iments and one of the most important among them will be the Deep Underground
Neutrino Experiment (DUNE), which will have a baseline of 1300 km. We will con-
centrate the phenomenology related to this experiment in this thesis for the neutrino
studies. The standard numerical simulations involving physics potentials and their
sensitivity studies in DUNE involve two oscillations channels, namely the v, appear-
ance and the v, disappearance channels. However, the v, appearance channel will
be directly accessible by DUNE as well. In this thesis we consider a scenario with
DUNE where the v, appearance channel has been added to the standard simulations
and study its impact on the analysis of sensitivities to neutrino oscillation parame-
ters. The v, appearance channel can be used not only to study standard oscillations,
but also to improve the sensitivity limits to new BSM physics parameters like that of

Non-Standard Interaction (NSI) and the 3+1 sterile neutrino model.

1.2 Dark Sector

In the second half of the thesis we will be concerned with the problem of dark matter

and dark sector physics searches. Dark matter (DM) [36, 37, 38] and neutrino masses
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[18, 39] are among the several experimental facts that point towards physics beyond
the current fundamental physics framework known as the Standard Model of particle
physics or SM. The non-luminous matter component of the universe known as dark
matter constitutes about a fifth of the total energy density of our universe a fact
now well established courtsey to several evidences in cosmology and astrophysics at
different scales [41]. Despite the several experimental searches and the impressive
efforts of the community, all the evidence for DM has only been of gravitational
nature and the widely considered non-gravitational nature of DM is still unknown
[40]. There are many candidates postulated for this [41], and a lot of attention was
devoted to the class of beyond Standard Model theories which can provide a weakly
interacting massive particle (WIMP) DM candidate, which, as the name suggests,
weakly interact with SM particles and contains an appealing connection between the
dark sector and the electroweak scale [42].

Several theoretical models envisage various types of DM models, among which of
particular interest is the possibility that there is a specific type of particle that may
serve as a portal between the dark particles of the new type of matter and the ordinary
matter of the SM through a new very weak interaction. In a theoretical scenario of
DM particles, this new sector can be constituted of possible DM candidates that can

be classified into three broad classes

1. Weakly interacting massive particles (WIMPs). Typically with masses of several
GeV.

2. Ultra-light sub-eV particles introduced as a solution to the strong CP problem

(axion) and similar pseudo-Goldstone bosons (axion-like particles or ALPs).

3. Sub-GeV hidden sector particles, neutral under SM charges and feebly interact-
ing with the SM through new portal forces.

Due to the unsuccessful results from the traditional searches for WIMP particles,
there are at least two possible reasons why a DM particle of a new sector has not

been discovered yet: first, the mass scale of the new particles, including the mediators
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of the new forces, is well above the energy scale reached so far in laboratory experi-
ments, mainly investigated in collider experiments. Second, the mass scale is within
experimental reaches, but the couplings between the new particles and the SM ones
are so feeble that the whole new sector has so far remained hidden. This latter case
often referred to as the Hidden Sector (HS) or "Dark Sector” (DS) hypothesis, and
this motivation has lead to an increasing interest in the high energy physics commu-
nity. Several novel ideas have been proposed to hunt for new physics at the intensity
frontiers for scenarios beyond the SM (BSM) containing new particles with masses in
the range between sub-eV and sub-GeV, neutral under the SM forces and interacting
feebly with the ordinary matter. HS is motivated from some experimental anomalies
like the discrepancy between the measured value of (g-2), and the theoretical pre-
diction and the anomaly observed in decays of excited 8 Be nuclei. These puzzles
can be explained via weakly coupled HS mediators with masses in the MeV range.
In particular, the last anomaly can be resolved by hypothesizing the emission of a 17
MeV HS boson, a dark photon (DP) A’ , in the decay ® Be * —% Be + A’ followed
by A’ — et + e~. This idea is developed where the DP is considered as a natural
candidate for super-weakly coupled new state, since its dominant interaction with
the SM sector might arise exclusively from a mixed kinetic term coupling the U(1)’
and QED field strength tensors. In this work, we studied how DPs can be searched
when its production is through the annihilations of e™ and e~ into an on-shell DP, or
non-resonant into photon pairs, one of which ordinary and one dark. The analysis is
considered for the PADME experiment at the Frascati National Laboratories, aiming
to seek this type of event through the accurate reconstruction of the invariant mass
distributions of e, e~ pairs produced in a possible decay of A’ , or through the re-
construction of the missing mass in the balance between the initial state, constituted
by the e™ + e~ pair (using the positrons of the Frascati Beam Test Facility) and
the final state in which only the ordinary photon is detected. If discovered the dark
photon explaining the ®Be anomaly, it will be a breakthrough in particle physics as

this might open the door to a whole new sector containing hidden particles.

Before concluding this chapter, let me summarize the essential motivation behind



10

the research concerned with this thesis. We are mainly interested in the weakly
coupled sector of the standard particle theory of the Universe in general. One in
the neutrino sector which interact through the weak interactions of the Standard
Model and the neutrino oscillation experiments are well equipped with measuring the
unknown parameters in the neutrino sector as well as looking for beyond Standard
Model (BSM) physics linked to it, especially in context to the third generation of the
leptons in the SM which have very weak constraints till now. For the planned DUNE
experiment we investigated the impact of analysing the v, -appearance channel that
is accessible there. The second weakly coupled sector is dark sector or hidden sector
and we study the DP phenomenology with respect to this. Particularly we studied
the various DP searches and developed a novel method to look for DP in the PADME
experiment in a case well-suited to solving the 8-Be nuclear anomaly.

The structure of this thesis is as follows: in the second chapter, we lay out the
formalism for neutrino oscillation, in the next we give an overview of the DUNE
experiment, in the fourth chapter, we investigate the standard physics scenario in
DUNE with v, appearance and in fifth we study the new physics in the form of NSI
in our analysis. The sixth and seventh chapters are about the DP models overviews
and the search in PADME experiment respectively. Finally we have the ninth chapter
to briefly summarize and present conclusions from our study.

I have added material that reviews and clarifies the relevant physics for the reader.
Also, as far as possible, I have complemented the previously published research with

discussions of recent advances in the literature and in my own understanding.
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Chapter 2

The Phenomenon of Neutrino
Oscillation

This chapter and the next one are dedicated to reviewing the phenomena of neutrino
oscillation; in particular, we will concentrate on the neutrino oscillation in context to
Long-Baseline experiment. Likewise we will review the experimental set-up and the

main physics opportunities at the DUNE experiment.

2.1 Introduction

Originally proposed by Bruno Pontecorvo [43], neutrinos while propagating undergo
oscillation and this phenomenon is described in terms of the transition probability
from one flavour to another. The probability depends on the neutrino mass squared
differences, mixing angles and the Dirac CP phase. Although experiments detecting
neutrinos from many sources were able to constrain with a very good precision the
oscillation parameters, there are still some open questions. Moreover, oscillation
experiments cannot measure the absolute neutrinos masses; for that purpose, tritium
beta decay experiments have been built. The Troitsk [44] and Mainz [45] experiments
give an upper bound on electron neutrino |m,,| < 1.8 e¢V. For some weak constraints
on muon and tau-flavored neutrino masses, see pion decay experiment bounds: m,, <
0.17 MeV [46] and m,_ < 18.2 MeV [47] respectively. For Majorana neutrino mass
bound, see neutrino-less double-beta decay experiment [48, 49] and lastly cosmology

gives an upper bound on neutrino mass sum due to neutrino-free streaming constraints
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at late universe [50]. For a comprehensive summary, see [51].

We will follow a bottom-up approach and build up the neutrino oscillation prob-
abilities with increasing level of complexities. Let us begin with a simple 2-flavor

neutrino oscillation scenario in vacuum.

2.2 A Look at the Oscillation Probabilities

We will present analytic expressions for the neutrino oscillation probabilities in vac-
uum, and in presence of matter. Using constant matter density one can derive the
exact expressions for a 2-flavor neutrino oscillation scenario. The same for 3-flavor
needs to be achieved under certain assumptions. One of the popularly used methods
to derive the probabilities is the a — s13 (double expansion in a(= Ag/As;) and
sin f13) approximation where A;; = m7 —m3 [52] and 6,3 is one of the mixing angles
of Uppyrns. We shall describe the parameters in details later. This approximation is

suited to accelerator-based neutrino oscillation studies.

We will concentrate on the latter; other than the planned DUNE experiment [53]
which we will describe in details later, some the experimental set-ups which uses

accelerator-based neutrinos to study neutrino oscillation are namely the LSND [54],

MiniBooNE [55], K2K [56], MINOS [57], T2K [58] and NOvA [59] experiments.

2.2.1 2-Flavors Neutrino in Vacuum

For two generations of neutrinos, say of flavors, v, and v,, the flavor and mass eigen-

states of the neutrinos are related by:

V, cosf sind 2

0 —sinf cosf Vo
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where 6 is the mixing angle between the gauge and mass eigenstates between the

neutrinos. Considering the time evolution of the neutrino,

d
i lv(t) >= Hlv(t) > (2.2)

with H = ﬁU Diag[m?, m3)UT, then using energy-mass relation, the time evolution

the neutrino gives
Ve (t)) = e " cos O|vy) + e 2 sin O|vy), (2.3)

where F; and Es, are the energies of the mass eigenstates v and v, having mass m,

and me, respectively; the survival probability of the electron neutrino v, is given by

Pee = |<y€|ye(t)>|2

= (cos® fe "1t 4 sin? fe2")(cos? fe' 1t + sin? fe'P>")

= 1 —sin?20sin*{(E, — E))t/2}. (2.4)
As neutrinos are relativistic particles, £ ~ p ~ ;’LEZ and t ~ L (for c =1 and h=1).

Therefore, P,. becomes

P, = 1—sin?20sin’{Ay L/4E}

= 1-—sin?20sin’{1.27Ay L/E}, (2.5)

where in the last line, Ay; = m3 — m? is in eV?, L is in km and F is in GeV. Since

the total probability should add upto 1, the conversion probability is

P, = 1-PF.

= sin?20sin*{1.27TAy L/E}. (2.6)

Although Eq. 2.6 is a very simplified calculation, some salient features of neutrino os-

cillation are apparent: the essential oscillatory behaviour is encoded within Ag;-term
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which when the neutrinos masses are equal, or becomes vanishing; so, no oscillation.
Also, notice that whether § < 45° or > 45° does not matter and the probability
remains the same for both cases. Similarly, the sign of Ay does not affect the prob-
ability; so there is a degeneracy between 6 — 7/2 — 0 and Ay — —Ag; values.
On the other hand the L. and E terms in the probability conspires to decide the
sensitivity to the parameters. For example, high L and low E values cause large

periodicity leading to averaging out of oscillations, the maximum oscillation being:

n being integers (n = 1 is known as the first oscillation maximum which is usually
what is looked at long-baseline neutrino experiments). For example, the DUNE ex-
periment is designed such that the neutrino flux peaks at the energies where there is
maximum of oscillation; for L= 1300 km the neutrino peaks at about 2.5 GeV. This
value for n = 1 points to a mass squared difference as 2.5 x 1073 eV? which is the
best-fit values of the accelerator mass squared difference.

Having understood some preliminary points regarding the oscillatory nature of

the probability, let us move on to the 3-flavor scenario in the next subsection.

2.2.2 3-Flavours Neutrinos in Vacuum

Following Ref. [60], a 3-flavor case, the mixing matrix Upyys will be a 3 x 3 unitary
matrix and be parameterized by three mixing angles, namely 6,5, f53 and 6,3 and a
CP-violating phase dcp

Upnins = RosRiz R, (2.8)

where R;; are the orthogonal rotational matrices:
1 0 0 C13 0 8136_16CP ci2  S12 0

R23 =10 Co3 S93 7R13 = 0 1 0 aRIQ - —S12 C12 0 (29)

0 —S8923 (o3 —Slge_wcp 0 C13 0 0 1
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leading to

C12C13 $12C13 S1ze” 0P

_ is is
Upmns = | —s12023 — €12523513€"°CF  C19093 — S12893513€°CF S23C13

is, is
S128923 — C12C23513€"°CF  —C12893 — $12C23813€°CF C23C13

(2.10)
where ¢;; = cost);; , s;; = sinf;;. The gauge eigenstates and mass eigenstates are

related to each other by:

Ve 1%}
v | = Upmns | 1 (2.11)
V- V3

Similar to the 2-flavor case, the neutrino state evolution will be governed by the
Hamiltonian ' H = ;L-Upyus Diag [m?,m3, m2]ULy g Writing the relation in

terms of a = e, u, 7 and i =1, 2, 3, we have

[Va(t =0)) = Uni|th) + Ua2lva) + Uas|vs) (2.12)

|l/a(t)> = UaleiiElt’Vﬁ -+ UageiiEQt‘V2> + UageiiE3t|l/3> (213)
and the survival probability is given by

Pao = |(valt = 0)|va(t))? (2.14)
= (|UaPe™™ 4 |Ug?e 2 4 |Uys |55
X (|Ua1 [2€F1 + |Uns |22t + |Uys[?e's?)
= |Uai|* + [Un2l* + |Usas|*
- ’UMP’UMFG%(EFEQ) + |Ua1‘2’Ua2‘zei(E1*Ez)
+ |Uat || Uns e " E 75 4 | Uy |H Uz |21 E)

+ |Ua2|2|Ua3|26_i(E2_E3)+|Ua2|2|Ua3|26i(E2—E3)

"'We have used U and Upnss interchangeably in the thesis.
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Now taking the first three terms of equation 2.15

|Ua1|4+‘Ua2|4+‘Ua3|4 - (|Ua1‘2+|Ua2|2+|Ua3|2>2

- 2|Ua1’2‘Ua2’2 - 2|Ua1|2‘Ua3’2 - 2’Ua2|2|Ua3|2

= 1- 2’Ual|2’U6¥2|2 - 2|Ual|2’Ua3|2

- 2|U0¢2|2|U0c3|2

Note that unitary condition have been used:

3
> Uaill, = bap
=1

Gathering all the terms from equations 2.15 and 2.16

(2.15)

(2.16)

—2{Uot |2|Un2]? 4 |Uat |*|Ung|* (e 772 E2) 4 g/ EL=E2))y — _4|U 1 |2|U,s|? sin® Ay L/AE

which after some algebraic simplification reduces to the expression for P,, as

Poo = 1—4Un1*|Unsl?sin® Aoy L/AE
— 4|Ua1|2|Ua3|2SiH2A31L/4E

— A Upn|?|Uas|? sin® Agz L/AE

(2.17)

(2.18)

Proceeding in a similar manner, one obtains for the general transition probability,

for appearance and disappearance cases,

Pag =0a5 — AR +

" L
* % .9 9

i>]

+ 23

" L
* % . 9
Z UaiUsiUaiUg; sin (Amij ﬁ)

i>j

(2.19)

where Rt and & represents the real and imaginary parts respectively. Note that the
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$ part comes into play only in disappearance type transitions, so the CP violating
parameter dcp can be probed by this. One can see that the three mass squared
differences are a part of equation 2.19 in the three flavour oscillation scenario. We
shall derive these probabilities in details considering matter effects in subsequent
chapters.

Although we studied the neutrino oscillation in vacuum, in reality the neutrino
propagates through some matter, and due to presence of electrons in matter, they
suffer coherent forward scattering and their propagation gets modified than that in
vacuum. This shall be topic of study of the next subsection: we will understand the

features of neutrino oscillations in matter.

2.2.3 2-Flavours Neutrinos in Matter

Whenever neutrinos propagate inside matter neutrino oscillation probabilities are
modified from that in vacuum. This is because active neutrino flavors get scattered
by the electrons present inside the matter, causing an effective potential (or effective
mass) in the path during the travel of the neutrinos. Basically neutrinos interact with
the medium and gets scattered coherently: these scattering are elastic in nature and
can be of weak charge current (CC) or neutral current (NC) in their electro-weak
physics origin. The charge current interactions affect only v, since normal matter
consists of electron, proton and neutron but the neutral current interactions affect
all the three active neutrinos. These interactions are represented by the Feynman

diagrams in Fig. 2.1.

NC scattering effective-potential affects all three neutrino flavor propagation equally,
so does not show up in the the final expressions of neutrino oscillation probabilities.
However, the CC interaction has its effect only on the electron neutrinos and con-
sequently changes the probability expression. We can write the effective interaction
Hamiltonian for the CC as, following Ref. [60]:

Heg = % (€7, (1 — v5)ve] [7er (1 — 75)e] (2.20)
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Figure 2.1: CC and NC interactions of neutrinos in matter.

where G is the Fermi constant and the symbols have their usual meaning. After

some algebraic transformation, one can reduce the expression to

Gp. _
Heg = 7 [€7,(1 — v5)e] [Zer™ (1 — 75)ve] -
Next we take an average of this interaction over the background field, since we are
interested in understanding in terms of an interaction potential. Since the electrons

are the background we may use the following identities [61]

1

(Evuyse) ~ 3

<é’}/16> ~ Vv,
(evoe) = N, (2.21)

where the first identity is the spin, v is the velocity of electrons and N, is the number
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density of the electrons. In the non-relativistic limit it can be written as

Heff - ﬂGFNeﬂeLfYOVeL

= UCCﬂeL’VOVeL
= Uccj,,, (2.22)
where N, is the electron number density of the medium, v, = l_%ye, Gy = Uer Y Ver,
and voe is the interaction effective-potential given by
vee = V2GEN,. (2.23)
Similarly, for anti-neutrinos, we will have (see Appendix 9.1):
toc = —V2GEN.. (2.24)
Thus the evolution equation becomes
a Ve V@
i— = Hpew , (2.25)
ot " "
with
A T
pmatt _ —4—%1:08 20 + voe ﬁ—z} sin 20 ' (2.26)
S sin 20 53 cos 20
Let
A =2V2GpN.E, (2.27)
and substracting & from the diagonal elements, Eq. 2.26 simplifies to
matt _ 1 A — Agl cos 20 Agl sin 260 (228)

m il
AE Ay sin 20 —A 4 Agj cos 20
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The energy eigenvalues of HP* are obtained by simply diagonalising the above ma-

trix:

Eyp = ﬁ [A £ /(= A+ Ayp cos20)? + (A sin 29)2] ' (2.29)

We know, for relativistic species Ey — By = (m3—m?)/2E. This modifies the neutrino
mass squared difference in presence of matter and one may write the effective neutrino

mass-squared as:

AY = \/(—A + Ay c0520)2 + (Ayy sin 20)2 (2.30)

Just to point out explicitly, the matter effects are nicely encoded with the A-term and
note that this is the term which is causing the modification of the energy eigenstates.
In the limit A — 0, one recovers the vacuum oscillation properties. A not only
shifts the mass values, but also in a similar manner modifies the mixing between the

neutrinos:

Agl sin 20
— A+ Ay cos20°

tan208ff = (231)

Here 0. is the mixing angle in matter and U.s¢ the mixing matrix which is required
for diagonalizing the matter Hamiltonian matrix HE** for converting from flavour
basis to mass basis by the transformation H}*" = U, jf sHE®Ueps. The expressions

for the probabilities P, and P,, become

P,. = sin? 20y, sin*(1.27AN L/E) (2.32)
Pu,u =1- Pue (233)

where we took the matter density to be of constant nature. Some comments are

in order: the expression for the vacuum oscillation probability was not sensitive to
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the sign of Ay and octant of 6 but due the modification in mass and mixing, the
expression now becomes sensitive to both of them. Another interesting phenomenon
in this case is the MSW (Mikheyev-Smirnov-Wolfenstein) resonance. This happens

when

Ngjcos20 = A

E
— 0.76 x 10| —~ 2, 2.34
0.76 x 10 [gm/w} [Gev}ev (2.34)

If this condition is satisfied then we see that the mixing angle becomes maximal i.e.,
7 /4. This leads to the possibility of total transitions between the two flavours. Since
for neutrinos A is positive, resonance can only occur for Ay; > 0 and 6 < 7/4 or
Ay < 0 and 0 > 7/4. For anti-neutrinos the resonance condition is given by Ag; > 0
and 0 > 7/4 or Ay; < 0 and 6 < w/4. From this it is clear that the enhancement
of the neutrino and anti-neutrino probabilities depend on the sign of Ay and octant
of 8. Thus the experimental observation of this resonance effect can lead to the
determination of the same.

Next we show the business part of our computation where will derive the full 3-
flavor neutrino oscillation probability including all matter effects by diagonalizing the
matter Hamiltonian. An approximation regarding that the matter density is constant

will also be used for simplification purposes.

