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Abstract

Neutrino physics stands at the intersection of particle physics, astrophysics, and nuclear physics, offering
unique insights into phenomena beyond the Standard Model (BSM). This thesis presents a synthesis
of phenomenological investigations organized around three interconnected pillars: the consolidation of
the three-flavor oscillation paradigm, the exploration of the viability of new physics in light of the most
up to date experimental data, and the precise determination of solar neutrino fluxes. By integrating
diverse methodologies—from global oscillation fits to astrophysical flux calculations and novel BSM
constraints—this work demonstrates how distinct analytical frameworks converge to test the limits of
neutrino physics.

This thesis starts with two introductory chapters to set the state of the art of the discussion. In
Chapter 2, we introduce the basic elements of the Standard Model and its extension to include massive
neutrinos, leptonic mixing and the implied flavour transitions. In Chapter 3, we set the landscape
of experimental results which will be included in the rest of this thesis. We make special emphasis
in Borexino phases II and IIT and NOvVA experiments, with details of the statistical analysis of each
experiment, which is an original contribution of the author to the collaboration.

The first pillar establishes the three-flavor oscillation framework through a comprehensive global
analysis of neutrino data from solar, atmospheric, reactor, and accelerator experiments. In Chapter 4 we
present an updated determination of mixing angles (612, 613, f23) and mass-squared differences (Am3;,
Am3,), resolving tensions between datasets and quantifying persistent ambiguities in the neutrino mass
ordering and 23 octant. These analyses incorporate results up to September 2024, solidifying the overall
robustness of the three-flavor paradigm, originally presented in Ref. [1].

The second pillar conducts a systematic investigation of BSM physics through recent experimental
results, integrating terrestrial and astrophysical neutrino observations. Chapters 5 and 6 are dedic-
ated to laying the ground for the theoretical framework of the studied BSMs and the experimental
results, based on Refs. [2—4]. A unified analytical framework simultaneously addresses Non-Standard
Interactions (NSI) with electrons and quarks, differentiating between non-standard matter effects and
detection-process modifications. Precision data analysis from Borexino experiment constrains electron-
coupled NSI parameters, with potential to exclude Large Mixing Angle-Dark (LMA-D) solutions through
matter-enhanced oscillations. Complementary constraints on quark-coupled NSI emerge from COHER-
ENT’s coherent elastic neutrino-nucleus scattering (CEvNS) measurements, sensitive to nuclear recoil
kinematics. The global analysis disentangles parameter degeneracies by combining oscillation data (solar,
atmospheric, reactor, accelerator) with CEvNS cross-section measurements, establishing distinct bounds
on propagation and detection couplings. This synthesis demonstrates how solar neutrino observations
primarily constrain flavor-diagonal electron interactions, while CEvNS measurements probe universal
quark couplings, with joint analyses excluding previously viable regions of NSI parameter space. The
framework further distinguishes between light mediator scenarios through energy-dependent signatures
in oscillation versus scattering datasets.

The third pillar advances solar neutrino physics through precision flux determinations by using up-
dated measurements of pp-chain and CNO-cycle neutrinos to resolve fundamental questions in stellar
astrophysics. Chapter 7 is dedicated to explain the state of the art of Standard Solar Models, the
determination of solar fluxes and the incompatibility between the resolution of the gallium source ex-
periment anomaly and solar neutrino data by means of a light sterile neutrino. It compiles the results
from Refs. [5, 6]. By integrating the latest solar and non-solar neutrino data—including the first direct
detection of CNO-cycle neutrinos—this analysis disentangles solar model uncertainties from oscillation
parameters, constraining metallicity-dependent energy production mechanisms. The analysis aims to re-
solve tensions between high- and low-metallicity compositional scenarios predicted by different Standard
Solar Models (SSM), while testing sterile neutrino explanations for the Gallium anomaly. Our analysis
resulted in a statistical preference for SSM that predicts high-metalicity and systematic consistency
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checks demonstrate incompatibility between 3 + 1 mixing parameters favored by Gallium experiments
and those allowed by solar neutrino observations, irrespective of astrophysical or reactor flux assump-
tions. These results establish solar neutrinos as dual diagnostics of particle physics and stellar processes,
linking precision flux measurements to both solar composition models and the limits of BSM scenarios.

The convergence of these distinct analytical threads—oscillation parameter fits, BSM constraints, and
astrophysical flux determinations—forms the core contribution of this work. By rigorously testing the
three-flavor framework while probing its boundaries, this thesis provides a blueprint for interdisciplinary
neutrino physics. The synthesis of disparate datasets and theoretical approaches underscores the role
of neutrinos as both messengers of astrophysical processes and laboratories for fundamental physics,
guiding future experiments toward resolving outstanding questions in mass ordering, CP violation, and
dark sector interactions.
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Resum

Provant el paradigma dels tres neutrins massius. Restriccions sobre les propi-
etats i interaccions dels neutrins a partir de dades experimentals recents.

La fisica de neutrins es troba a la interseccié entre la fisica de particules, I'astrofisica
i la fisica nuclear, oferint una visié tnica de fenomens més enlla del Model Estandard
(BSM, per les seves sigles en angles). Aquesta tesi presenta una sintesi d’investigacions
fenomenologiques organitzades al voltant de tres pilars interconnectats: la consolidacio
del paradigma d’oscil - lacié de tres sabors, 'exploracié de la viabilitat de nova fisica a
la llum de les dades experimentals més recents i la determinacié precisa dels fluxos de
neutrins solars. Mitjancant la integraciéo de metodologies diverses—des d’ajustos globals
d’oscil - lacié fins a calculs de fluxos astrofisics i noves restriccions BSM—aquest treball
demostra com diferents marcs analitics convergeixen per provar els limits de la fisica de
neutrins.

Aquesta tesi comenga amb dos capitols introductoris per tal d’establir quin és 'estat
del debat sobre el tema. Al Capitol 2 introduim els elements basics del Model Estandard
i la seva extensié per incloure neutrins massius, la mescla leptonica i les transicions
de sabor implicades. Al Capitol 3 descrivim I'espectre de resultats experimentals que
s’inclouran en la resta de la tesi. Posem especial emfasi en les fases II i III de Borexino
i en experiment NOvA, amb