2.2.4 3-Flavours Neutrinos in Matter:

In this subsection we will give the derivation of the approximate three flavour proba-
bility expressions using the series expansion method [52] in a constant matter density.
We will study expansions in terms of the mass hierarchy parameter o« = Ay; /A3y and
mixing parameter s;3 = sinf3 keeping terms up to second order. The effective

Hamiltonian in flavour basis can be written as

matter

A ~
s = 28 [Udiag (0, 0, U + diag(4,0,0)], (2.35)
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where A = A/Ag1. In order to derive the double expansion, we write the above

Hamiltonian as

A
H = = Ry Us MU R3, (2.36)

where Us = diag(1, 1, ¢?c?). We define,

A
Hmatt Q_;M (2.37)
A R
- o2 [R13R12diag(0, a, 1)RL,RE, + diag(A, 0, 0)
§2,20 + 2%+ A acppcizsyy  siscis(l — as?y)
- 5§12€12C13¢ 040%2 —QC12512513
s13c13(1 — as?y)  —S12C12813Q0 STy ST5 + Chg

Diagonalisation is performed using perturbation theory up to second order in the

small parameters o and sy3 i.e.,
M = M°+ M + M?, (2.38)
where

M° = diag(A,0,1) = diag(A?, A, A9), (2.39)

2
Oz812 S192C12  S13

M = | aspperp acl, 0|, (2.40)
S13 0 0
3%3 0 —043135%2
M2 = 0 0 —@QS13512C12 . (241)

2 2
—Oé813512 —(S513512C12 —813
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For eigenvalues we write

A=A+ N+ N, (2.42)

and for the eigenvectors we write

v; = VY +vp + vl (2.43)
Since MY is already diagonal we have
W = e, (2.44)
ie.,
1 0 0
W=fol, w=1]1[, v=10 (2.45)
0 0 1
Now the first and second order corrections to the eigenvalues are given by
A= My = (0] IMY]), (2.46)
1)2
2 2 (M;;)
Moo= M+ UL (2.47)
gt
and the corrections to the eigenvectors are given by
ML
1 i
gt
1
o=y 00 (M7 4 (M'o}); = A (v]);]e;. (2.49)
J

g
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Using Eqgs. 2.46 and 2.47 and keeping in mind the fact that F; = %)\i, we obtain
the following expressions for the energy eigenvalues

~

Agl ~ A SiIl2 2912
E, = —(A+as’, +s——F+a°———=
L= gl BUTEA 1A

Agl 9 2sin22912
Ey = _2E(CYC12_ —4121 )7
Az , A
E3 = ﬁ(1—813ﬂ), (252)

), (2.50)

(2.51)

and using Eqgs. 2.48 and 2.49 we get the three eigenvectors as

1 _asin2012 _ 042 Sin4912
2A 4A2
. 9 .
v — ozsm%@m a 31r£4€12 Vo = 9253
! 24 T a4z > V2 1 , (2.53)
sig _ Aasissiy as1g sin 2012(A+1)
A1 T (A 24

__ 813 + A‘{SBS%Q
A-1 (A-1)2

and v; = —Ao‘?&i‘lje”

1

such that now the leptonic mixing matrix is:

U, = RosUsW, (2.54)

with W = (v, v, v3). Next, via the U, matrix elements and using Eqgs. 2.50, 2.51 and

2.52 we get the analytic expressions for oscillation probabilities. First the v, — v,
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transition probability and the leading order term for v, — v,

2(A-1)A
Fhe = Aot - (A 2.55
1 13523 A1) (2.55)
in AA sin(A — 1)A
+ 2ausy3 sin 265 sin 2653 cos(A — 50}3)8111 d sin( ‘ )

A A—1
sin? AA

+ o sin? 201955 ————,
A2

Similarly, the expression for the disappearance probability,

P, =1 —sin® 2093 sin® A + a c3, sin® 2053 A sin 2A

92 3
) sin® AA .
—a? sin® 20y ¢34 B T o ], sin? 2053 A? cos 2A

w02 sin? 90, sin? 205 [ sin A AL oA — 1A — 2 sin2a
2A A 2

~

in?(A - 1)A
— a5, A
(A—1)
2 . sin(A—1)A A
- s%3 sin® 2043 [ sin A cos AA Sm(A—) — —A sin2A
A—-1 A—-1 2
sin AA sin(A — 1)A

— 2 813 sin 26045 sin 2053 cos dcp cos A - =

A—-1

2 A in AA .
+ 1 o 813 sin 2615 sin 2053 cos 2093 cos dcp sin A (A sin A — smA cos(A — 1)A> ,

(2.56)

where A = Ay /4E. The transformation A— —Aand dcp — —bcp give us the same
for the anti-neutrinos. See Appendix for details.

This is the so-called («, s13) approximation, valid when «, s13 < 1. This series
expansion formula cannot be used when aA = Ag L/4FE is of order 1 since then the
oscillatory behaviour is governed by the mass squared difference Ay as well. Thus we

have established that for the Long-baseline experiments for which we are concerned,

2We choose these two probability transitions to present as these are two channels to be explored
in the DUNE experiment as per planned till now. We will describe the v, — v, probability in a
subsequent chapter.
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in particular for DUNE, these formulae are more than justified to be true and the
approximation holds good. For detailed studies on MSW effects see Ref. [62] 3.

Geared up with this, we are in a position to review briefly the current constraints
and experimental measurements of the neutrino oscillation parameters. This will
be the topic of the next subsection. This shall also enable us to understand how
long-baseline experiments and DUNE, in particular, maybe useful to perform future
measurements so as to fill-up the gap in our current understanding of the neutrino

oscillation phenomena.

2.3 Present Status of Oscillation Measurements

Let us make the following classification of the neutrino oscillation based on the neu-

trino experiment-type they are inferred from *:

e the solar neutrino parameters, namely, 615, Ao;.
e the atmospheric neutrino parameters namely, 63, As;.
e the reactor neutrino parameter namely, 6;3.

We have not included the Leptonic CP phase in this classification for the time be-
ing. Solar neutrino experiments and KamLAND reactor data constrains 6, and
Ag; [65]. Accelerator long-baseline experiments like MINOS and T2K constrain
|As1| and dcp. The parameters |As;| and 63 are also constrained from Super-

Kamiokande. The reactor data (Daya-Bay, RENO and Double-Chooz) constrain 6,3

and A..( = si,sin®(22E) + 2, sin?(2el)) 66, 67, 68]. However, the situation is
not simple, so to speak: a non-zero value of 63 affects both solar and atmospheric
oscillation results, therefore 6,3 plays a major role in the global fit to neutrino data

worldwide.

3For the first time, the matter effects were considered in the context of neutrinos coming from
the sun where the MSW effect was dominant [63, 64].

4This classification is not so rigid as KamLAND is a reactor experiment, it measured 6,5 and
Agq as well.
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Figure 2.2: Two possible mass orderings of neutrinos. Individual masses my, ms,and
ms are unknown.

One of the three groups doing the global analysis of the world neutrino data is
the Nu-Fit group [69]: we quote their latest values in Table 4.1.

Let us try to put the unknowns discussed above in terms of transition probabilities
and measurements context.

Matter effect is crucial when trying to measure neutrino mass hierarchy. For solar
neutrinos, the MSW effect in the core of the Sun leads to measurement of 615 be in
the first octant which consequently implies ms > m; [70]. However, for the case to
understand the Ag; sign, one needs to understand the Earth matter effects [71]. In
context to the the long-baseline neutrino experiments the determination of neutrino
mass hierarchy is advocated through the electron neutrino appearance channel. More
so, in particular, this is the case for DUNE.

The octant of a3 is sensitive mainly to appearance channels (see Egs. 2.55 and
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2.56) in long-baseline neutrino experiments. The reason is as follows: from the proba-
bility expressions in matter, we can see that the leading order term of the appearance
channel depends on sin? f,3; the appearance channel probability increases as the value
of a3 increases (for fy3 < 7). But in the disappearance channel probability, the lead-

ing order term is sin® 26,3 and this gives equal probability for 653 and /2 — 3.

Even though the sensitivity of disappearance channel to octant sensitivity for the
long-baseline experiments is sub-dominant but this channel is useful for the preci-
sion measurement of f,3 nonetheless. So one can determine the octant of f,3 using
the combination of appearance and disappearance channels in the long-baseline ex-
periments if 53 is not very close to maximal. Currently the statistics available is

insufficient to predict the true octant of o3 to any extent.

It is important to observe that in the appearance channel probability expressions,
the octant sensitive term sin? 6,3 appears with #;5. Thus the precise measurement of
613 also improves the octant sensitivity [72]. Earlier when ;3 was not measured very
precisely, it was difficult to measure the value of 093 accurately in the long-baseline

experiments, that goes without explicitly saying so to speak.

Moreover, the first dcp measurement came from the appearance channel of a long-
baseline experiments (e.g., T2K gives it to about —90°) but this parameter is difficult
to probe as in the a — s13 approximation we saw that the dependence in dcp is sub-
leading. On the other hand, in case of the atmospheric neutrino experiments the
CP sensitivity suffers a lot due to their dependence on the direction of the incoming
neutrinos [73, 74] °. For the case of reactor experiments, there is no sensitivity to dcp

as it consists of electron appearance channel which does not depend on d¢p.

The other crucial aspect in unknown measurements is the fact that the mea-
surements are largely affected by the presence of many degeneracies in the neutrino

oscillation probabilities. Let us review some of those in the next section.

5The disappearance probability of P,,. and appearance P., contain écp term always multiplied
by cos A or sin A factors. Now for a 10% error range in the zenith angle 6, for the direction of the
incoming neutrinos and the energy of the incoming neutrino, the oscillating term value varies over
its entire cycle. Thus we get hardly any sensitivity for the dcp measurement.
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2.4 Parameter Degeneracies in the Oscillation Prob-

abilities

Suppose one gets the same neutrino oscillation probabilities for different sets of pa-
rameter values, then it is said that there is degeneracy between those oscillation
parameters. As a consequence of this, this degeneracy translates into same number of
events and it is impossible to distinguish the true parameter value from the fake ones.
Thus even if different sets of parameters can give equally good fit to the experimental
data it becomes very tough to determine the actual values of the parameters in an
unambiguous manner.

During the era of unknown values of 6;3, three types of ambiguities in measure-

ments of oscillations were in vogue in the literature:

1. the intrinsic (613, 0cp) ambiguity [75]. P,. appearance probability takes the

same values for different pairs of parameters:
Pue(ell% 5C’P) = Pue( ,13a 6ICP) (257)

2. Am3;-6cp ambiguity [76]. P, channel gives wrong mass hierarchy solutions

arising due to a different value of dcp other than the true value.

P,w(Amgl, dcp) = Pue(_Amgp 5/019)- (2.58)

3. the ambiguity of octant of 3 [77]. The intrinsic octant degeneracy of the P,,

channel is due the existence of identical solutions for fs5 and 90° — 45 values:

Buu(023) = Py (90° — Oa3). (2.59)

These ambiguities collectively is known as eight-fold degeneracy [78]. For the
P,. appearance channel, the octant degeneracy shows up because the leading order

dependency on #y3 is on sin®f3sin®fys. For a given value of dcp, many sets of
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(013, 093) values are allowed if #;3 in unknown. There exists a plethora of proposals
to break the degeneracies and perform better sensitivity measurements, see Refs.
(79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90| for a list. In particular Ref. [84]
proposed to utilize the spectral information to resolve the (63, dcp) degeneracy.
However, the reactor angle 63 has been measured to good precision, therefore the
intrinsic degeneracy is largely said to be resolved, also improving upon the octant
sensitivity. In today’s context since the value of dcp is known only with a relatively
high uncertainty, therefore the ambiguities in determining the oscillation parameters
that continue to exist are the hierarchy-dcp degeneracy and the octant-é¢p degeneracy

91].

In the next chapter we will focus particularly at the DUNE experiment and de-
scribe in details the experimental set-up and numerical simulations we considered
sketching a preliminary idea upon the motivation as well how the current study in
thesis may help in understanding physics opportunities related to v, appearance anal-

ysis in DUNE.
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Chapter 3

Overview of the DUNE experiment

3.1 Introduction

The Deep Underground Neutrino Experiment (DUNE) [53] is considered as one of the
most important of the future neutrino experiments with collaboration of about 1000
scientists from 175 institutions in 32 countries people (2nd highest in any experimental
collaboration till date) with an average rate of increase of 100 persons per year. The
construction work started in 2017, with expected whole experimental set-up to be

complete within 2017 and data taking scheduled from the mid 2020-s.

3.2 Experimental Set-up

DUNE will have two neutrino detectors alongside the most intense neutrino beam
from the Long Baseline Neutrino Facility (LBNF) located at Fermilab, in Batavia,
IL, USA. Like all the accelerator beams, it will be mainly composed of v, (or 7,);
the beam has tiny v, (or 7,) contamination of about 0.9% [53, 92]. The far detector
is planned at 1300 km far from the beam source, at Sanford Underground Research
Laboratory (SURF), in South Dakota. It will consist of four 10-kt Liquid Argon Time
Projection Chambers (LAr-TPCs). Recently this kind of detector has been found
to be most useful in the studies of neutrino interaction processes since its spatial
resolution and its time resolution is very good; moreover, it can detect neutrinos

very precisely leading to unprecedented energy-reconstruction of complex neutrino
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Figure 3.1: Schematic description of the DUNE experiment.

interactions with high efficiency over a broad energy range [93, 94]. A schematic

description of the DUNE experimental-setup is given in Fig. 3.1.

3.2.1 The Near Detector

Fermilab is the host for the beam facility and the near detector which is currently
under consideration as a part of the main experiment [95]. Extracting the proton
beam from the Fermilab Main Injector (MI) and colliding in the target area, the
pions and kaons are generated and focused by the so called "neutrino horns”. They
decay producing neutrinos in the final state, which are mostly v,, and the neutrino
beam is thus achieved. The beam is designed in order to provide a proton beam
power of 1.2 MW, (upgrade-able to 2.4 MW).

The near detector system studies the energy spectrum characterization source
beam compositions, and neutrino interaction cross-sections thereby reducing the flux
uncertainties and systematics related to it '. It is noteworthy to mention that the
construction details of the near detector for DUNE is yet to be finalized. The reference
design being considered is similar to NOMAD tracker [53]; however there have been
considerations for calorimeters [97] or gaseous argon TPC-type [98, 99] detectors as

well.

!Recently BSM physics search capabilities including heavier neutrinos was done in Ref. [96].
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Figure 3.2: An illustration of neutrino detection in Liquid-Argon detector.

3.2.2 The Far Detector

SURF (Soudan Underground Research Facility) is the host for the far site and detector
modules, utilities and cryogenic systems.

The detector is located deep underground and having four similar 10-kt fiducial
mass modules ? of Liquid-Argon Time Projection Chambers (LAr-TPC). This is basi-
cally a large tank filled with Liquid Argon so that the neutrinos as they pass through
interact with Argon nuclei and show their typical signatures (see Ref. [94] for details

and a recent study). Liquid Argon has the following advantages:

e [t produces ionization charge than can be used to track particles and measure

their energy,
o [t gives off scintillation light, that brings to a good timing resolution.

ICARUS used in CNGS long baseline experiment ? was the first to use this kind
of detector. In case of the DUNE far detector module they are far bigger than the
ICARUS one and studies related to different compositions of Argon inside the detector

2A total of 40-kt mass means a huge v statistics, beating that of all experiments before.
3It will be used in the future for the SBN program at Fermilab [100, 101].



34
have been performed [53]. A schematic description of v-interaction and consequent
detection in Liquid Argon is given in Fig. 3.2.

Just to conclude this subsection with a comment on the LAr-TPC type detector,
it usually has a long read-out time (~O(2 ms)) between two consecutive detected
interactions. However, neutrino interactions are too infrequent (due to their weakly
interacting nature) to be affected significantly by this lag in the detector. Ref. [94]
studied the neutrino energy reconstruction in DUNE detector recently in details and
found improved migration matrices that may be used for future estimations which
may lead to possible increase in detection efficiencies by 25% or so, compared to what

we have presently.

3.2.3 Physics opportunities with DUNE

Having a muon neutrino beam, v, — v. and v, — v, neutrino oscillation will be
precisely measured in a three-neutrino paradigm or beyond. The DUNE experiment
provides a “compact, scale-able” approach to achieve sensitivity to the oscillation
physics goals of neutrinos and astro-particles physics. Some of the main goals are

92, 102, 103, 104]:

e Determining the CP violating phase dcp in the PMNS matrix leads to matter-
antimatter asymmetry if the value of d¢p different from 0 or 7. As an evidence
of the CP violation in the leptonic sector, this measurement is of extreme im-

portance.

e Determining the sign of the parameter Am3,. This will tell us whether the

neutrino mass hierarchy is normal or inverted.

e Determining the octant sensitivity o3 is a very important measurement due to

what discussed in Sec. 2.4.
e Search for the proton decay in various modes.

e Detection and measurement of a v, flux coming from a supernova within our

galaxy.
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Beside these, study of BSM scenarios in DUNE include NSI and sterile neutrino
models. DUNE will be able to measure atmospheric neutrinos, and to some extent
those coming from the sun and other astrophysical objects as well. Apart from these,
there are physics cases in DUNE for precision tests about interactions physics. In
particular measurements of neutrino cross sections, nuclear effects, nucleons struc-
ture and Weinberg angle and signatures of dark matter are agenda of the DUNE
collaboration [92].

There is however one Standard physics scenario that maybe done in DUNE: a
measurement, of 7-flavored neutrino with a higher statistics than any other experi-
ments till date. This is facilitated by the v, — v, transitions. This is one of main
topics of this thesis both in the standard and NSI scenarios but before delving into

such a study, let us briefly review the DUNE far detector performances.

3.2.4 Study of the Detector

As DUNE’s main plan is to measure the PMNS matrix CP-violating phase and the
atmospheric mass splitting (Am2,) sign, they designed a beam optimized for the
study of this particular CP-vialation (CPV) and mass hierarchy starting from a NuMi
(Neutrino Main Injector) reference beam. The NuMi beam [105] now operating for
MINERvVA and NOvA experiments, has been used in the past for the former MINOS
experiment [32]. LBNF facility at Fermilab will provide the neutrino beam and that

will be focused to Soudan Laboratories in South Dakota which is about 1300km away:.

Standard Flux

In our simulation, we have considered two neutrino fluxes, the standard and the op-
timized, as described in Sec. 3.3.3. The values from Table 3.2 have been used, in
the case of the standard flux, as post smearing matrices and detection efficiencies
(see Fig. 3.3) for the v, appearance and v, disappearance channels [53, 92]. We
have implemented our simulation following these and the systematic uncertainties as-

sumptions [106]. In Fig. 3.3, one may note that the with electron channel it possible
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. Detection . Angular

Particle type Threshold Energy resolution resolution
Contained tracks: track length o

H 30 MeV Exiting tracks: 30% L
u-like contained tracks: track lenght

7r 100 MeV | w-like contained tracks: 5% 1°
Showering or exiting tracks: 30%

e/ 30 MeV | 2% @ 15%/V E[GeV] 1°
p<400 MeV/c: 10%

M (e}

P S0 MeVe | 1400 MeV fe: 5% @ 30%/VE [GeV] | °

n 50 MeV | 40%/V'E [GeV] 5°

other 50 MeV | 5% @ 30%/V E [GeV] 5°

Table 3.1: Energy and spatial resolution for particles in the DUNE detector. Table
taken from Ref. [92].

to reach 90% max. efficiency at low energies. Similarly for the muons, one may be
able to reach even 100% efficiency but less dependent on neutrino energies involved.
However, while for the muon channel there is no significant efficiency for the back-
ground processes, but for the electron channel there is high efficiency involved coming
from the processes corresponding to the electron contamination of beam background.
Since the LAr-TPC kind of detector is unable to distinguish the charge of the par-
ticles generated by the neutrino interactions, the sum of neutrino and anti-neutrino

events is considered as our total number of events.

v, appearance channel
Signal ve and 7, CC events from v, oscillations 2% sys
Beam v, and v, CC events 5% sys
Misidentified v, and 7, CC events 5% sys
Backgrounds Misidentified 1/5 and 17/: CC events 20% sys
Misidentified NC events 10% sys
v, disappearance channel
Signal v, and v, CC events 5% sys
Backgrounds Misidentified v, and 7, CC events 20% sys
Misidentified NC events 10% sys

Table 3.2: Backgrounds and signal systematic uncertainties proposed by the collabo-
ration for the standard flurz simulations. Table taken from Ref. [106].

This beam will be generated using collisions of 80 GeV protons on a 1.5 metres
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Figure 3.3: Selection efficiencies (left neutrino and right antineutrino mode) for v,
and v, (bottom), v, and v, (top) as a function of the reconstructed neutrino energy.

[92].
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long target. The beam power will be 1.07 MW, that corresponds to 1.47 x 102! protons
on target (POT).

This flux is optimized for studying CP-violating sensitivity and is commonly stud-
ied in the literature for simulations regarding DUNE analyses. This flux actually
provides a relatively large sample of v, coming from v,, — v, oscillations. Henceforth,
in this thesis, we will refer to this as the standard fluz [106]. Using this flux in the
experiment we will also be able to collect a huge v, sample, even if most of the neu-
trinos will not reach the threshold energy of 3.4 GeV for the 7 production. Since we
intend to study the v, appearance channel in DUNE, there is also a possibility to
optimize the neutrino flux so as to produce neutrinos with energies higher than the
T-threshold. This possibility is being actively studied by the DUNE collaboration in
many different forms [107, 108]. We have studied the physics sensitivities using such
a particular flux; we call it ”tau-optimized” or simply ”optimized” flux. However, we

defer a detailed description of the flux to a later section.

3.3 DUNE with v, Appearance

As this is a preliminary study of the v, appearance and detection, we considered the
DUNE detector to be similar to the ICARUS one, which has been the only LAr-TPC
detector built to look at v,-s. The detector being too small it itself did not find
any events; moreover, the CNGS baseline was not suitable to reach the atmospheric
oscillation peak, namely the maximum of the term in sin? (A?—%L). Thus studies

about detection efficiencies and backgrounds for this detector have only been done

using simulations [92].

3.3.1 A Typical v, Sample

ve and v, samples in DUNE have been studied in details and can be found in Ref. [92].
In this section, we discuss in details the same about the v.-sample. The v, appearance

sample is composed of v, and . CC interactions resulting from v, — v, and v, — v,
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oscillations. Backgrounds to this channel can be v, CC, v, CC and NC interactions.
Focusing on the leptonic decay of the tau generated by v, CC interactions, it is
possible to look only at the electron channel (18% branching fraction). From the
ICARUS proposal [109], it is clear that, in a LAr-TPC, choosing the right kinematic
cuts, the electron channel backgrounds can be reduced to only v, CC events coming
from two main components which are the intrinsic v, beam and v, — v, oscillations.
Regardless of the kinematical cuts, some of the backgrounds expected for ICARUS
should be negligible for DUNE. For example, events that lead to a mis-identification

of a charm meson with a 7 lepton are going to be only a few at LBNF beam energy.

3.3.2 Different set-ups of our study
For the v,, the signal efficiency has been studied with two possible values:

e For the electronic decay of 7, the branching fraction is about 18% [51]. This is
the maximum reachable efficiency for this particular detection channel. However
this also comes along with the assumption that DUNE is able to re-construct
100% of the final electrons coming from the 7. This we consider as an optimistic

case.

e A value of 6% has been used for the v, and U, appearance channels. This
value is motivated from that considered by Ref. [110]. This we consider as a

pessimistic value.

For v, signal systematics uncertainties, we consider two possible cases in our

simulation throughout the thesis:

e A value of 20%, same as what the DUNE collaboration used for v, CC back-
ground to v, appearance and v, disappearance channels in their study of the

detector.

e A value of 10%, which is an optimistic value. But it will help us to understand
to what extent improving the systematics in this channel may help the physics

sensitivities.
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Lastly, we remark the number of v, CC background events has been set to a

constant value so as to reproduce, at the best fit parameters values, the Signal-to-

Background (S/B) values *:
e of 2.45 as discussed achievable in Ref. [110].

e of 18.6, as discussed in Ref. [109]. As we mentioned, it is clear that choosing
the right kinematical cuts, the electron channel background can be reduced to
only v, CC events coming from two main components, which are the intrinsic

Ve beam and v, — v, oscillation °.

This phenomenological parameter, S/B, we call it as the ”experimental reach” and
the study the effect of increasing or decreasing the ”experimental reach”-s on our
physics sensitivities and leave the final value to the experimental collaboration to
decide what can be possible to achieve.

We emphasize the fact that not only the impact of individual above-mentioned
factors is important but also an understanding of how these factors compete with
each other in terms of the final resultant sensitivity is worthwhile to investigate since

DUNE collaboration is still on the verge of finalizing the actual experimental set-up.

3.3.3 Comparison between the Standard and Optimized Flux

DUNE will be the experiment with the biggest v, sample so far. Indeed, the only
accelerator experiment which was able to see v, — v, transitions was OPERA, and
collected 10 v, events (8 signal events and 2 background events) with a 6.1 o signifi-
cance [114, 115, 116].

However, the neutrino flux suited for studying CP violation and mass hierarchy
searches, known as the standard flux, has a mean neutrino energy that is below the

threshold for the v, N — 7 X interaction, which is 3.4 GeV. Moreover, neutrinos

4We noticed a small number of v, events is being overshadowed by the background in our corre-
lation and sensitivity studies; the number of background events change considerably due to different
true values of the oscillation parameters leading to the sensitivity in which it is more difficult to
disentangle the contribution of the v, — v, transition.

5There is negligible intrinsic v, component in the beam.
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Figure 3.4: Fluzes comparison in Arbitrary Units. Standard (blue, solid) and opti-
mized (red, dashed) cases. The two figures show the fluzes in neutrino (left panel)
and anti-neutrino modes (right panel).

with an energy bigger than the threshold are far from the peak of the v, — v,
oscillation probability at DUNE baseline. For these reasons the number of v,-s that
can be detected by DUNE using the standard flux (roughly 75 per year) is very small
compared to the number of v.-s and v,-s.

Moving the position of the horns and the focus of the proton beam, and increasing
the proton energy up to 120 GeV (1.2 MW, 1.1 x 10?* POT) it is possible to obtain
a flux optimized for the v, appearance. This flux can increase the number of v, CC
events by a factor of 10. In Ref. [108] different optimized fluxes are described. In this
thesis, the flux obtained with a 1.0 m long target (NuMi style) has been considered,
using flux files from [107]. The v, CC events with this flux are expected to be 809
per year. This reference value from [108] has been used to find the normalization for
the optimized flux.

Fig. 3.4 shows a comparison between the standard (CP violation optimized)
and the v, optimized fluxes for neutrino and anti-neutrino modes. It is clear that
the number of neutrinos with an energy bigger than the 7 production threshold is
increased in the optimized case. Furthermore, also the total number of unoscillated
v, and v, CC events, that are summarized in Tab. 3.3, is bigger in the case of the v,

optimized flux than in the case of the standard flux. This is mainly due to the more
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Standard Flux | Optimized Flux

v mode | ¥ mode | ¥ mode | ¥ mode
v, CC | 30175 3225 85523 4933
v, CC| 1025 9879 1256 26221
v, CC 371 136 856 258
v, CC 44 109 84 215

Table 3.3: Estimate of non-oscillated events for the two considered fluzes.

energetic protons involved than in the standard flux and results in producing higher
energy neutrinos and thus involve larger neutrino-nucleus interactions cross sections.

Having set up some basic preliminaries regarding the DUNE experiment and com-
putation of non-oscillated events (parameter independent) for normalization purposes,

we next go to standard physics sensitivity studies in the next chapter.
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Chapter 4

v appearance in DUNE:
Standard Physics

In this chapter we discuss the inclusion of the v, —v; oscillation channel sticking to
standard physics scenarios. DUNE collaboration never studied this channel in their
analysis [92]. During the preparation of this doctoral thesis, a similar study involving
7-detection in the hadronic channel was published [111] !. However we consider the
7 detection in the electronic decay mode following the ICARUS collaboration. This

chapter and the next chapter are based on our work in Ref. [113].

4.1 Introduction

The OPERA experiment [114, 115, 116] recently observed 10 v, interactions 2. Ref.
[117] studied the impact of such measurements in standard and non-standard scenar-
ios.

DUNE will be the first experiment to look at v, detection in LAr-TPC-s; Monte
Carlo simulation regarding the v, appearance is available in DUNE but only as a back-
ground process. The process for v, detection always involves an associated secondary
particle (a muon, an electron or hadron), consequently it is difficult to study. We will

need to use some assumptions regarding the electronic decay channel, following the

method as proposed in ICARUS.

LAn introductory study about the v, appearance in DUNE can be found in [112].
28 signal events & 2 background events.
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Extensively discussed channels in DUNE are the v, appearance and v, disappear-
ance channels which are used to estimate the sensitivity reach of the experiment for
the oscillation parameters of the standard 3-v framework as well as in the investiga-
tion of the parameter space of the NSI and of the sterile 3 + 1 neutrino models. As
already mentioned, we consider the 7 — e leptonic decay as our v, detection chan-
nel, unlike [111], which focused on the 7 hadronic decays. Our numerical simulations
have been performed utilizing the GLoBES software [118, 119]. We performed full
numerical computation and took into account various detection efficiencies, signal to
background ratios (S/B) and systematic uncertainties as quoted in Section 3.3.2. We
explored the performances of the DUNE far detector considering standard flux and
also the v, -optimized flux. In both cases we have considered 3.5 years of data taking

in the neutrino mode and 3.5 years in the anti-neutrino modes for a total of 7 years.

In order to configure for the tau neutrino appearance signal, the DUNE GLoBES
file from [106] was edited to include the v, — v, and v, — v, appearance channels
and the relevant efficiencies, systematics and backgrounds of the transition channels

included in our numerical simulations as described in details in Sec. 3.3.2.

Let us next quickly recap some of oscillation probability features, with respect to
the phenomenology and configurations involved in the DUNE experiment, in partic-

ular.

4.2 Relevant recap of Oscillation Probability

Just to re-consider some useful points we are carrying forward from our discussion on
the oscillation probabilities, and the matter effect in oscillation, the biggest impact
in the probabilities can be found (see Sect. 2.2.3), when the so called atmospheric

MSW resonance condition is satisfied:

2Fv,.
Am3,

= cos 26,3, (4.1)
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where

p
g/cm?

Vee ~ 7.56 x 1071 ( ) Y, eV. (4.2)

Taking some typical values of the matter density p (3 g/cc), the number of electron per
nucleus Y, (0.5) and the best fit values for the oscillation parameters ( shown in Table
4.1 ) the resonance condition will be satisfied for neutrino energies >> 9 GeV. This
energy is far from the peak of the neutrino fluxes in DUNE; so matter effects do not
play much of a role here. It goes without saying that while performing the simulation,
full matter effects and 3-flavor neutrinos have been taken into account numerically.
So, let us quickly see some of the 3-flavor vacuum oscillation probabilities that were

computed in Sect. 2.2.2 pertaining to the DUNE experimental scenario.

Neglecting terms containing the solar mass difference Am3, = m3 — m? and the

small sin 63, in vacuum v, — v, oscillation probability reads (from Sec. 2.2.2):

Am2,L
P, ~ cos* 0,5 sin® 2055 sin? (%) ) (4.3)

Eqn.4.3 shows that the v, appearance channel is particularly sensitive to 693 and to
the atmospheric mass-squared splitting Am2, = m2 — m?. However, also the other
two channels are expected to be sensitive to the same two parameters since, neglecting

solar terms, we have:

Am2, L
P ~4 sin? 013 cos? 65 sin? fgg sin? ( Tb?’?l ) , (4.4)
and, from unitarity condition,
Am2 L
P, ~ 1 — (sin® 2093 cos” 013 + sin® 20,3 sin? 2043) sin® (%) _ (4.5)

In DUNE the mean neutrino energy in the standard flux has been chosen (about
2.5 GeV) in order to maximize the atmospheric term; since the minimum v, energy
needed to be converted in a 7 lepton is around 3.4 GeV, the number of v, and v,

events will be much bigger than the number of v, CC. For this reason, we expect that
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constraints on fh3 and Am3, will be mainly set by v, — v, and v, — v, channels.
Notice also that next terms in the Am3, and 6,3 of Eqn.4.3 would exhibit a sindcp
dependence, so we expect this channel to be also partially sensitive to CP violation
searches. However, due to the very large leading term, the changes in probability P,,.
due to the CP violation phase will be comparatively very small and definitely less

important than the corresponding CP violating terms in P,..

In summary, considering the v, — v, oscillation probability and the lack of statis-
tics, the v, appearance channel is expected to have a negligible impact on standard
physics studies. It will be evident from our numerical results. However even before
commencing to compute and understand physics parameter sensitivities we will try
to garner an understanding of the v, statistics and relevant background statistics in

all of the DUNE appearance and disappearance channels.

In the next section we will take a look at the computational tool we used and
the relevant neutrino detection event-rate calculation performed. Besides, we will
define some statistical analysis procedures used to analyse the DUNE experimental

simulation study according to our computation.

4.3 GLoBES Software

GLoBES is a sophisticated software package for the simulation of long baseline neu-
trino oscillation experiments. It helps to incorporate correlations and degeneracy
studies in the oscillation parameter space and often includes advanced routines for
specific treatment of arbitrary systematical errors. The user interface for simulating
a long-baseline experiment is called AEDL, the Abstract Experiment Definition Lan-
guage which provides an easy way to define experimental setups. The user may define
priors that allow the inclusion of arbitrary external physical information. Lastly, there
are lot of documentation and experimental set-ups available so that we have an active

community and a discussion between phenomenology and experiments [118, 119].
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4.3.1 Events rates

In this chapter we discuss the x? analysis method. In a typical neutrino detector for
DUNE (say) one gets electron and muon events governed by the neutrino oscillation
probability P,. and survival probability P,,. The number of oscillated electron events
at the detector contains the contribution of the appearance channel P,.(Z), & being
a vector of oscillation parameters. Let the v, flux at the detector be ®,; then the

number of electron neutrinos at the detector can be written as
Ne = @, P,e(Z)0ce, (4.6)

where o, is the cross section of the electron neutrinos and € is known as the detector
efficiency. In the detector, neutrinos undergo charge current interactions to produce

electrons.
Vet+n—p+e .

The signal produced by that electron is considered as the signature of the detected
neutrino and this is called an ‘event’. Now the energy of this electron needs to be
reconstructed: the true energy of the neutrinos F; is reconstructed from the measured

energy F,,. The expression for total number of events can be obtained by

E+AE/2
No(Ep) = / ®,(E,) Poo(, Ey) R(Ey, Ey) 0o(E,) € dE,, (4.7)

E—-AE/2

N, is the number of detected neutrinos with energy between the energy range £ —
AE/2 and E + AE/2, R(E:, E,,) is the Gaussian resolution (smearing) function,

which gives the spread of F,, for a given F; and can be written as

R(E;, E,) = C’lexp{— M]

2
20%
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with normalisation coefficient C'; and
op = oE + BVE + 7. (4.9)

The values of «, § and ~ are different for different detectors depending upon its
properties.

Using the events rates generated by these, one needs to understand the sensitivity
of oscillation parameters. For performing statistical analysis, typically x? analysis is
used, for which each energy bin can be obtained by either the Gaussian or Poisson
formula (usually if the number of events is less than 5, then the latter is used).

Gaussian formula is given by

that = Z ((Ne)g(]\;e)((i\;/;e)?xpy . (410)

(2

Similarly, Poission formula is given by:
2 =3 20(N)H — (NP — (NP1 ()i 4.11
Xstat_z ( 6)1’ ( 8>i ( 6)1’ 0g exp . ( )

(Ne);

i

Next one needs to incorporate the systematic errors for realistic simulation of
experiments. These systematics are basically the uncertainties related to the mea-
surement of the actual neutrino flux and neutrino interaction cross-sections 3. In our
study we used the widely accepted pull method [120, 121, 122]. To give an example,
in order to include a 5% overall normalization error in our analysis, the modification

we need is in terms of events in the i-th bin Nf*. This can be written as:
N — N™(140.05¢), (4.12)
where ¢ is known as the pull variable. Total x? is then given by:

X2 = that + Xzys (413)

3In case of atmospheric neutrinos, direction of the neutrino too.
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where the ngs term is arising due to deviating N from its mean value. Similarly it
can be extended for more than one sources of systemtics which then will be summed

over. Therefore, the x? is given by in total by:

2
comfre(e))

where the subscript ¢ depicts x? for each neutrino oscillation channel separately and
the overall signal normalization is represented respectively by the last term known as
the pull term. The different values used for on have been quoted in Section 3.3.2.
If one wishes to determine the combined sensitivity of various experiments, x? for
each experiment is calculated corresponding to a given test parameter value. Then
the resultant x?’s are simply added and minimised over the test parameter set after

adding the priors.

After having setup the necessary computational definitions and strategies we move

on to the computation regarding estimating the rate of neutrinos to be observed in

DUNE.

4.4 Standard DUNE Scenario

The usual analysis of DUNE considers neutrino oscillation in the v, — v, appearance
and v, — v, disappearance channels. On top of this we investigated the v, — v,
appearance channel in our study. The experiment running time considered in our work
is 3.5 years in the neutrino mode + 3.5 years in the anti-neutrino mode for both fluxes,
which correspond to the standard exposition time proposed by the collaboration.
Throughout the analysis done in this thesis, unless otherwise explicitly stated, we
have used mixing parameters with their error bars from Ref. [69]; for the convenience

of the reader we also summarize them in Table 4.1.
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Parameter Central Value  Relative Uncertainty
012 33.82° 2.3%
023 (NH) 49.6° 2.0%
023 (IH) 49.8° 2.0%
013 (NH) 8.61° 1.4%
013 (IH) 8.65° 1.5%
dcp (NH) 215° 13%
dcp (IH) 284° 10%
Am3, 7.39x107° eV? 2.8%
Am?, (NH) 2.525x1073 eV? 1.3%
Am3, (TH) -2.512x1073 eV? 1.3%

Table 4.1: Central value and relative uncertainty of neutrino oscillation parameters
from a global fit to neutrino oscillation data [69]. As in [53], for non-Gaussian
parameters the relative uncertainty is computed using 1/6 of the 30 allowed range.
We have used these values as central values for our simulation unless otherwise stated
explicitly in the text.

4.4.1 Rates

The event rates for signal and background in both neutrino and antineutrino modes
in the standard 3-neutrino paradigm for DUNE in the v, appearance channel and v,
disappearance channel are reported in Table 4.2, where efficiencies have been taken
into account based on the post-smearing matrices provided in the DUNE simulation
[106]. It is evident the v, disappearance channel dominates over the v, appearance

channel events.

Our next objective is to estimate the 3 main goals for the DUNE experiment
we talked about. They are namely, the mass hierarchy sensitivity, CP Violation

sensitivity and the measurement and sensitivity of the o3 octant.

4.5 Discovery Potentials

During the estimation of discovery potentials, the topic of this section, the neutrino
oscillation parameters are all allowed to vary, constrained by a Gaussian prior with
lo width as given by the relative uncertainties shown in Table 4.1. We have used the

standard flux for our numerical computation in this purpose.
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signal backgrounds

intrinsic v, | mis v, | mis v, | NC
Vy = Ve BV, — Ve

neutrino mode 1188 & 11.5 288.2 3.1 19.9 26
Vy =V ®Vy, — Uy

7601 @ 519.2 28.2 | 75.3
Vy = Ve DV, — Ve

antineutrino mode 209 & 64 171.8 2.9 13.4 | 15.2
Vy =V @v, — vy,

2591 & 1489 16.5 | 44.1

Table 4.2: Total number of signal and background events for neutrino and anti-
neutrino modes, computed for v, disappearance and v, appearance channels, using
the oscillation parameters as in Table 4.1.

4.5.1 Mass Hierarchy Sensitivity

The experimental sensitivity for the mass hierarchy of neutrinos is quantified using a

test statistic, Ax? = x? — x2,, , which is defined as [92]:

AX?\/[H = AX%H - AXJQVH

for true Normal Hierarchy. And

AX?\/[H = AX?VH - AX?H

for true Inverted Hierarchy.

In the simulations, the x? function has been marginalized over all the oscillation
parameters; all possible true values of the dcp phase have been scanned upon while

the dcp fit values have been kept free.

Fig. 4.1 shows mass hierarchy sensitivity for various true values of the phase d¢p
in the standard DUNE scenario. 5 ¢ sensitivity is achieved for all values of d¢p which

means the resolution of the MH degeneracy will be possible.
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Figure 4.1: Mass hierarchy sensitivity in DUNE considering the v, disappearance and

Ve appearance channels with standard flux for Normal ordering (left) and Inverted
ordering (right) of neutrino masses.

4.5.2 CP violation sensitivity

The CP violation (CPV) sensitivity means whether a dcp value may be distinguished
from 0° (or 180°) since these values represent no CPV as the PMNS matrix becomes
real. Typically, the sensitivity with which CP violation can be discovered is defined

as:

N €S m €S
Axepy = Min[Axgp(0"™' = 5)7 Axep(8'" = 0)],

where

2 _ 2 2
AXCP — AX(Stéi}sDt - AX&gge.

In order to find out the most probable data for given a set of input parameters,
i.e., in which no statistical fluctuations have been applied, true and test values of the
parameters are considered. In Eqn. 4.10, true values are the ones used to obtain
Ny, and test values are the ones to scan over to find the expected no. of events to
minimize the y? function. E.g., the predicted spectra and the true spectra becomes
identical for the most probable data set; in CP violation, thcr?; is identically zero and
the x2, value for a typical experiment is given by thce%.

Since the true value of d¢p is unknown, a scan is performed over all possible values
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of dcp. Both the neutrino mass hierarchy and the 53 values are also assumed to be
unknown and are varied in the fits, with the lowest value of Ay? thus obtained is
used to estimate the sensitivities. The y? has been marginalized over all the other

oscillation parameters considering their central values and their uncertainties from

Table 4.1 (NH has been assumed).

8 8
Normal Hierarchy Inverted Hierarchy

100 150 200 250 300 350 0 50 100 150 200 250 300 350
True Ocp [Degrees] True O¢p [Degrees]

Figure 4.2: CP violation sensitivity in DUNE with v, disappearance and v, appearance
channels using the standard flux. Normal Hierarchy (NH) is assumed in the left panel,
and Inverted Hierarchy (IH) is assumed in the right panel.

Figs. 4.2 depicts the dcp sensitivity obtained in the standard DUNE scenario. We
observe that it is possible to reach a 3 ¢ sensitivity for most of the dcp parameter
values. In particular for the Normal Hierarchy case the range dcp is between [35° to
155°] and [215°, 330°] where this occurs. For maximal CP violation value, that is,
for dcp = 90°, the sensitivity reaches 5 o leading to the much awaited discovery of
CP-violation in the leptonic sector. For dcp = 270° which also represents maximal
CP violation, 5 ¢ is not achieved but is very close (~ 4.85 o). In the case of Inverted
Hierarchy (IH) both maximal CP violation values will correspond more than 5 o
discovery limits.

Also we remind the reader that the standard flux is optimized for CP violation
searches, as discussed in Sectn. 3.2.4, so DUNE performs very well in this regard as

expected.



o4
4.5.3 Sensitivity Study of the 6,3 Octant

The uncertainty in the determination of whether the octant of 6,3 is in the higher or in
the lower octant (> 45° or < 45°) comes from the fact that its measurements till date
are mainly due to the v, disappearance channel which depends on sin® 26y3. DUNE
having simultaneous access to both v, disappearance and v, appearance channels is

useful to probe the octant hypothesis. Sensitivity is estimated following [93, 123]:
AX* =X (/2 = 035") — X*(035") | (4.14)

without imposing any priors on the atmospheric angle. So, the 63 octant sensitivity
plot can be obtained fixing the true value of this mixing angle in one octant and using
as a fit value one in the other octant.

In our simulation, the x? function has been marginalized over all parameters. The
x? minimum has been computed for different 6cp true values, in order to obtain a
band of possible values of x? without considering any external priors on dcp. The fit

value of the CP violating phase has been kept free.

8

N/

40 42 44 46 48 50
True 6x; [Degrees]

(=)

Figure 4.3: Octant sensitivity using v, disappearance and v, appearance channels with

the standard flux. The band shows all possible \/Ax? values obtained changing the
ocp true value.

Figs. 4.3 show that with the standard flux it is possible to recognize at 3 o the
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octant of a3 if o3 < 43° or #y3 > 47°. This however also means that if the actual
value of a3 is close to the best fit of (49.6°) as in Table 4.1, DUNE physics sensitivity
is such that this degeneracy will be resolved. This itself is a very important result in
the neutrino physics sector.

Now some important comments are called for. Firstly, though we presented our
results for all the three discovery potentials for the standard DUNE scenarios using the
v, appearance and v, disappearance channels in DUNE, we computed the same using
the addition of v, appearance in DUNE and found the v, appearance cannot improve
the sensitivities to any major extent. Secondly, it is worthwhile to point out the
results in this section have been achieved using the latest Nu-fit oscillation parameter
values, so our results can be treated as being done for the first time in the literature
using these values. The existing work which studied DUNE considered the best-fit
neutrino oscillation values which were available back then. Thirdly, we also computed
the discovery potential results using the tau-optimized flux as well. However they lead
to worsening of the sensitivities due to the increase of the number of events leading to
bigger backgrounds for all the channels. For example, the increased v, CC background
in the v, disappearance channel leads to big loss in sensitivity in DUNE as this is
the dominant channel in DUNE. It can also be seen from Fig. 3.3 where using the
standard flux, this background is almost negligible as the efficiency is very small.
However, while using the optimized flux, the number of v, CC events is roughly 10
times bigger, so this background becomes relevant. Motivated by the possibility of
having increased statistics in the DUNE detector and the increased probability of the
v.-appearance channel compared to that of the v.-appearance channel we study the
physics potential of sensitivity studies using the v,-appearance channel.

Next let us estimate the event rates for v,-appearance channel only along with its

corresponding background and efficiencies.

4.6 Dune with v, Appearance

In this section we estimate the event rates for the v, appearance in DUNE.
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The expected rates of the v, signal and background (Bkg) from the two fluxes
considered here are reported in Table 4.3 for the standard flux and in Table 4.4 for
the optimized flux. In both tables we specify the two sources of electron backgrounds
coming from the intrinsic v, component of the beam, v, ® v, CC Background (beam)],

and from v, — v, oscillations, [CC Background (oscillation)].

v mode

v, Signal 277

v, Signal 26
Total Signal 303

ve + 7, CC Bkg (beam) 333 + 38
ve + v, CC Bkg (oscillation) | 1753 + 12

v mode

v, Signal 68

v, Signal 85
Total Signal 153

ve + v, CC Bkg (beam) 117 + 104
ve + v, CC Bkg (oscillation) | 90 + 188

Table 4.3: Rates after oscillation for Signals and Backgrounds (Bkg) in the case of
the standard flux and for Normal Hierarchy (NH). §cp = 215° is considered [69]. No
selection efficiency is considered.

v mode v mode
v, Signal 2673 v, Signal 98
v, Signal 34 v, Signal 983
Total Signal 2707 Total Signal 1081
ve + v, CC Bkg (beam) 688 4+ 63 || v. + v, CC Bkg (beam) | 176 + 177
ve + v, CC Bkg (oscillation) | 1958 4 11 || v, CC Bkg (oscillation) | 76 + 324

Table 4.4: Same as table 4.4 but for the optimized flux.

These numbers are small when compared with a total of 2043 (2369) v, — v. ®
v, — v, CC signal events for the standard (optimized) flux and with a total of 14206
(67143) v, — v, @ v, — 1, CC signal events.

We clearly observe that the DUNE experiment is able by itself to provide a 7
sample around 300 events in FHC mode and 150 in RHC mode because of the generous

v,, flux components above the tau production threshold. On top of that, as per the
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plan for the optimized flux, there is a huge gain in statistics by roughly a factor of 10
with respect to standard taus, thereby justifying the possibility to explore scenarios

of new physics with taus.

4.7 Correlation Studies

In this section we study the correlation among the oscillation parameter measurements
in DUNE with v, using the various set-ups and fluxes as discussed in Sec. 3.3.2.
This will lead to a complete understanding of how systematics may affect the final
sensitivity reaches, how performing experimental cuts may lead to better sensitivities
(encoded by the experimental reach S/B values), the impact of 7 detection efficiency
and finally the performances of DUNE in terms of the two neutrino fluxes considered,
namely, the standard flux and the tau-optimized flux.

We expect the uncertainties related to v, measurements to play a very significant
role. Our choices of systematics are 10% and 20%. The former is very optimistic
value. The DONUT collaboration which observed the first v, [124, 125] could bring
down to about 40% systematics measuring the tau cross-section. However that value
is quite old and the DUNE collaboration itself uses 20% systematics for v, channel but
when as a background channel. The detection of a v, interactions is very tricky due
to 7 lepton which is generated in the v, CC interaction has tiny lifetime (~ 10712 s).
For the neutrino energies in DUNE, almost none of the 7’s tracks can be identified.
Therefore, just like ICARUS, DUNE’s LAr-TPC can recognize the 7 from its the
decay products. But the neutrinos after the decay is invisible to the detector thereby
piling up the uncertainty on the reconstructed energy of the lepton. The flux-related

uncertainties can be reduced by measuring the fluxes at the near detector site.

Standard Flux

In this section we exclusively use the standard flux configurations with an exposure of
3.5 + 3.5 years in the neutrino and anti-neutrino modes respectively, for investigating

the sensitivity and correlation among the standard physics parameters obtained from
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the v, appearance channel. We cannot observe any improvement in the three sensitiv-
ities discussed in the previous section (CP violation, Mass Hierarchy and 6,3 octant)
by the addition of v, appearance channel. The main reasons are the features of the
v--appearance oscillation probabilities which do not vary much with parameter val-
ues, and add to that the small number of events in the v, channel compared to the v,
disappearance. Thus v,-s cannot compete with respect to the capability of the other
channels in the standard physics scenario to improve the sensitivity. Therefore, the
features of v.-appearance is not evident at all from such plots; so we do not present
the plots obtained using the other two channels (the standard ones in DUNE) and
instead show the results obtained using the v.-appearance channel only. As already
stated above, we outline that this help us understand the behaviour of this channel
in terms of variation of the oscillation parameters, moreover it will also enable us to

study the impact of systematics and other factors related to this channel as well.

We present the results when we marginalized over all other oscillation parameters
other than those displayed in the axes of the plots in the figures. We kept the true
values of standard oscillation parameter according to the best-fit values and varied
over their given uncertainty range, as in Table 4.1 unless otherwise mentioned ex-
plicitly. In Fig.4.4 we report correlation plots in the planes (613, Am3,) (top left),
(023, Am3,) (top right) and (613, 693) (bottom left). In each panel we show four differ-
ent cases: (Red, DotDashed) refers to v, detection efficiency of 6% and S/B = 2.45,
(Brown, Dashed) to the same S/B but 18% of detection efficiencies while the (Blue,
Dotted) and the (Black, Solid) lines refer to 6% and 18%, respectively, and the same
S/B = 18.6. Contours are at 68% confidence level (CL) and are obtained assuming

a 10% systematic error on the signal.

It is clear that when the v, detection efficiency is increased from 6% to 18%, the
number of signal events is increased and this results in smaller allowed regions in the
correlation plots. The allowed range for #13 can be reduced by up to 18%, as we can
see in the correlation plot in the (613, Am2,) plane. On the other hand, the 3 range
can be reduced approximately by 15%, as shown in the (a3, Am2,) plane. For Am3,

instead, an improvement of approximately 30% can be reached passing from the worst
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Figure 4.4: Ezpected contours at 68% CL in the oscillation parameter planes (as men-
tioned in each graph azis) for S/B = 2.45, with v, detection efficiency of 6% (Red,
DotDashed) and 18% (Brown, Dashed) and for S/B = 18.6 with v, detection effi-
ciency of 6% (Blue, Dotted) and 18% (Black, Solid). Standard fluz has been assumed
i the simulation, using only the v, appearance channel in the Normal Hierarchy case
with a 10% signal uncertainty. Marginalization over all undisplayed parameters has
been performed. Stars represent the simulated true values.
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Figure 4.5: Same as figure 4.4 but with 20% signal uncertainty.

case (S/B = 2.45, with v, detection efficiency at 6%) to the best one (S/B = 18.6,
with v, detection efficiency at 18%).

In figure 4.5 we depict the same plots as in figure 4.4 but with 20% systematic
uncertainty on the signal. We see that doubling the systematic uncertainty from
10% to 20% results in a decrease in sensitivity of approximately 8% for all mixing
parameters.

For a given systematics value, the reduction of the regions at 68% confidence level
is bigger if we increase the detection efficiency than if we increase the S/B ratio value.

In particular, there can be a reduction of the allowed range up to 18% for ;3 (in the
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013 vs AmZ, correlation plot) and up to 15% for fa3 (in the o3 vs Am3, correlation
plot) for increasing the detection efficiency with a fixed S/B. On the other hand,
fixing the efficiency and increasing the S/B, the decrease of the allowed ranges can
reach only approximately upto 5%. We may say that parameter which is less affected
by efficiencies and S/B ratios, is 6,3, while the one which is affected the most is the

atmospheric mass splitting.

Optimized Flux

In this section, we exclusively use the tau optimized flux configurations with an
exposure of 3.5 + 3.5 years for investigating the sensitivity and correlation among
the standard physics parameters as obtained from the v, appearance channel only.
Since the flux is optimized for tau as to produce a larger statistics in all cases,
the impact of tau detection efficiency increment or S/B ratio increment on the sensi-
tivities is not so much as was in the case of the standard flux (see Fig. 4.6). Similar
to the standard flux results, here too, the interplay among the detection efficiency,
S/B and systematics uncertainty leads to similar sensitivities (x?* values) for various
combinations. For example, higher S/B values and smaller detection efficiencies may
keep us in the same place in the parameter place with respect to the case where lower
systematics and higher detection efficiencies. Analyzing the correlation plots, we ob-
serve that the smallest allowed ranges found in the case of the standard flux can be
further reduced up to 10% for 63 and 15% for 6,3 if the optimized flux is considered.
Finally, in figure 4.7 we present the results obtained for a 20% signal uncer-
tainty. As before, the improvement in the sensitivity is smaller than in the case of
the standard flux. The parameter which is affected the most by the systematics is
the atmospheric mass splitting. As expected, when the efficiency and the S/B ratio
are bigger and the systematics are lower, the allowed parameters spaces are smaller.
Furthermore, due to the increased statistics, results with optimized flux are always
better than the ones obtained using the standard flux. The reduction of the allowed

ranges in the case of the optimized flux, fixing the other channel simulation details
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Figure 4.6: Expected contours at 68% CL in the oscillation parameter planes (as
mentioned in each graph azis) for S/B = 2.45, with v, detection efficiency of 6%
(Red, DotDashed) and 18% (Brown, Dashed) and for S/B = 18.6 with v, detection
efficiency of 6% (Blue, Dotted) and 18% (Black, Solid). The tau optimized fluz has
been assumed in the simulation, using only the v, appearance channel in the Normal
Hierarchy case with a 10% signal uncertainty. Marginalization over all undisplayed
parameters has been performed. Stars represent the simulated true values.

can reach, for example, 10% for 93 and 15% for ;3.
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Figure 4.7: Same as figure 4.6 but with 20% signal uncertainty.

4.8 A Comparison with OPERA Results

OPERA recently released the observation of 10 v, events [116]. The background for
v, — v, consists of charm decays to 7 leptons and neutral current events. Ref. [117]
studied the physics sensitivities employing the OPERA events and obtained a bound
on the Am3, sensitivity. Using OPERA events one gets: Am32, = (2.74+0.7) x 1073
eVZ2.

From Figs. 4.8 and 4.9, one sees DUNE performs much better in context to the

Amj3, sensitivity. A larger S/B gave a better sensitivity to the mixing parameters: in
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particular, for S/B = 18.6 the correlation plots (Figs. 4.4, 4.6, 4.5 and 4.7) showed
a reduction of the mixing angles allowed ranges of approximately 5% if compared to
the case S/B = 2.45. In a similar manner, Figs. 4.8 and 4.9 depict roughly the same

reduction but here in context to the relative uncertainty of Ams3;.

3.0 3.0——
25 25/ |
2.0 2.0
P P
X 15 X 15 |
1.0L88% CL 1.0l 68%CLY;
0.5 0.5
00b o NN 00 S AT
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Figure 4.8: Ezpected Ax* = x* — X2, as a function of the true AmZ, is plotted. For
S/B = 2.45, with v, detection efficiency of 6% (Red, DotDashed) and 18% (Brown,
Dashed) and for S/B = 18.6 with v, detection efficiency of 6% (Blue, Dotted) and
18% (Black, Solid). The standard fluz has been assumed in the simulation, using only
the v, appearance channel in the Normal Hierarchy case with a 10% signal uncer-
tainty (left) and 20% signal uncertainty (right). Marginalization over all undisplayed
parameters has been performed. Stars represent the simulated true values.

Thus we conclude that an increase in efficiency allows a better performance of the
DUNE detector than a larger S/B. The DUNE setup discussed here with an 18%
7 detection efficiency reaches a much better sensitivity (smaller relative uncertainty

value of about 8%).

Notice also that with such optimized flux, DUNE can reach a relative uncertainty
of 4.5% in the measurement of the atmospheric mass difference if 10% systematics on

the signal is assumed.



65

3.0 3.0
25 25
2.0 2.0
B B
35 1.5 35 1.5
1.0 68% CL 1.0 68% CL
0.5 0.5
ook A ] gl N AL
1.8 20 22 24 26 28 3.0 3.2 1.8 20 22 24 26 28 3.0 3.2
Amg;3(x 1073eV?) Amg;3(x 1073eV?)

Figure 4.9: Ezpected Ax* = x* — X2, as a function of the true AmZ, is plotted. For
S/B = 2.45, with v, detection efficiency of 6% (Red, DotDashed) and 18% (Brown,
Dashed) and for S/B = 18.6 with v, detection efficiency of 6% (Blue, Dotted) and
18% (Black, Solid). The tau optimized flux has been assumed in the simulation, using
only the v, appearance channel in the Normal Hierarchy case with a 10% signal uncer-
tainty (left) and 20% signal uncertainty (right). Marginalization over all undisplayed
parameters has been performed. Stars represent the simulated true values.

4.9 Inference

We infer from the results of this chapter that in the context of the three-massive-
neutrinos paradigm v,-appearance can also be used to constrain some of the other
oscillation parameters in principle but the bounds are not competitive with what
DUNE without v,-appearance channel may put (see Appendix). Figs. 4.4, 4.6, 4.5
and 4.7 depict the allowed regions of parameters space obtained after 3.5 + 3.5 years
of DUNE data taking, considering the inclusion of v,-appearance. We studied correla-
tion at 68% CL in the 03 — 013, O3 — Am?2, and 6,3 — Am?Z, planes. We do not present
any parameter space that includes the dop since we found v,-appearance channel has
almost no sensitivity to dcp. We presented the results when we marginalized over all
other oscillation parameters. However, we also checked even if the solar parameters
and the mass ordering are held fixed at their current best-fit values, the results stay

the same. In comparing the results with that of the OPERA capability, we found the
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Am?Z, bounds are significantly improved both in cases for the standard (by 18 %) and
optimized (by 21.5 %) fluxes.

To summarize, the impact of the v,-appearance channel is marginal or even neg-
ligible when it comes to measuring the standard oscillation parameters within the
three-massive-neutrinos paradigm. However we must keep in mind that we have
studied only the v, detection via the electronic channel which has a branching frac-
tion pretty small (about 18%). Therefore, if ultimately one is able to combine this
sensitivity capability with that in the hadronic decay channel of 7, the channel which
was studied in Ref. [111] the resultant sensitivity may have interesting possibilities

for standard physics scenario due to increased statistics.

After analysing the standard physics scenario we move on to the Non-Standard
Interaction hypothesis in the neutrino sector. Having v, — v, appearance channel
available we expect to get stringent bounds on the NSI parameters that get associated

with the v, -appearance probability. This is the topic of the next chapter.
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Chapter 5

vr appearance in DUNE:
Non Standard Interaction

Several neutrino experiments have paved the way to search for various new physics
scenarios; one model-independent way to study new physics (NP) is done in the
framework of what is known as the non-standard interaction [52, 126, 127]. Now that
we introduced the v, appearance channel in DUNE, we expect to derive sensitivity

bounds better than those existing in some of the NSI parameters.

5.1 Introduction

We begin by reminding the reader that the NSI sector involving (v,,7), there are
physics motivations of great importance since the third generation may be more
sensitive to NP effects because of their heavier masses !. Therefore, here it presents an
unprecedented opportunity to constrain new physics (NP) effects on third generation
leptons in neutrino experiments. Thirdly , if a symmetry like L, — L, symmetry as
motivated by many physics motivations is present in the leptonic sector, x,, mediator
is of specific interest and may also be sensitive to dark matter searches in DUNE
[128]. Lastly, there are some hints of lepton flavor universality violations from B-
physics anomalies which may point towards lepton non-universal new physics with

the largest effects involving the third generation leptons [129]. Through mixing with

'In some 2HDM models generating neutrino masses, the masses are proportional to Higgs bo-
son couplings, so neutrino mass generation involving new physics is likely attached to the third
generation.
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other generation the new physics effect may affect other generations as well, but

suppressed through their mixing.

5.2 NSI considerations

Originally Wolfestein proposed NSI as an alternative to explain neutrino flavor os-
cillation phenomena [130]. Since the effect is sub-dominant it is now regarded as
the model for phenomenological NP signature: typically, if the SM is regarded as a
low-energy effective theory of some higher theory in the UV, then BSM would enter
as higher-dimensional operators, suppressed by the energy scale at which new physics
comes into play. Omne of the diligent ways to capture the effects is to write these

interaction Lagrangians in terms of four-fermion interactions, [131]:
e P — r
_‘CNfS}; = 5&52\/§GF<Va7pLVB)(f7pr) ) (5.1)

where G is the Fermi constant, €£§ is the parameter which describes the strength
of the NSI, f is a first generation SM fermion (e, u or d), P denotes the chiral pro-
jector {L,R = (1 +~°)/2}, and o and B denote the neutrino flavors e, u or 7.
This Lagrangian describes neutral current (NC) interactions and will be our focus
here; it basically modifies the matter Hamiltonian and consequently the transition
probability of the neutrinos in matter. Long-baseline neutrino experiments with a
beam of neutrinos which are well-understood are suited to probe matter NSI because
they are more sensitive towards neutral current interactions which affect the neutrino

propagation coherently. See Refs. [132] for NSI studies in long-baseline experiments.

The strength of the new interaction is parameterized in terms of the complex

Eap = |€ap|e’®*# couplings. Thus the state evolution equations are given by:

Ve 0 0 0 1+ € €cp €er v,

d
Z% vy = |Upmns 0 Agl 0 UPMNS + A €eps €up  Epr vy
v, 0 0 Agx € € €rr v,
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where A;; = Am?j/ZE, Upyns is the neutrino mixing matrix, A = 2v/2G rn,
with n. being the electron density in the Earth crust. What is relevant for neu-
trino propagation in matter is the vector part V of interaction Eig = 6£§ + ef;
since the neutrino propagation in a medium is sensitive to the combination ¢,5 =
5% + N,/N. 53‘6/ + Ny/N, 5%. Following what is usually done in the literature, we
will discuss the bounds from DUNE in terms of €,3.

All in all, beside the standard oscillation parameters, the parameter space is en-
riched by six more moduli |e,5| and three more phases ¢,5. Thus we see the main
effects of NSI are nicely parameterized in terms of certain coefficients that makes
the oscillation dependent on them and are therefore constrain-able by experiments.
The values of these coefficients give us the idea of new physics in the neutrino sec-
tor. Along propagation we will consider that the effects of the NSI parameters
on the transition probability is dependent on the NSI parameters (e,,,e,,). My1-
iad of studies in the context to NSI have been done in the literature; see Refs.
[126, 133, 134, 135, 136, 137, 138, 139] for some of the important implications in
phenomenology, and in particular for the same in the DUNE experiment context, see

Refs. [140, 141, 142)].

5.2.1 Concerned Probabilities

In the context of our study, oscillation in the v, — v, sector is studied using pertur-

bation theory and is given by [126, 136, 137]:

P(Vo = Vg €epy Eers Epps Eprs Exr) = P(Vo — v3;2 flavor in vacuum)
+ P(Vo = V3 €eps Eer)

+ P(Va — Ug; €,uu75u7'7577'): (53)
where o and 8 denote one of u and 7, and ¢’s are the NSI parameters. The first term
in Eq. 5.3 is just the probability of two flavor oscillation in vacuum:

9 AmglL
4F

(5.4)

P(v, — v;;2 flavor in vacuum) = 4 c0s? B3 sin? O3 sin
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The second and third terms are:

P(v, = vrieep, €er)

and

2
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2
Amgl
Amz,

respectively, where a = . Some simplified notations involving the NSI ¢’s have

been used: are as follows:

2

O, = sinfs 34 (sin B3¢, + COS 923567)6“S = |O.|e,
Am2 ) .
= = <cos 015 sin 019 M1 + cos Oa3e,, — sin 923867—) el = =%,
a
E = coslbyssinbys(e,, —err) + cos? Oosepr — sin? Oase;,, = &€,
Si = (cos® Oy — sin? Oy3)(err — Eup) + 2 cos Oz sin Oz (g7 + €5,
Am2
— cos? (5.7)
a
O4, =, and & are complex and & is real. The matter potential is given by
A = 2V2GpN.E
E
— 7.6324x 10%eV2—L = 5.8
¢ gem—3 GeV (58)

For the DUNE experiment, value of the matter density is given by p = 2.8 g/cm®. The
other conjugate oscillation probability can be obtained easily; T conjugate channels
is obtained by the replacement § — —¢§ and for CP conjugate channels one needs to

replace 0 — —0 and A — —A.

The transition probability is sensitive to changes in the absolute values of ¢, much
more than to changes to its imaginary part, ¢,,, the phase. In particular, when ¢,
takes values 5 or 37”, the sensitivity is the weakest. Moreover, in the v, appearance
channel, we expect sensitivity to €., and €., only when they take large values. NSIs
could also fake expected event spectra due to standard neutrino oscillations, but with
a different set of parameter values. This could therefore lead to new degeneracies
in the oscillation parameter space. An important challenge for future experiments
is thus to find ways to break these degeneracies to obtain maximum sensitivity to
oscillation parameters. Degeneracies between NSI parameters and the three-massive-

neutrinos-paradigm parameters have been extensively studied in the literature [141,

142, 143, 144, 145, 146, 147, 148, 149, 150, 151, 152, 153, 154, 155, 156, 157]. These
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also include the ones done in particular to the studies of NSI effects in the MINOS,
T2HK and NOvA experiments. However, due to large systematic uncertainties and
limited statistics, these experiments cannot make a definitive measurement of the
matter NSI.

In Fig. 5.1, P(v, — v,) and its CP conjugate channel is plotted as expected in
the DUNE experimental scenario energies. Both cases, one considering NSI and one
without NSI along propagation have been shown. Analyses have been done with
(eurrrr) = (0,0) (top panel) and with experimental upper bound of (g,.,&,7) =
(0.07,0.147) (bottom panel) ([133, 134, 135]). Other NSI parameters are always

taken to be zero.

1.0

0.8;
= =04
=W =W

027

0.0

P(vy—v7)

E, [GeV] E, [GeV]

Figure 5.1: The transition probability of the v, — v, (left) channel and its CP con-
Jugate channel v, — U, (right) in the presence of matter effect for the DUNE energy
range and baseline. The solid/dotted lines correspond to NH/IH. The green, red, and
blue lines correspond to 6 = (0,7/2, —7/2), respectively. NSI parameters are taken
to be (eur,err) = (0,0) (top) and (g,r,e--) = (0.07,0.147) (bottom). Plot taken from
Ref. [112].

In conclusion to this subsection it is therefore straight-forward to surmise that
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some of the NSI parameter measurements, will be easily accessible from the v, chan-
nel. Therefore we pursue to simulate the experiment including the presence of NSI,
and obtain results on the sensitivity to these parameters, which is the topic for the

next section.

5.3 Constraining the NSI parameters

First we will state the current constraints on the measurements (global fits to neutrino
data) of NSI parameters, then we will describe the limits obtained on these parameters
in the standard DUNE scenario. Lastly we will present the results containing the

analysis in DUNE with v, appearance channel.

5.3.1 Existing Bounds on the NSI parameters

Direct constraints on NSI can be derived from scattering processes [158] and from
neutrino oscillation data [159]. Latest constrains on NSI parameters from global fits
were quoted in [160], from which we extracted the limits reported in table 5.1, and

used in our numerical analysis. We want to outline that, in order to compute the

NSI parameters Limits
€ce — €Epp (-0.2, 0.45)
|€cp] < 0.1
|€cr| < 0.3
€rr — Eup (-0.02, 0.175)
|€,ur | < 0.03

Table 5.1: Current constraints on the NSI parameters at 90% CL obtained from a
global fit to neutrino oscillation data [160]. No bounds on the phases ¢np are available
so far.

oscillation probabilities in presence of NSI, we may subtract from the diagonal entries
any one of the diagonal elements €,, as the oscillation phenomenon is insensitive
to overall factors. Therefore one may consider, as done in table 5.1, the shifted

parameters €., — €, and €,; — €, instead of €.. and €., respectively and set €, to 0,
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which is also motivated by the strong external bounds [126]. Throughout the thesis

we refer to the parameters €. — €., & €;; — €, as €. & €., respectively.

5.3.2 Analysis in the Standard DUNE scenario

Matter NSIs hypothesis have been investigated for the DUNE neutrino oscillation
phenomena in Refs. [140, 141, 142, 148, 147, 149, 150]. Let us briefly chalk out
some of the effects: the presence of matter NSIs in general reduces the sensitivity of
DUNE to the standard oscillation parameters due to conspiracies occurring among
the standard and non-standard oscillation parameters. Essentially they give rise to
new kinds of degeneracies for long baseline experiments [141, 142]. In particular, it
has been shown in Refs. [142, 144] that for quite bigger values of the NSI parameters a
degeneracy between the sign of Am32; and dcp is obtained. This naturally translates
into worsening the DUNE sensitivity of the neutrino mass ordering measurements
[142, 147]. On the other hand, for 3 and dcp measurements, there exists two other
degeneracies. The first is due to an interplay between the oscillation parameter |fa3 —
7| and the NSI parameter €., thereby reducing the 53 octant distinguishing capability
of DUNE and creating fake solutions [141, 142]. Another degeneracy is present due
to dcp and the NSI parameters €., and €., including the phase. Naturally this means
dcp measurements (and CP Violation sensitivity) is compromised at DUNE. We will
discuss more on the degeneracies in subsequent subsections. The impact of source
and detector NSIs at DUNE was studied in Ref. [155] and the effect of systematics
was estimated in [161]. DUNE can improve on measuring the |e.,| 3 times than its
current limit and the uncertainty of |e.,| can be reduced by 30-40%. These studies
were based on considering the standard DUNE v, appearance and v, disappearance

channels only and did not include the v, appearance channel.

After this quick review let us delve into understanding the v, — v, transition in

DUNE.
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5.3.3 The importance of v, — v, channel

After the full treatment of probability in the presence of NSI in Sec. 5.2.1, it will
be good to just ascertain some quick points on the v, — v, transition probability.
The v, — v, oscillation probability is affected by the €., and €., parameters, as well
as by €... However, statistics in DUNE is dominated by the disappearance channel
v, — v, which is mainly affected by the presence of €, and €,,. The dependence of

probabilities on these parameters have been studied, among others, in [136, 162, 163].

For the appearance probability v, — v,, the leading analytic behavior in terms of

the small € parameters was described in Sec. 5.2.1. From Eqn. 5.4, we estimate:

2
P, = PETM + (%67—7— cos?(203) + 2COS(2923)R6{€W-}) (AL) sin (M> + O(€%),

2F
(5.9)
where we neglected the small solar mass squared difference Am3;; PfTM is the oscilla-

tion probability in absence of NSI already discussed in section 4.2. Additional terms,
which depend on both the real and imaginary parts of ¢,,, are at second order in
the perturbative expansion, and are expected to provide only small sensitivity in the
regions with ¢,, ~ £m/2. Since the term containing €., is very small for an almost
maximal atmospheric angle, the probability P, is sensitive to large values of €., only,

unlike for ¢€,, to which we expect a maximal sensitivity.

In the next subsection we will present correlation studies among the NSI param-
eters themselves, among NSI and standard oscillation parameters, and sensitivity

studies regarding the measurement of NSI parameters.

5.4 Numerical Results

We present a comprehensive set of results obtained from our study of the NSI hy-

pothesis in DUNE neutrino porpagation in this section.
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5.4.1 Correlation among NSI parameters

In this section we study the impact of the additional channel on standard oscillation

parameters.
0.4 Standard Flux VetV 4Vg ————— 0.4 Optimized Flux VetV +Ve
VitVe  -oommmmes VytVe oo
0.2

€l
€l

0.0 0.1 0.2 0.3 0.4 . 0.0 0.1 0.2 0.3 0.4

[€pel €l

Figure 5.2: Correlation plots among NSI parameters |e..| versus |e,,| at 90% CL
using the standard flux (left) and the optimized flux (right). All other standard and
NSI parameters have been marginalised over. The solid, blue line show the effect
of the v, appearance channel addition. 20% v, signal uncertainty, 6% tau detection
efficiency and 2.45 S/B values detection efficiency has been assumed so as to depict
the "worst-case” scenario among all sets considered. Normal hierarchy is assumed.

We present correlation plots which represent the ability of the experiment to
distinguish measurement sensitivity of oscillation parameters from one another. We
observe from our results that only the €,, sensitivity is increased with minor or no
affect of the other NSI parameter sensitivity. In the figure 5.2, we have plotted |e,,|
versus |€,|. True values of the NSI parameters have been set to zero. All the standard
oscillation parameters and the NSI parameters except those presented in the axes of
the plot have been marginalized over. The study using the standard flux is on the left
and the same using optimized flux is on the right; v, statistics is significantly more in
case of the optimized flux, as expected, due to the increase in v, events but however,
the other two channels in DUNE, namely the v, disappearance and the v, appearance

suffer due to increase in their background consequently rendering the total effect to
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be such that the resultant sensitivity in the standard flux case is better than in the

optimized flux case.

5.4.2 Correlation among NSI and Standard Oscillation Pa-

rameters

Let us study the bounds on |e, | from our analysis in DUNE, with and without
considering the v, appearance channel. True values of the NSI parameters have been
set to zero. All the standard oscillation parameters and the NSI parameters except
those presented in the axes of the plot have been marginalized over.

In Figs. 5.3 we report the behavior of the fy3 as a function of |e,,| values; the
dotted line represents the results obtained considering v, disappearance and v, ap-
pearance only whilst the solid black line depicts when v, appearance is also added to
the analysis. Marginalization has been performed over all the rest oscillation parame-
ters not shown the axes of the plots, including standard parameters and the NSI ones.
fo3-octant degeneracy is clearly visible. Our result is only shown for the ”worst-case”.
We also performed the same for the "best case” and found the same behaviour only
improving the |e,.| part of the correlation. The figure basically tells us that the only
parameter that improves is the |e,.|. We do not estimate the improvement on ||
from this figure as we will do it in details in a later section considering all possible
cases of the experimental configurations.

In Fig.5.4, we have studied the correlations between |e,,| and its CP phase ¢,,,.
Figure on the left is using the standard flux and that on the right is using the optimized
flux. The lines show 90% CL contour curves in the |e,.| — ¢,. parameter space. It
can be inferred from this result that when we try to determine of |e,,|, it is strongly
correlated and depends on the CP phase value we have assumed. In particular, at
¢, = £, the most stringent of these bounds are being reached. In order to remain
at the same P,; values, one should be near to the CP conserving values of the phase,
ie, our = 5 OF Ppr = ?’7” for lesser values of |e,,|. Nothing much can be said about

the sensitivities from the figures. This means DUNE shall not be able to put strong
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Figure 5.3: Correlation plots among 63 vs |€,,| for the standard neutrino flux (left)
and optimized neutrino flur (right) at 90% CL. The solid and dashed lines are for
the cases when v, appearance channel are present and absent respectively. All other
standard and NSI parameters have been marginalised over. 20% v, signal uncertainty,
6% tau detection efficiency and 2.45 S/B values detection efficiency has been assumed
so as to depict the "worst-case” scenario among all sets considered. Normal hierarchy
1s assumed. Star represents the simulated true values.

bounds on this parameter.

In Fig. 5.5, the correlation between |e,,| and Am3; is reported. The plots show
there is no strong correlation among these two parameters, but however, the inclusion
of the v, appearance channel helps in increasing the sensitivity of ¢,, thereby also
affecting this correlation in a straight-forward way to and we obtain the best-fit values
to be.

We studied this using both the standard flux and the optimized flux and we notice
that, the impact of v, is significantly more in case of the optimized flux, as expected,
due to the increase in v, but however, the other two channels in DUNE, namely the
v, disappearance and the v, appearance suffer due to increase in their background
consequently rendering the total effect to be such that the resultant sensitivity in the
standard flux case is better than in the optimized flux case.

Lastly before ending this sub-section, we would like to state that the two degen-

eracies we mentioned in the earlier section. The re-appearance of ¢, and |03 — 7|
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Figure 5.4: Correlation plots among ¢, vs |€,r| for the standard neutrino fluz (left)

and optimized neutrino flux (right) at 90% CL. The solid and dashed lines are for

the cases when v, appearance channel are present and absent respectively. All other

standard and NSI parameters have been marginalised over. 20% v, signal uncertainty,

6% tau detection efficiency and 2.45 S/B values detection efficiency has been assumed
so as to depict the “worst-case” scenario among all sets considered. Normal hierarchy

18 assumed.

degeneracy and the CP violating dcp and NSI parameter €. and €., degeneracy
(including its phase) (see Figs. 3 and 4 in Ref. [142] ), we studied using the v,-
appearance channel. Neither there was resolution on the two degeneracy cases, nor
there was any significant sensitivity improvement. This is expected since the only
parameter which improves to some extent is €,,. So we have not presented those

results here.

Thus we move on to the next section where we will study the |e,,| parameter sen-
sitivity, and study it in details considering all possible configurations and understand
the effect of systematics on its measurement. We will also compare our bounds with

those derived from other existing studies.
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Figure 5.5: Correlation plots among Am3, vs |e,;| for 10% (left panel) and 20% (right
panel) v, signal systematic uncertainty. The standard neutrino flux has been assumed
in the simulations. Horizontal dashed line indicates the 90 % CL limit (1 degree of
freedom). The meaning of the curves is the same as the previous plots. Star represents

the simulated true values.
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Figure 5.6: Ax? vs |e,-| for 10% (left panel) and 20% (right panel) v, signal system-
atic uncertainty. The standard neutrino flux has been assumed in the simulations.
Horizontal dashed line indicates the 90 % CL limit (1 degree of freedom). The mean-
ing of the curves is the same as the previous plots.

5.4.3 Effect of Systematics, Experimental Reach and v, De-

tection Efficiency

In figures 5.6 and 5.7 we report the Ax? as a function of |e,,| for 10% (left panel)

and 20% (right panel) systematic uncertainties for the v, signal, for the standard
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and optimized fluxes, respectively. Plots have been obtained marginalizing over all
standard and non standard parameters according to the constraints reported in tables
4.1 and 5.1, except for the solar parameters 615 and Am3, and the NSI parameter
le,r| , which have been fixed to their best fit values. All the NSI phases have been

left free with no bounds.
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Figure 5.7: Same as figure 5.6 but for the optimized fluz.

The common feature of the above figures is that there is a significant improvement
in the bound for e, | by increasing the efficiency from 6% upto 18%, and the S/B from
2.45 upto 18.6; one can envisage an overall improvement at 90% CL of approximately
10% in the parameter relative uncertainty in the case of the standard flux and 18%
using the optimized flux.

Sensitivity limits at 90% CL reached with all the three appearance and disappear-
ance channels in DUNE using the two fluxes are presented in the Tables 5.2 and 5.3.
The worst case scenario using the standard flux gives us a limit on the |e,,| < 0.25
while the most stringent limit can be set using the optimized flux with the best ef-
ficiency (18%), the best S/B (18.6) and 10% systematic uncertainty, |e,.| < 0.20.
This limit is approximately 35% smaller than the one that can be set by DUNE using
only v, appearance and v, disappearance channels with standard flux, |e,.| < 0.32,

as estimated in Ref. [161]. We observe that a fit to the OPERA v, events [116] did
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in Ref. [117] predicted the bound [e,,| < 0.41 (marginalising over all parameters

including NSI parameters) which is almost a factor of two larger than the worst limit

DUNE can set.

Standard Flux (10% sys)
S/B = 2.45 S/B = 18.6
Efficiency of v, detection 6% 18% 6% 18%
el [0,0.2452] | [0,0.2320] | [0,0.2431] | [0,0.2264]
Optimized Flux (10% sys)
S/B = 2.45 S/B = 18.6
Efficiency of v, detection 6% 18% 6% 18%
] [0,0.2349] | [0,0.2101] | [0,0.2232] | [0,0.1955]

Table 5.2: Summary of 90% CL bounds on NSI parameter |e,,| that DUNE may set
for 10% systematic uncertainty for the v, appearance channel.

Standard Flux (20% sys)
S/B = 2.45 S/B = 18.6
Efficiency of v, detection 6% 18% 6% 18%
el [0,0.2463] | [0,0.2359] | [0,0.2445] | [0,0.2306]
Optimized Flux (20% sys)
S/B = 2.45 S/B = 18.6
Efficiency of v, detection 6% 18% 6% 18%
o] [0,0.2440] | [0,0.2169] | [0,0.2335] | [0,0.2021]

Table 5.3: Same as table 5.2 but for a 20% systematic uncertainty for the v, appear-
ance channel.

We checked that the other NSI parameters do not benefit so much from the v.
appearance channel and the sensitivity reach remains roughly the same as in the

standard DUNE scenario with v, appearance and v, disappearance only.

5.5 Discussion

The DUNE experiment is being proposed as a high precision next-generation neutrino
experiment to be built in the USA. The baseline of DUNE is suitable for observing

the neutrino mass hierarchy and measuring the CP phase d¢p but only v, appearance
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and v, disappearance have been considered in most of the analysis. We studied the
impact of the inclusion of v, — v; and v, — U, channels in the DUNE experiment,

considering the electronic decay of 7.

Very few v, events have been identified in experiments till now. The DUNE exper-
imental setup is expected to collect and isolate sample high in v,-statistics in the Far
Detector and this will dwarf all existing data samples in terms of size and purity. Un-
der this circumstance, we explored some of the important physics opportunities with
7 years running of DUNE with the v,-appearance channel. The essential challenges
of v,-related searches is that T-production threshold is high (due to large 7-lepton
mass) results in low statistics compared to other channels; moreover, T-lepton decays
very fast, which in most of the cases too fast to be detected, producing either a lep-
ton or hadrons with missing energy carried by neutrinos. For these reasons it is also
very difficult to reconstruct the topology and the total energy of a v, interaction.
These are manifested in our choices of efficiencies and systematics and consequently
reflected in our poor sensitivity results. Similar analysis was considered in [111] but
for the hadronic decay of the 7. Usually, the muonic tau decay is not an option for
detection as distinguishing a muon coming from the tau decay from a muon coming
from a v, CC interaction is very difficult. We considered the electronic decay mode
of the tau, as considered in ICARUS [109] and nonetheless, we adopted an ”effective
description” approach in the sense that we studied to what extent each factors of
detection efficiency, systematics, and experimental reaches (S/B) affect the results.
We considered 7 detection in the electronic channel, as proposed by the ICARUS
collaboration and studied the sensitivity of standard and non-standard physics and
the effects of 10% and 20% systematics cases, 2.45 and 18.6 S/B values (experimental
reach) and 7 detection efficiencies of 6% and 18% on the measurement of the parame-
ters. We used two distinct neutrino fluxes dubbed as standard’ and 'optimized’ fluxes.
It goes without saying that the complementarity of the various oscillation channels
and new physics hypotheses on the neutrino oscillation phenomena, including the
very successful three-massive-neutrinos paradigm, and NSI imply unique correlations

among oscillation channels which in several scenarios offer information that cannot
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be accessed in ways other than the v, appearance channel.

At the background level, small statistics and weak sensitivity of the v, appearance
probability to the standard oscillations parameters, is a result of v, CC background
events which are large and depends on the oscillation parameters. We found that
the performances of the v, appearance channel can be improved using a larger back-
ground. This counter-intuitive result is an artifact of few signal events being masked
by background events and x? being controlled by the background. We chose to fix
the number of background events in our simulation so that on one hand these are
parameter independent and on the other we can achieve the S/B ratios predicted for
ICARUS. We further comment that this treatment is just for phenomenological way of
understanding the impact of the v, appearance channel; for experimental possibilities
of achieving the same S/B, see Ref. [110].

There’s an interesting possibility to search for v, appearance in the near detector
in DUNE; this strategy is sort of ”background-free” since there should be no v,-s
from the beam, and has been adopted in a study in NOvA [164]. The sensitivity to
some of the physics scenarios we described in this thesis will possibly be increased.

Based on the simulations we performed and presented in the chapters 4 and 5, we

make some conclusions:

e For the standard physics, the addition of v, appearance channel does not im-
prove the sensitivities of any of the standard neutrino oscillation parameter set
by the other two channels already being considered in DUNE, even with the
optimized flux set-up. This can be traced to (a) limitation in statistics and (b)

leading order dependency of probability on Am2; and 6s3.

e The performances of the tau optimized flux in the v, appearance and v, disap-
pearance channels result generally in worsening of the sensitivities, thus over-
shadowing the advantage one may get from the increase in the v, statistics.
This is mainly due to the increased background events in both the v, and v,

channels.

e In the new physics cases, the NSI parameter sensitivities are hardly affected by
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the addition of the new channel, except for the coupling |e,,| for which improved

limits (about 15% better than the no-7 case) was found.

Finally, we remark that it may be possible to improve the above-mentioned sensi-
tivities if we add to this analysis the tau hadronic decay channel as well [111], which
has a better v, detection efficiency and consequently a bigger statistics. Not only
this, other means of achieving greater statistics like increasing the experiment run-
ning time from 7 to 10 years or including v, statistics from other experiments like
OPERA may be a direction to consider in the future. Also, understanding the physics
sensitivities from the DUNE near detector which we have not considered here maybe

useful.
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Chapter 6

Dark Sector Physics:
Phenomenology of Dark Photon

This chapter and the next one is dedicated to the physics of dark sector, particularly
the dark photon (DP). Here we will discuss the theoretical and observational physics
motivations and subsequently some models for the study of dark photon. Along with
that we will also present a brief overview of the experimental searches for DP till
date. In the next chapter, we will develop an indigenous method to search for DP in

the PADME experiment in the National Laboratory at Frascati (LNF-INFN).

6.1 Introduction

As discussed in the thesis introduction, the SM provides a consistent description of
our universe except for some cases where BSM physics is required. One of the most
diligent and phenomenological considerations to capture the impact of new physics
is through what is known as the dark sectors (or hidden sectors). The ”darkness”
of this sector is usually attributed to a a new spectrum of particles without having
the strong, weak, or electromagnetic charges of the SM. Of course, they interact
gravitationally (if massive). However, they may ”talk” to or interact with the SM
particles through some mediators, a scenario commonly known in the literature as
"portal” formulation of the dark sector [165, 166, 167]. There are a plethora of
models having these hidden sector formulation and their comprehensive description

is extremely broad; however there is a standard way of classifying these models which
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helps to explore the related phenomenology effectively yet systematically. This is
done via considering the mediator spin and parity !. The most familiar ones are

[168]:

e ”Scalar” Portal 2: A scalar ¢(x), leading to the Higgs portal through the oper-
ator (u¢ + \¢?) (H' H), H is the SM Higgs doublet.

e "Vector” Portal: A vector field A’ (x), through the operator §F),, F'*, where
F,=0,4,—0,A,.

e "Fermion” Portal, also commonly considered as the "neutrino portal”: A fermion
N(x), having the interaction ~ yx L H N, where N plays the role of a right-

handed neutrino.

We will concentrate on the ”Vector”-portal in this thesis.

6.2 Dark Photon Model

Dark photon also known as hidden photon or A’ boson, is a massive vector boson
arising due to a new U(1)’ gauge symmetry on top of the Standard Model symmetries.
This particle mixes with the ordinary photon () via kinetic-mixing term [169, 170].
This mixing allows 7-A’ oscillations and produces a small coupling between A’ and
the electrically charged matter like the electron. Although this new mediator means
there exists a new kind of force in nature, there are reasons why it has not been

observed yet:

e This new particle is very heavy (around TeV), therefore outside the reach of the
current energy scale being achieved in the high energy laboratory experiments.

In this case, the forces mediated by them is extremely short ranged.

'Note that these are essentially constrained by the Gauge and Lorentz symmetries of the action.
2In a similar manner, one may build a pseudo-scalar portal where the mediator is a pseudo-scalar
boson (see Ref. [168])
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e The new particle interacts very feebly with SM sectors; consequently too weak

to be observed.

The first possibility keeps being actively investigated mainly in collider experiments,
with the current high energy frontier set by the LHC experiments. However, the so
far unsuccessful search for new heavy states has triggered in recent years an increasing
interest in the second possibility, with many proposals and many new ideas to hunt
for new physics at the intensity frontier (see Refs. [165, 166] for a review).

We shall consider the second possibility in this thesis. DPs are characterized by
their coupling to the electromagnetic current J EM ,

L~ eeA, M (6.1)

Note that this interaction is suppressed relative to the electron charge e by the param-
eter €, which can be small. This parameter can take values in the range 10~* — 1072
if generated at one-loop or 107 — 1073 if the mixing is generated at two-loop order
of interaction [171, 172, 173] 3. Having an extra U(1)’ gauge symmetry on top of the
SM symmetries means that at low energy (EW scale) after symmetry breaking the
DP mixes directly with the SM photon (See Appendix 10.1 for details). The effective

Lagrangian goes as:

Lesr= Loy — iF;WF’W + %mi,A;A’“ — ieFéyF‘“’ (6.2)
where F' is the field strength of the hidden gauge field A’, F,, the SM EM field
strength and my  the mass of the DP [169]. Notice that in this model the only new
independent parameters are the coupling or the kinetic mixing (€) and the mass of the
DP (mu/). The mass generation mechanism of DP can be achieved via the Higgs-like
mechanism due to spontaneous symmetry breaking by a dark scalar and can take a

large range of values (from sub-eV until GeV) [169, 175]. Since the DP couples to
the electron which has mass (m.) of about 0.5 MeV, one may divide the DP models

3DP mass can also be generated via Stuckelberg mechanism which is relevant in string theories
[174].
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according to their decay[165, 171, 176, 170]:

e For my > 1 MeV, a DP decays dominantly into charged particles ete™, utu~,
or 77w, or to light hidden-sector particles (if present in the dark sector),
which again decays to SM particles. See Fig. 6.1 for the predicted branching
ratios of A’ decaying into SM particles. The scenario is often dubbed as the
visible DP model if the end products are visible particles. If the DP decays
into hidden sector states, the model is referred to as the invisible decay model.
The DP may couple also to other non-SM particles in the hidden sector. For
example, there maybe new matter (fermionic) states charged under the new
U(1)" which may include particles that constitute the DM. If decays of the
DP to the hidden sector states are kinematically forbidden such couplings are
irrelevant to the phenomenology and the standard branching ratios hold true
as shown in the figure. A DP with mass my ~ MeV — GeV is compatible
with explaining experimental anomalies like the anomaly observed in decays of
excited 8-Be nuclei to electron-positron pairs [177, 178, 179, 180] and the long-
standing discrepancy between the measured value of (g - 2), and the theoretical
prediction [167]. Usually electron (positron) or proton fixed-target experiments

and hadron colliders offer stringent limits on such particles [165, 166].

e For my < 1 MeV, the DP cannot decay to ete pairs as this is kinematically
forbidden 4. The kinetic mixing implies that the propagation eigenstates of the
photons and the interaction eigenstates of the photons are different, leading to
~v — A’ oscillation phenomena which are proposed to be searched for in typical
light-shining-through-the-wall experiments [181] and Helioscopes observations
[182]. The oscillation mechanism may also be responsible for A" as the observed
DM relic density in the universe. Direct DM detection experiments may test this
scenario; moreoever, indirect observations through the A’ decaying into three
photons can also be observed above the astrophysical diffuse X-ray backgrounds

[183, 184]. CMB bounds on such oscillation are also essential probes of this

4only a much slower decay to three photons maybe allowed
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sector [185].
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Figure 6.1: Dark photon decay branching ratios into SM particles (figure taken from
Ref. [205]).

" extended models (see

There are several theoretical studies on this kind of U(1)
Refs. [172, 173, 174] for some of the main ideas and related phenomenology). In the
next section, we shall briefly describe the quest to understand the DM characteristic

through this vector portal.

6.3 DP as a mediator of Light DM

If there is BSM physics not at particularly high energies, then the dark sector particles
and their interactions with the SM could well be within experimental reach. However
these particles must couple very feebly to the SM particles or else we already would
have seen them. Just to give an example, if the hidden sector contains particles
with mass below 1 GeV they would have easily escaped detection by underground
experiments seeking for halo DM. This motivates complementary searches and search
strategies in order to probe this mass region. Many interesting and testable scenarios

consider light DM with mass in the ~ (1 MeV - 1 GeV) range, charged under a new
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U(1) symmetry and that interacts with the SM particles via the exchange of a vector
boson A’. Since decay process is determined by the ratio of the DM and the mediator
A’ masses, the DP can decay only into SM particles (visible decay) or dominantly
to light DM states (invisible decay) depending upon their relative masses. Several
DM models attribute the stability of the DM via some discrete symmetry under
which SM fields and dark sector fields are oppositely charged, consequently the DM
particles do not have direct couplings to the SM and cannot decay. However, the DM
may interact with the SM through some mediators coupling to both the SM and the
DM. The gauge and Lorentz symmetries of the SM lagrangian restrict the ways in
which the mediator can couple to the SM. If the mediator is a vector force carrier
from an additional U(1)" gauge group under which DM is charged, a kinetic mixing
interaction is gauge invariant under both U(1)" and U(1)y. Consequently, a mixing
sF ,’WF # is induced and is responsible for the phenomenology considered in a light
DM model. In this case, the particle spectrum in the dark sector is important in
establishing constraints on the model, as well as the parts of parameter space favored
by cosmological and astrophysical observations of DM. Simply based on the nature
of its spin, DM can be a fermion, yx, or a scalar boson, ¢, that couples to the DP

through the hidden sector gauge interactions.
L= x(ilp —my)x, (6.3)

for a fermion DM and

L= (D"®ND,d — m?®|? (6.4)

for a scalar DM with D, = 0, — ig'A,; we use the symbols g’ as the dark sector
coupling between the mediator and the light DM [165]. Although the parameter space
of the model looks broad, different regions are compatible for different reasons. In
fact, several specific regions are particularly important targets, from theoretical point-
of-view or because exploring these regions decisively tests some of the experimental

anomalies observed [165, 166, 171, 170].

If a thermal process is responsible for production of DM, freeze-out of DM y
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consists of DM annihilations into SM particles. First scenario is where the secluded
annihilation of DM to pairs of mediators via xyy — A’A’ (for m4 < m.). Then this is
followed by mediator decaying into SM particles and direct annihilation to SM final
states via virtual mediator exchange in the s-channel without an intermediate step,
xx — A" — SM SM. [186]. This sets up a minimum value for the SM-mediator
coupling ee which is compatible with a thermal history of the DM in its relation to the
observed relic density. Alternatively, other production mechanism includes Freeze-in
production of DM [187] where at first the DM is out-of-equilibrium and then slowly
comes into equilibrium and gets produced as the Universe expands; for this, one
requires sufficiently small couplings (note that such small couplings are natural in
kinetic mixing of DP scenarios). However, depending upon the mass of the DP, the
final DM abundance maybe completely independent of m 4 [165]. Cosmological his-
tory and terrestrial constraints becomes very important for DM masses between MeV
and GeV. Refs. [188, 189]. On the other hand, for DM becomes lighter than an MeV,
bounds from DM self-interaction, stellar emission, N.s; and terrestrial constraints
comes into play. DM-electron couplings and their constraints and scalar-mediated
nucleon couplings were discussed in Ref. [190].

In conclusion to this section, we wish to highlight the motivation for DP also
lies in understanding the portal to the DM which has eluded us in all experimental
searches hitherto. Next we move on to discuss a still stronger reason to look for this

DP: to resolve an anomaly observed in a nuclear physics experiment.

6.4 Beryllium-8 Anomaly

The ATOMKI collaboration has observed in the excited ®Be nuclear decays an anomaly
which we will describe below [177, 178, 179]. This is particularly relevant for the
present work in this thesis since the new experimental technique that we will illus-
trate to search for the dark photon is particularly well suited to test, at least in some
regions of the parameter space, the particle physics explanation based on a new gauge

boson with mass ma of 17 MeV kinetically mixed with the photon [180].
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The experimental set-up consists of a pair spectrometer that has observed the
decays of ®Be* with high statistics. A proton beam with centre-of-momentum energy
of 1.03 MeV (resonance energy) collide with Li nuclei to form the resonant state ®Be*,
and a small fraction of these decay via the 8Be* —8 Be e e~ process. There are
plastic scintillators and multi-wire proportional chambers in the plane perpendicular
to the proton beam. These give us the measurement of the electron and positron
energies, as well as the opening angle of the ete™ pairs that travel through the
detector plane; basically one gets the distributions of opening angle 6 and invariant
mass me, of the electron-positron pairs. SM predicts that the opening angle # and

m,, distributions should fall monotonically.

ATOMKI PAIR
SPECTROMETER

SBe

-0+ Q@
-

T e
p Li A

Figure 6.2: Schematic description of the ®Be experiment.

But the experiment observed (see Fig. 6.3) that € distribution consists of a high-
statistics bump peaking at § = 140° and the behaviour becomes SM-like prediction at
around 0 = 170° [177], which seems unaccountable by any known physics (schematic
representation of the experiment is provided in Fig.6.2 ). The anomaly of observing
excess pairs of electron-positrons has a high statistical significance of 6.80 which
excludes the possibility that this arises as a statistical fluctuation. The shape of

the excess is remarkably consistent with that expected if a new particle with mass
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ma = 17.0 £ 0.2(stat) £ 0.5(sys) MeV [179] is being produced in these decays. The
strength of the A’ coupling to ete™ pairs, parameterized as € = \/m with «
(= %) being the QED coupling and o/ the U(1)" fine structure constant, the later
being constrained by several experimental considerations which we will describe in
details in the next section. In the Atomki setup, A’ — ete™ decays must occur

in the few c¢m distance between the target and the detectors. This implies a lower

limit e/+/Br(4’ — ete) 2 1.3 x 107°. In the following we will assume for simplicity
Br(A" — ete™) = 1; if the A’ decays with a non-negligible rate into invisible dark
particles x, with m, < ma/ /2, the quoted limits need to be accordingly re-scaled.
However, in case the invisible decay channel becomes largely dominant, other limits

different from the ones discussed in this paper apply. We refer to Ref. [191] for details.

A 6.80 anomaly: two measurements
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Figure 6.3: Plot adopted from Ref. [177].

Thus we see a light gauge boson is favored by the experimental anomaly and the
need to contemplate searches for this particle by other methods and experiments.
We will develop a new method for producing this DP in a laboratory experiment
(PADME) and the key idea on advocating this new technique lies in the observation
that in Be experiment the A’ (if it exists) decays to electron-positron final products.
Our proposal originates from this fact because this DP particle is seen to be decaying

to electron-positron pairs, it can also be produced from the same channel as well,



95
that is, from the annihilation electron-positron pairs. Before we discuss about this
in details, let us briefly take a look at the methods of detection, the existing bounds

and the different experiments that have already searched for this particle.

6.5 Search for DP in Experiments

Searches for new particles are part of the intensity frontier since intense beams of
electrons, positrons or protons are required to produce DP in sufficient quantities to
compensate for their weak coupling to ordinary matter. Current and planned DP
searches are characterized by their strategies for production and detection. The main

DP searches in experiments are the following:

e In ete™ colliders via Bremsstrahlung-like process et Z — e* Z + A, for electrons

(or positrons) [192].

e Fixed target experiments via resonant process: ete” — A’ and non-resonant

process: ete” — yA' [193].

e Meson decays (whereever produced), 7°/n/n’ — A’ and rare meson decays

such as K — wA’, ¢ — nA’ and Dx — DA’ [194].

On the other hand, the main methods for DP detection can be broadly summarized
in bump hunt in visible final-state invariant mass, bump hunt in missing-mass and
vertex detection. In the scenario of an invisible mediator decay, as discussed in the last
section, there are two main approaches to observing a hidden sector signature: either
a DP is produced at a beam-dump and promptly decays into invisible states, and the
invisible states scatter off material in a detector (placed downstream from the beam-
dump), or the presence of the invisible states is inferred from missing momentum
and/or missing mass either at a high-energy collider or fixed-target experiment.

Let us next take a look at the existing constraints on the DP parameter space

from the myriad of experiments discussed above.
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6.6 Existing Bounds on Dark Photon

A beam dump is an experimental set-up designed to absorb the energy of particles
within an energetic beam. Electron beam dump typically consists of a beam of
electrons projected on a fixed target. Lower limits on € much stronger than what
implied by the Atomki experimental setup are obtained from electron beam dump
experiments. Old data from KEK [195] and ORSAY [196] have been reanalyzed
in Ref. [197] yielding, in the interesting mass range ma ~ 17MeV, € > 7 x 107°.
A stronger limit, € > 2 x 107* was obtained in [198] from a reanalysis the E141
experiment at SLAC [199]. However, for a ma ~ 17MeV the excluded region is
very close to the kinematical limit of the sensitivity (see Fig. 7.7) and it has been
recently pointed out, by direct comparison with exact calculations [200], that the
WW (Weizsdker-Williams) approximation [201, 202, 203] adopted to derive the limits
become inaccurate in this kinematic region, tending to overestimate the reach in
mass [200, 204, 194] (see Fig. 6.4). For primary energies in the the range 10 —
20 GeV, as was the case for the E141 beam [199], and for ma ~ 20 MeV, the WW
approximation yields an A’ production cross section about 50% larger than the exact
calculation (see Fig. 2 in Ref. [194]) and it also overestimates the A’ emission spectrum
at large energies (see Fig.4 in the same reference), in which case the number of
expected positrons falling within the 1.1 mrad angular acceptance of the experiment
would be overestimated both because of the larger boost, and also because of the larger
lifetime dilation that would cause the A’ to decay closer to the detector. Besides this,
let us note that an A’ slightly heavier than the benchmark value of 17 MeV would
in any case evade the E141 limit. It is then questionable if, for my > 17MeV,
the E141 constraints on the A’ couplings can be considered as firmly established.

Conservatively, we will assume that the corresponding region is still viable.

Upper bounds on € in the relevant A’ mass range also exist, see Fig. 7.7 and
also Ref. [204]. The KLOE-2 experiment has searched for ete™ — vA’ followed by
A’ — eTe™ setting the limit € < 2 x 1073 [206], while constrains from the anomalous

magnetic moment of the electron [207] yield € < 1.4 x 1072 [208, 209).
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Figure 6.4: WW approximation and exact production for A’ in e- Z — e- Z + A’ as
a function of the electron energy Eq for various A’ masses. (figure taken from Ref.

[194]).

A comparable limit stems from BaBar searches for A’ — eTe™ decays, but it only
applies for my > 20 MeV [210] and other fixed target experiment [211]. In summary,
we will take the interval

Tx10°<e<14x1073, (6.5)

as the window allowed for a 17 MeV A’ decaying dominantly into e*e~. This corre-
sponds to a DP width 2.0 x 107 < T4 /eV < 8.1 x 1072

After this discussion we move on the description of the novel method for searching
for the DP in the PADME experiment and presenting the results obtained from our
study.
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Chapter 7

Dark Sector Physics:
Dark Photon Search at PADME

7.1 Introduction

This chapter is primarily based on the work in Ref.[212]. We will develop and describe
a new method for resonant production of dark photon at the PADME experiment
in the Frascati National Laboratory. Moreover we will show how this method is
particularly suited for the search for the DP in the parameter range suited to explain
the 8 Be anomaly of the ATOMKI experiment. This connection is very natural since
the DP if it exits decays to electron-positron pairs in the nuclear experiment and
PADME (beam from DA®NE) is capable of searching the DP using the same channel

in production.

7.2 PADME experiment at LNF

Collider searches for dark photons have been carried out in electron beam dump
experiments (see [197] for a review) assuming A’-strahlung as the leading production
mechanism in electron-nucleon scattering. In terms of perturbative expansion of
Feynman diagrams, it can be seen that this process is of order a2, see Fig. 7.2(a).
Therefore the production is expected to be small. Another is the usual QED process
of positron annihilation off an atomic target electron with two final state photons,

where one photon is replaced by one A’ see Fig. 7.2(b), corresponding to a process
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of O(a?). This we expect to be one order-of-magnitude less than that of the A’-
strahlung process. However to perform this search strategy, one needs positron beams
impinging on a fixed target consisting of free electrons in context to beam dump
experiments. Only few facilities with positron beams exist in the world, thus A’
searches with positron beams is somewhat unique. Frascati Beam test Facility will be
able to provide beams suitable for fixed target experiments, and correspondingly only
a few experimental proposals have been put forth [213, 214, 193]. We will describe
this process and specific resonant production process that can be carried out in the

Frascati PADME experiment [193].

pot/yr || Enin (MeV) | Epax (MeV)
et | 10'8 250 550
e” | 10'8 250 800

Table 7.1: Beam parameters for the Frascati BTF.

7.3 Experimental Setup

calorimeter
vvvvvvvvvvv | ECAL

£

==

Angle
Calorimeter

high energy
e+ veto

Figure 7.1: Schematic of the PADME Experiment. Figure taken from Ref. [215].

The PADME experiment [216, 193] at the DA®NE LINAC Beam Test Facility
(BTF) [217] of the INFN Laboratori Nazionali di Frascati (LNF) has been designed

to search for DP by using a positron beam [218] impinging on a thin target of low
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atomic number. The A’ can be detected in the invisible channel by searching for a nar-
row bump in the spectrum of the missing mass measured in single photon final states,
originated via ee™ — yA’. The experiment will use a 550 MeV positron beam on a
100pm thick active target made of polycrystalline diamond (Z = 6). To keep under
control the counting rates the beam intensity will be kept at ~ 10'3 positrons on target
per year (pot/yr), that is well below the maximum available intensity (cfr.Tab 7.1).
The low Z and very thin target are intended to minimize the probability of photon in-
teraction inside the target since, in order to reconstruct accurately the missing mass,
the measurement requires a precise determination of the four-momentum of the ~
produced in the annihilation. The recoil photons will be detected by a quasi cylin-
drical calorimeter made of inorganic crystals located 3.3 m downstream the target,
while the non-interacted positrons, which constitute the vast majority of the incoming
particles, are deflected outside the acceptance of the calorimeter by a 1 m long dipole
magnet. Three different sets of plastic scintillator bars will serve to detect electrons
and positrons. Profiting by the presence of a strong magnetic field, these detectors,
intended to provide an efficient veto for the positron bremsstrahlung background, can
also be used to measure the charged particles momentum. The PADME detector is
thus able to detect photons and charged particles and it will be sensitive to invisible

(A" — xx) as well as to visible (A" — eTe™) DP decays.

7.4 A’ production via resonant e"e~ annihilation

A very important observation is that for A’ masses > 1 MeV, the process of resonant
ete” annihilation into on-shell A" becomes possible. The Feynman diagram for this
process is in Fig.7.2(c), and the process being of O(«), is parametrically enhanced
with respect to the previous two production channels. Moreoever being sufficiently
close to this resonant process one may look to reduce other backgrunds due to its
enhanced cross-section. For a positron beam fixed target experiment like PADME in
a dedicated mode this is particularly impeccable to strategize and implement since

the beam energy can be suitably tuned with a particular peaked centre-of-momentum
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Figure 7.2: A production modes in fized target e-/e+ beam experiments. (a) A’-
strahlung in e-nucleon scattering; (b) A’ -strahlung in e- e+ annihilation; (c) resonant
A" production in e+ e- annihilation.

energy for the positrons hitting the target. This process also contributes in electron
beam dump experiments via A’ production from annihilation of secondary positrons
and needs to be taken into account for proper analysis [219]. In particular, it was
found that due to the contribution of resonant A’ production, the E137 data exclude
a parameter space region larger than it was previously though [197, 198]. We have
included this extended excluded region; it corresponds to the area in light grey color

towards the bottom of the plot in Fig. 7.7.

7.4.1 Resonant Production of A’

Taking into account the importance of resonant annihilation to create DP we consider

the sensitivity of the PADME experiment to the production process ete™ — A’ —
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et

e”. We need to modify trifle the experimental configuration to implement this
resonant production mechanism to its fullest advantage. The thin diamond target
should be replaced by a tungsten target of several cms of length. This is mainly due

to:

1. The thick target will absorb most of the incoming positron beam and the related
EM showers, and in any case degrade sufficiently the energy of the residual
emerging particles. This means that the charged particles background can be
easily deflected and disposed of sufficiently due to thickess of the target. The
A’ produced in eTe™ annihilation, if long lived enough, will emerge out of the
dump and escape without interacting, decaying inside the downstream vacuum
vessel, producing an ee™ pairs of well defined energy. Therefore we straight-off
gain five orders of magnitude with respect to the thin target running mode, (see

Table 7.1) for the full beam intensity of 10 pot/yr .

2. The second advantage is that a thick enough target provides a more-or-less con-
tinuous energy loss for the incoming positrons propagating through the dump;
this basically means that they can efficiently ‘scan’ radiatively in energy for
locating very narrow resonances in the regions throughout the parameter space

(DP mass).

To correctly consider this second point it is necessary to study the energy distri-
bution of positrons inside the BTF beam which is tuneable to a nominal energy Fj
within the range 250 < E,/MeV < 550, and can hence be described by a Gaussian
function G(F) = G(FE; Ey, 0p) where o,/ E, ~ 1% is the energy spread. The proba-
bility that a positron with initial energy E will have an energy E,. after traversing
t = p-z/Xy radiation lengths (with p the density of the material in g/cm™ and
Xo = 6.76 g/cm ™2 the unit radiation length in tungsten), is given by [220, 221]

I(E,E,,t) = Q(EEF—_(bze) {log EEJ : : (7.1)

IThe maximum number of e* deliverable in one year given in Table 7.1 is LNF site authorization
limited by the efficiency of the existing radiation shielding. However, technically the BTF could
deliver up to 10?° electrons or positrons on target per year.
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where b = 4/3 and T is the Euler gamma function. Eqn. 7.1 neglects secondary
positrons from EM showers, as well as the loss of primary positrons from ete™ —
~~ annihilation, but is still sufficiently accurate for our purposes. The e® energy

distribution after ¢ radiation length is given by:
T(E.t) = / (E) I(E, B,.t) dE. (7.2)
0

Integrating T (FE,,t) in t one would obtain the track-length distribution for primary
positrons. However, for an accurate determination of the detectable number of A’, the
coordinate z = tXy/p of the production point is important, especially for the larger
¢, and hence shorter decay lengths. Thus, the integration in ¢ should be performed
only when accounting for the probability of A" decaying outside the dump. We fix
the origin of the longitudinal coordinate at the beginning of the dump, zp is the end
point of the dump, and z4e is the distance between the origin and the detector. The
A’ decay length

le=cyTar, (7.3)

m s
2Me

with v = the time dilation factor, depends quadratically on e through the lifetime
T4 = 1/T 4 (but it does not depend on m 4/, see below). For the range of € given in

Eqn. 6.5, 16 > ¢./mm > 0.04.

7.4.2 Cross-section

Let us first look at the cross-section for the resonant production and detection, of
A, 0.6 via the eTe™ — A" — eTe™ process. For the essential s-channel process the
scattering amplitude is enhanced when the beam energy is close to the A" mass. It is
important to note that this process neither interferes with the analogous QED process
with an off-shell v, nor with ¢-channel amplitudes that can then be neglected. Using
the narrow width approximation o, is given by:

T2, /4
res Ee = ea, )
“ ( ) p k(\/g—mA/)2+F2//4

(7.4)
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2amy/ /3. The peak of this cross-section is achieved

with s ~ 2m.E, and I'yr >~ €
when opeac ~ 127/m?,. Since € and myas are the only independent parameters in
the model, we expect heavier DP to be sensitive to lower € values since there exists
parabolic relation between the two parameters for a fixed value of the cross-section.
The picture we presented is a simplified one and one needs to consider cross-section

including initial state radiation effects. Let us sketch the calculation for this process

next.

efe” — A" — ete™ cross section

According to Ref. [222] , the cross section for the process ete™ — A’ — ete”
corresponding to diagram in Fig. 7.3 (a), including 1-loop electromagnetic corrections
and taking into account soft photon bremsstrahlung (also considering the finite width

of the A’ boson) can be written as:

d—0—4a—2| (S)]? x Cy x Crr(1 4+ co + cg) (7.5)

where

S

S) = 7.6
X( ) S — mi, + ’imA/FA/ ( )

is known as the reduced propagator and I' 4/ is the A’ decay width expressed as:

/ 4m? 2m?

Dy = @Qma [ dme () o 1)
3 my, my,

The expressions for Cy and Crr(1+ce+cg) correspond to bremsstrahlung and virtual

electromagnetic corrections, respectively. Cpy is:

2 2
c+(1- 4me)0082 6] (7.8)

S S

8&m

CgI |:1—|—
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and Crg(1 + ce + cg) is given by:

(22 8e)
AFE 1 " 200 s —m?, a3 1 1
X |14+ =5, XD —Du)+ —(=f.+ > +=)| (7.9
El—A—;X(S) {+7r6mA/FA/( A)+7T(25+3¢+2) ( )
where N
2 _ _ AE
tan@:mAl s( E)
mA/FA/
2
tanCI)A/:mA' i
mA/FA/

S
ﬁe = lOQ(m_g) —1

with E the energy of the incoming particle and AE the energy up to which soft

photons emission is included (82 ~ 1%).

Figure 7.3: Feynman diagrams of the process e+ e- — A’ — e+ e- : (a) correspond

to the tree level process, while (b)-(c) and (d) represent bremsstrahlung and virtual
electromagnetic corrections, respectively.

This expression is actually % to be precise with E. representing the positron en-

ergy in the specific collision, but the difference is irrelevant here. In the bremsstrahlung
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case (diagrams Figs. 7.3 (b) and (c)) the soft photon can also be radiated from the
electron external leg. Taking the et energy to be E, after t units of radiation length
and considering the electrons inside the target at rest, i.e., the centre-of-momentum
energy as s = 2me(E, + m.), one gets the relevant cross section in the laboratory

frame.

7.4.3 Estimation of Number of Events
Typically, the number of detectable DP events is given by:

Net+ NoXoZ _:p [T xo, [
Ny = %e—f / dt evie! / dE, T (E.,t) 0ves(E.) (7.10)
0 0
with N+ the number of incident positrons, Ny the Avogadro number, A = 184 the
atomic mass of tungsten, Z = 74 is the atomic number and o,.5(FE.) the differential

resonant, cross section. Eqn.7.10 takes into account the fact that the probability to

detect an A’ produced at z is given by the expression:
dP/dz = (1/0.)e /" (7.11)

between zp — z and zges — 00, where the limit is justified since zp ~ O(1m). It is
noteworthy that even if the initial beam energy is not much above the resonance, after
just a fraction of a radiation length (pX, = 3.5 mm for tungsten) the energy of most
positrons will have already degraded below the threshold for resonant production, so
that setting T" = 1 for the upper limit of the integration is also a good approximation.
This is clearly depicted in Fig. 7.4. As the positrons from the beam cross each unit
radiation length the tail of the distribution gets elongated that is, probability of
finding an energetic enough positron becomes negligible. Also, one can note that as
it crosses each unit radiation length a positron which was initially not at resonant
energy to produce on-shell DP might degrade energy and come to resonance creating
DP. Thus this process effectively ”scans” the parameter space of DP masses. The first

exponential factor in Eqn.7.10 accounts for the fact that the larger is the length of
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the dump, the smallest is the number of A’ that can be detected. For zp ~ 10 cm we
can expect that virtually all the background from the EM showers will be absorbed
in the dump. However, only a few A’ will decay outside. By decreasing the dump
length zp one looks to increase the statistics but then the SM background begins to
kick in and it is difficult to control beyond 1 cm or so. In the lack of a dedicated
simulation of the detector/background for the resonant annihilation process, we will
present results for variable dump length values considering optimistic and pessimistic
cases to be zp = 2cm and zp = 10cm respectively. And also consider a value in

between of zp = 5 cm.

— En .
F\
— =0 /
0.8f t=0.05
1=0.10
1=0.25
0.6f 1=0.50
0.4 \
/ |
0.2t / —
A \\
S il _:,1/ —— . _‘7\\‘
0'975 280 285 290
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Figure 7.4: Evolution of the positron energy distribution at different radiation lengths
t. The vertical axis represents the positron energy distribution T (E.,t). All the curves

are normalized to one. The vertical narrow black strip represents the A’ resonance of
a 17 MeV DP.

In the numerical computation we take into account m, effects both in the cross
section and in the width, and we also account for the emission of soft photons from
the initial state (see e.g. [222]) up to energies AE/E, ~ 1%, which can radiatively

enhance the resonance width, and thus the production rate, £} being the beam energy.
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Figure 7.5: The number of DPs decaying outside the dump as a function of the beam
energy for e = 10=*. The vertical line corresponds to the energy for resonant produc-
tion of a 17MeV DP. A dump length zp = 10 cm and a background free measurement
have been assumed.

7.5 Comments on the Salient Features

Some of the distinct features of this resonant production mechanism when compared

to other DP production mechanisms are as follows:

(i) The peak cross section of the process is only determined by the mass of the
DP. In terms of the kinetic mixing, the total resonant cross section has only quadratic
dependence in € (~ €2a). Therefore we see an interplay between the smallness of the
coupling and the enhancement due to the resonance process which leads to observ-
able number of electron-positron pairs from A’ decays. Small e suppression is over-
compensated by the strong enhancement from the larger decay length ~ exp(—e?)
thereby increasing the number of A’ that decay outside the dump. In thick target
experiments this is particularly useful and we are able to explore the parameter space

for smaller and smaller € values.

(ii) For constant € values, the A" decay length ¢, = v ¢ T4/ is insensitive to the A’

mass. This mu cancels between the boost factor v ~ ma/(2m,) and the lifetime
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T4 < 1/mar. For all A’ masses the decay length then becomes fixed ¢, ~ 3/(2m.ce?).
Therefore, the entire m 4 range within the reach of the beam energy can be probed
with the same sensitivity. This is clearly evident from Fig. 7.7. This also implies
that by varying the dump length we can scan the e values.

(iii)) When the beam energy is varied by only a few MeV, the background (if
it is constant) can be directly measured from the data (see Fig. 7.5). When the
beam energy lies well below the resonance, the background for ete™ pairs (a case
for zp = 10cm in the picture is assumed to be background-free) can be directly
measured. However, once the beam energy is increased, and is approaching resonant
production, the number of eTe™ pairs produced increases to a maximum value, after
which it remains approximately constant even if the energy increases due to positron
energy losses in the material, which drive their energy towards FE..s. Clearly, even in
the presence of a significant number Npg of eTe™ background pair events, as long as
N4 > +/Npg a good signal of A’ decays can be detected. Also note that Fig. 7.5t
if obtained from the experiment is clearly a smoking-gun signature for the resonant
DP production process unless if the A’ resonance lies somewhat below the minimum
beam energy, since one would always measure e*e™ resonantly produced by primary
et degraded in energy, together with backgrounds. However, in this case by raising the
beam energy and stepping further away from the resonance, the number of di-lepton
pairs resonantly produced would drop because of the degradation of the primary beam
quality due to EM showering. The behavior of a ‘background’ which decreases with

increasing beam energy would still be a signal of beyond the SM physics.

7.6 Effects of target electrons velocities

Considering electrons at rest inside materials are approximations only; in reality, espe-
cially for large atomic numbers, like tungsten 74 W, electrons can have large velocities,
especially the ones in the inner core shells. This is supported when one takes a look
at electrons virial velocities (v,;) ~ azég” in terms of the effective nuclear charge

Zé;l) felt by electrons in the (nl) shell (a complete list of effective nuclear charges
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Figure 7.6: The positron annihilation probability as a function of the target electron
momentum for tungsten (figure adapted from Ref. [223]). The blue crosses represent
experimental points, while the red dashed line is the result of the calculation method
adopted in [223]. The green dot-dashed line corresponds to the fit given by the function
wmn Eqn 7.12.

can be found in Ref. [224]). However, for targets of small atomic numbers, like 4C
or 13Al, virial velocities are small too, and the effects of target electrons motion is
likely to be negligible. Particularly, for 4W one finds that the average velocities
span a rather large range 0.003 < (v,;) < 0.5 when going from valence or conduction
electrons (with Fermi energy er ~ 4.5eV) to inner core electrons. What this means
is our estimations regarding the center of mass (c.m.) energy from the beam energy,
energy spread, energy loss due to in-matter propagation, and assuming electrons at
rest can be largely different from the actual values. To give an example, already for
a longitudinal velocity component v, ~ 0.03 the effect of shifting the c.m. energy

away from the resonant value is three time larger than the effect of the intrinsic ~ 1%
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energy spread in the beam energy. To rectify this, we will consider the positron
annihilation probability as a function of the electron momentum, since annihilation
with de-localized and weakly bound valence electrons, which contribute to the low-
momentum part of the momentum distribution, is more likely than annihilation with
the localized and tightly bound core electrons contributing to the high-momentum

part.

For positron annihilation at rest, the annihilation probability distribution as a
function of the electron momentum is directly measured from the Doppler broadening
by the amount AE = pp/2 of the 511 keV photon line, with p; the e~ momentum
component along the direction of v emission (the relative direction of the two 7’s also
deviates from 180° by the small angle 6 = py/m.). In Fig. 7.6 (adapted from [223])
a large set of experimental points for ;4 W is represented with blue crosses. The red
dashed line represents a theoretical calculation performed in the same paper. Up to
Pe- ~ 15-1073 m, the main contribution to the annihilation comes from electrons in
the 5d shell, beyond that point 4f electrons dominate, while the contribution of the
high momentum core electrons becomes relevant only for p.- > 40 - 1073 m, where,
however, the annihilation probability is suppressed below 107. Accordingly, we find
that a good fit to the experimental and calculated distributions [223] can be obtained

with the sum of just three terms:
1
P(ve) = (1.015—”g 111272 4 g(v, — 40) 3 - 10—6+i>, (7.12)

where v, = p.- /m., N ~ 12 is a normalization factor, and the first term in parenthesis
accounts for 5d electrons, the second for 4f electrons, and the last one, which is non
zero only for v, > 40, accounts for core electrons. To take into account target electron

motion we thus replace the Mandelstam variable s in .. by

stven) = 2 B (1= Pl e ) +m) (713)

where ¢,, = cos x accounts for the projection of 7, along the z-direction of the incoming
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positron, s, /2 with s, = siny is the probability distribution for the angle x. We
integrate the cross section in ¢, and v, € [0,0.06]. Tab. 7.2 collects some results
that illustrate how the number of DP produced within the first radiation length of
tungsten depends on various effects. The second column gives the results for three
different values of € for a beam energy tuned at the resonant energy E..s = 282.3 MeV,
when the motion of the target electrons is neglected. The third column gives the
results obtained when the electron velocity is taken into account according to the
distribution in Eqn. 7.12. We see that the shift of the c.m. energy due to the electron
momentum has the effect of reducing the number of DP produced by about a factor of
five. The last column gives the results for a beam energy tuned above the resonance
Ey, = Eis + 20,. The number of DP is increased by about a factor of three because
of the positron energy losses, which brings on resonance also positrons in the high
energy tail of the initial energy distribution.

Of course, using the annihilation probability distribution for positrons at rest in
the problem at hand, is a crude way of proceeding. We can expect that target electron
motion effects can be significantly large for in-flight annihilation of short wavelength
positrons with energies of O(100 MeV), since the annihilation probability with elec-
trons in the inner shells will be enhanced. Therefore, our estimate of the production
rates might be optimistic by a factor of a few. On the other hand, while positron en-
ergy loss, which proceed mainly via bremsstrahlung, constitute a quantized process,
the dependence of the c.m. energy on the angle y characterizing the electron momen-
tum is continuous, and this justifies modeling positron energy losses as a continuous

process.

7.7 Discussions

We briefly summarize our investigations and the salient features of our whole study.
First we compare the two PADME search strategies: the brehmsrahlung one and
the resonant method. Then we discuss to some extent the effects of background in

this experimental phenomenology and related instrumentation and finally list out few
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e/NE | B (00 =0) | Fres | Bewt 200

1.0 x 1073 | 7.69 x 10" | 1.51 x 10" | 4.72 x 101
5.0x 107%| 1.81 x 10" |3.79 x 100 | 1.17 x 10!
1.0x 107* | 7.25 x 10 | 1.49 x 10° | 4.73 x 10°

Table 7.2: Number of 17 MeV DP produced in the first radiation length of a tungsten
target for 10*® positrons on target, for three different values of €. The second and
third columns are for a beam energy tuned to the resonant value Fios = 282.3 MeV,
assuming respectively electron at rest and with the velocity distribution in Eqn.7.12.
The last column, also including v, effects, is for a beam energy By = Fres + 20y.

important take-aways from our work.

7.7.1 Comparison of PADME search modes

In Fig. 7.7 we show the status of the current limits for DP searches assuming visible
A’ decays into eTe~ pairs with unit branching fraction and suppressed couplings to
the proton. As is discussed in Ref. [225] the last assumption is required in order to
evade the tight constraints from 7 — A’ obtained by the NA48/2 experiment [226],
and to render thus viable an explanation of the ®Be anomaly via an intermediate A’
vector boson. For this reason we have not included in Fig. 7.7 the limits from the
NA48/2 experiment [226] nor those from the v-Cal I experiment at the U70 accelerator
at IHEP Serpukhov [227, 228] which also do not apply for protophobic A’. In the
figure, the vertical black line gives the location of the DP resonance at m4 = 17 MeV.
Leaving aside the limits from the SLAC E141 experiment for which, as explained in the
introduction, the reach in A’ mass might be overestimated, a viable window remains
between the Orsay/KEK lines (¢ > 7 -107°) and the (g — 2), line (¢ < 1.4-1073).
The black hatched region depicts the fore-casted sensitivity of PADME in thin target
mode, that will search for DP via the etfe™ — A’y process. The limits assume
10" pot/yr. The light cyan trapezoidal regions represent instead the constraints
that PADME could set by running in thick target mode with 10'® pot/yr, and are
respectively for tungsten targets of 10cm, 5cm and 2cm of length, and neglecting

backgrounds. The BTF energy range for positron beams 250 < FE,/MeV < 550
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my (GeV)

Figure 7.7: Limits on the DP kinetic mixing € as a function of the mass my from
different experiments. For ma =~ 17 MeV (vertical black line) we consider still vi-
able the region bounded from below by the Orsay and KEK blue and green-yellowish
lines [197] and from above by the (9—2). orange line [208, 209]. For reasons explained
in the text we do not consider as firmly excluded the region around my =~ 17 MeV
delimited by the black-dashed curve of the E141 SLAC experiment [198, 197]. The
region that could be excluded by PADME running in thin target mode is hatched in
black, while the three trapezoidal-shaped areas give the PADME reach in thick target
mode, respectively for a 10, 5 and 2cm tungsten dump, assuming zero background.
These regions extend to A" masses lower than the mass corresponding to the minimum
beam energy (ma ~ 16 MeV for EM™™ = 250 MeV depicted with the thin brown ver-
tical line) because of positron energy losses in propagating through the material. The
lower region in light gray extending the E137 exclusion limits is from the reanalysis
in Ref. [219].

corresponds to c.m. energies in the interval 16 < E.., /MeV < 23.7. Neglecting a
possible small c.m. energy increase from target electron velocities, the upper value
sets the upper limit on the A" masses that can be produced. The lower c.m. energy
limit is indicated by the thin vertical brown line. However, because of positron
energy losses, the region at low my that can be explored extends to values smaller

than 16 MeV, as indicated in the figure. Of course, in propagating well inside the
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dump, the beam gets degraded in energy, directions of particle momenta, number of
positrons, by several effects that we are neglecting. Therefore, we can expect that the
experimental sensitivity could be extended down to m 4 values lower than 16 MeV by
no more than a few MeV. This might still be sufficient to reach into the region where

the E141 exclusion limits can be trusted.

The two PADME search strategies are complementary in the sense that they will
be surely able to set new bounds in the regions of large O(1072) and small O(107%)
coupling € values of the DP with SM. We envisage the new regions in Fig. 7.7 to
be explored within one year of run time of the time from the date of beginning of
PADME. Very specifically the parameter space window that lay un-excluded for the
explanation for ®Be anomaly involving a DP can be explored impeccably and be
reduced, if not ruled out fully. In the process one may also observe the experimental
signature for DP and discover this dark particle and open up the window for a whole

new possible dark sector of particles to follow.

7.7.2 Background Processes

Before concluding a few words on backgrounds are in order. The PADME spectrom-
eters can detect eTe™ pairs with good resolution for coincidence in time and momen-
tum. The A’ angular spread due to the transverse momentum of atomic electrons is
much less than the intrinsic angular spread of the beam (~ 1 mrad) and it does not
affect the reconstruction of the coincidence. For targets of sufficient thickness, back-
ground from secondary e~ detected in coincidence with primary or secondary e* can
be avoided by measuring their depleted momentum via electromagnetic deflection.
For targets of smaller length a certain number of ete™ pairs retaining a large fraction
of the beam energy can exit the dump, and in this case the data driven method of
searching for a ‘knee’ in the number of ete™ pairs versus beam energy (see Fig. 7.5)
can provide a precious tool for revealing the onset of resonant ete~ production on
top of the background. Punch-through photons, produced via bremsstrahlung in the

very first layers of the dump, carrying a large fraction of the original beam energy,
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e~ in the last millimeter or so, constitute the most dangerous

and converting in e
background. This background could be significantly suppressed by equipping the ex-
periment with a plastic scintillator veto few mm thick, or a silicon detector of a few
hundreds of um, placed right at the end of the dump, to ensure that the eTe™ pairs
originate from decays in the vacuum vessel outside the dump. Additionally, if the
experiment could be equipped with a suitable tracker, able to provide an accurate
ete” invariant mass reconstruction, many sources of backgrounds could be further
reduced. In particular, given that the invariant mass of the e™e™ originating from pho-

2

ton conversion mZ, _ = 0 is very far from m

2

2~ ~(17MeV)? expected from resonant

annihilation, the punch-through photon background could be efficiently eliminated.

7.7.3 Conclusions

e DP of 17 MeV mass explains the anomaly observed in ®Be nuclear transi-
tions [177, 178, 179]. In this chapter we developed a novel way to search for
narrow Breit-Wigner type resonances, and to look for DP coupled to eTe™ pairs,

via this kind of resonant production in e*e~ annihilation channel.

e The Frascati BTF possesses positron beams and provide with energy range in
between 250 — 550 MeV. This means the threshold production for DP through
resonant annihilation is v/250 or about 16 MeV and can go upto v/550 or about
23 MeV. Due to this we can search for the DP in context to the ®Be nuclear

anomaly. We presented our sensitivity bounds in Fig. 7.7.

e In particular from Fig.7.7 we can see there is a gap between the large e region
that can be bounded by searching for A’ produced via ete” — ~vA’, and the
small € region that can be efficiently explored via resonant ete™ — A’ pro-
duction. This is because the brehmsstrahlung processes are of order O(a?e?),
therefore looses sensitivity very quickly with respect to the decrease of € values.
However, the resonant A’ production is largely inefficient when e becomes too
large, so that most of the A’ — ete™ decays occur inside the dump and cannot

be detected.
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e Resonant production is not so much advantageous for PADME with a thin
target since the large beam energy Fj, ~ 550 MeV implies that positrons will
always have energies far from any narrow resonance with mass < 23.7 MeV,

Y

given that positron energy losses in the 100 pm diamond target are negligible.

e For a reduced beam energy of ~ 282 MeV, and replacing the thin target by a
thicker one (few 100 ym ) one can look to enhance A’ resonant production, and
keeping the beam intensity well below 10'® pot/yr to keep counting rates inside
the detector under control, at least part of the remaining region for the 17 MeV
DP could be explored. Thus after running of the PADME experiment there
may remain no parameter space left for the DP thereby confirming or excluding

this solution to the ®Be anomaly in this region of parameter space.

7.7.4 Some Remarks

So far we considered only the visible decay of the DP into electrons whose branching
ratio was taken to be 1. Using the method of resonant production of DPs, a similar
proposal was made for lepton beam - dump experiments, in general, and particularly
for LDMX proposal [229, 230] where decay of the DP was considered with the decay
products being dark matter candidates. They obtained weaker bounds on the pa-
rameter space since it is essentially similar to the case of invisible decay of DP. The
results push down the limits presented here by an order of magnitude if such invisible

decays of DP occur.
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Chapter 8

Summary and Conclusion

Neutrino oscillations prove beyond doubt the need to go beyond the Standard Model
of particle physics. Many experiments are ongoing and are planned to study neutrinos
arising from several sources, both artificial and natural, ranging over from peV to EeV
energy ranges.

The Deep Underground Neutrino Experiment (DUNE) will be a long baseline
neutrino oscillation experiment located in the USA. It will consist of a near site
situated at Fermilab in Batavia, Illinois, and a far site, situated 1300 km north-west
at the Soudan Laboratories in South Dakota. In the near site, the near detector (which
has not been designed yet) and the beam facility will be placed. The LBNF (Long
Baseline Neutrino Facility) beam will be a v, (or ) beam with a small contamination
of v,. It will be able to run in neutrino or in anti-neutrino modes by changing the
polarization of the magnet in the focusing horn. At the far site, four 10kt Liquid Argon
Time Projection Chamber (LAr-TPC) detectors will be built deep underground. This
kind of detector is particularly suited to performing neutrino experiments, since it has
a very good imaging capability and a good energy resolution. Its long read-out time,
which is the main LAr-TPC’s disadvantage, does not affect much neutrino searches,
since neutrino interactions are not so frequent.

As per plan, after 7 years running (3.5 in neutrino mode and 3.5 in anti-neutrino

mode) of DUNE we will be able to collect a huge statistics which will shed light on:

e Determining the oscillation parameters 63, 23 and Am3, with great precision

values.
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e Determining the sign of the atmospheric mass splitting Am3,, leading to reso-

lution of the neutrino mass ordering problem.

e Measuring the leptonic CP violating phase with good accuracy. Particularly,

DUNE will be able to reach a 5 o sensitivity to the phase if | sindcp| ~ 1.

e Determining the octant in which 6.3 lies at 3 ¢ if this angle is smaller than 43°

or bigger than 47°.

However, the standard configuration of DUNE includes only the v.-appearance and
v,-disappearance channels. In this thesis, we considered a new oscillation channel,
namely the v, appearance channel, on top of the standard DUNE channels. This was
motivated on one hand by the recent observation of v, events in OPERA experiment
and the fact that DUNE in any case will be able to collect a significant statistics
for v, sample which has not been able to achieve in any other experiments till date.
Nevertheless, detecting v, events are difficult, and only two accelerator experiments
(DONUT and OPERA) were able to detect such events, due to very high energy
threshold (3.4 GeV) of v,, and the prompt decays of T leptons. It is in fact too fast to
be detected in terms of its final state lepton or hadrons with missing energy carried
by neutrinos. In this thesis the tau electronic decay channel has been considered as
detection channel for DUNE following along the lines of the ICARUS proposal, which
had the first LAr-TPC to be used in a neutrino experiment, the CERN Neutrinos to
Gran Sasso (CNGS) long baseline experiment.

Using the standard neutrino flux (which is optimized for studying the CP-violation
and mass hierarchy searches in DUNE), we found that despite the number of v, events
in DUNE being larger than the number of v, events ever seen, it will be much smaller
than the number of v, and v, events that the experiment will collect, mainly due
to the energy threshold for charged current interactions. It is also to some extent
due to the fact that for energetic neutrinos the v, — v, transition probability is
not maximized in DUNE configuration which needs a longer baseline (larger L/E)
to reach the peak of the oscillation [111]. For increasing the statistics for v, events,

we studied the physics potential for another flux known as v,-optimized flux which
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is being proposed by the DUNE collaboration. We presented the constraints on
the oscillation parameters using both fluxes. Optimized flux helps to ameliorate the
performances in the v, appearance channel. But the sensitivity reaches from the other
two channels are always better in the standard flux case. We understood that this
is mainly due to the increased number of background events to the v, disappearance
and v, appearance signal in the optimized case. In order to circumvent this issue and
take advantage of both fluxes to maximize the r.-channel capabilities on the final
sensitivity, it can be proposed that the running time of the experiment be shared
between the two fluxes.

The addition of the v, appearance channel, even with the optimized flux, does
not improve the sensitivities of the measurements of the standard neutrino oscilla-
tion parameters. This happens due to smaller number of events (compared to other
channels) on one hand. On the other hand, the v, — v, transition probability dic-
tates that it will be driven by the the leading order only on Am2, and 63, which are
same as in v, — v, probability. Having had similar dependencies, v, disappearance
channel wins over the v, appearance channel in terms of sensitivity since the latter is
the dominant contributor to DUNE statistics.

We found the v, appearance channel can be very useful in new physics scenarios.
In particular, in this thesis, we studied the BSM physics encoded via NSI. It is
a very useful way to capture the effect of new physics in the neutrino oscillation
phenomenon in terms of NSI parameters. We found that particularly the bound on
|e,.r| can be significantly improved from the current constraints that exist today on this
parameter. To supplement this investigation, we studied the impact the systematics,
T-detection efficiency and various ”experimental reaches” (S/B values) may have on
the measurements. The overall improvement of sensitivity for this parameter is about
15% than in the case without considering the v, channel.

In the second half of the thesis, we were concerned with the study of dark photons.
New light, weakly coupled particles are motivated by some of the most important
questions in particle physics such as DM, the strong CP problem and several dis-

crepancies between the SM and experimental results. Besides, the new light particles
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may constitute the DM, or be the mediators responsible for DM interactions. As a
low-energy remnants of UV-scale models, BSM U(1)’ predict such DP with its cou-
pling and mass as the independent parameters to be constrained by experiments or
observations. Different experiments with different strategies focus to search for this

particle in different regions of its parameter space.

In particular, in order to explain the Beryllium anomaly of the ATOMKI ex-
periment a gauge boson of 17 MeV of mass decaying into electron-positron pairs is
considered in this thesis. We developed a new way to search this new gauge boson in
positron beam-dump experiments. This is suited for an important region in the DP
parameter space, namely of the range of € between 10~* — 1073, This novel technique
is proposed to be implemented in the PADME experiment. Essentially DP coupled to
positron-electron pairs maybe produced via resonant production in positron-electron
annihilation scenario. Frascati BTF is able to provide positron beams with energy
between 250 - 550 MeV. This range covers precisely the centre-of-momentum energy
needed to produce via resonant positron-electron annihilation the my ~ 17 MeV DP
invoked to explain the anomaly observed in ®Be nuclear transitions. We investigated
the sensitivity reach in PADME and presented our results in context to all existing
bounds on the DP. Furthermore we compared the sensitivity reach of PADME reso-
nant mode with that in PADME A’-strahlung mode and showed these two strategies
are complementary in the sense they can be used to search in different regions of
the parameter space. We also remarked that resonant ete™ — A’ production can be
relevant also for electron beam dump experiments as well since it involves secondary
positrons that could trigger the annihilation process are abundantly produced in elec-
tromagnetic showers. This lead to re-analysing and improving the bounds on existing
constraints from such experiments. The overall sensitivty for PADME in resonant
production mode is to scan the DP parameter space region of mass about 16 to 23
MeV mass and coupling strength of € between 10~* — 1073 range.

The phenomena of both neutrino oscillation and the dark photon are weakly inter-
acting sector physics beyond the Standard Model. With many experiments planned

and running for both the cases, in this decade we are going to study precisely the
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physics involved in this type of scenarios. Under these circumstances we studied in
this thesis the phenomenology related to the DUNE experiment and the PADME
experiment in particular and predicted sensitivity reaches for the experiments. We
hope this study in totality or partially will be able to guide the experimental effort
on this sector on one hand and we will able to verify our predictions from the data

given by the experiment on the other hand.
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Chapter 9

Appendix: Neutrino Oscillation

9.1 Matter potential experienced by anti-neutrinos

The charge conjugate field 5 consists of anti-neutrino current in the following man-

ner:

is = v5G (9.1)

= Lo Yor, (9.2)

where C' is the charge conjugation operator. Due to the identity,

C™13°C = (=), (9.3)

we find
iy = v () (9.4)
= —ljeL”}/OVeL. (95)

In terms of the effective Hamiltonian,

]:—,eff = _\/EGFNeDeL’VOVeLa (96)
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which corresponds to

Gco = —V2GpN,. (9.7)

9.2 Correlations in Standard DUNE analysis

Here we present the results when only v, appearance and v, disappearance chan-
nels are considered in DUNE. We present correlations plots between the standard

oscillation parameters that are involved, namely 603, o3, dcp and Am3;.
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Figure 9.1: Correlations among oscillation parameters using v, disappearance and
V. appearance channels with standard flux. The curve shows the allowed parameters
space region at 68% confidence level. The star represent the best fit point. Normal
Hierarchy is assumed. For brevity, only values of 053 bigger than 45° have been shown
in the plots. Standard flux is used.

Central values and uncertainties from Tab. 4.1 have been used for for the os-
cillation parameters while performing the x? analysis. The plots represent x? = 2.3
contours in the correlation parameter space which correspond to 68% confidence level.

The synergy between the two channels used in these simulation is very strong
in the case of the standard flux. Indeed, the plots in Fig. 9.1 show that each pa-

rameter is constrained in the same way in all the planes where it is involved. This
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means that there are no particular degeneracies and all the parameters can be mea-
sured independently in a very good way. The plots lead to give the following regions
in the parameter space from which the individual values of the parameters maybe

constrained with the standard flux:

03 € [8.340,8.910]
Oo3 € [49.0207 50150]

(9.8)
Sop € [190°, 245°]

Am3, € [2.505,2.533] x 1072 eV2.
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Chapter 10

Appendix: Dark Photons

10.1 Origin of the Kinetic Mixing

In this appendix we present an example of the origin of kinetic mixing. Let a model
of particle physics has an initial SU(2) x U(1) symmetry in its action with two
fermions. The SU(2) symmetry is broken with an adjoint representation of Higgs
field. The remnant U(1) mediators of the broken SU(2) mixes kinetically with the
original U(1) gauge group by the combination of the two fermion loop diagrams. This
derivation encompasses all the features necessary tounderstand the result in terms of
an effective Lagrangian for the kinetic mixing phenomenon. The Lagrangian of the

SU(2) x U(1) theory has [231, 232]:

1 a, v a 1 a a 1 17 a a, v
L= _ZLG MG, — §DM¢D“¢ —V((¢")?) — ZFM F, —ep"G""™E,, (10.1)
where the symbols have their usual meaning. It is the final term that will lead to
kinetic mixing after the spontaneous breaking of SU(2) — U(1). The e-term is the

kinetic mixing parameter.
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10.2 Stuckelberg Mechanism

If we want to give mass to a vector particle in a gauge invariant manner, electrody-

namics Maxwell Lagrangian maybe added with a Stueckelberg part [233, 234]:

1 1 1 2
L= _Z (@LA,, — 8,,A“)2 + §m?4 (A,u + m—A@#a) ; (102)
It is easily seen with the following transformations
A, — A,+0,0
o — o—mg. (10.3)

that the theory is gauge-invariant. Now if one adds a gauge fixing term,

1

‘Cgf = 25

(0-A—Emyo)? (10.4)

then A, and o becomes decoupled. The propagator or the 2-point correlator for the

field A, becomes

() = s (gw - M) . (10.5)

k? —m% k2—§m?4

One can retrieve transverse-only degrees of freedom in a “unitary” gauge when £ = 0.
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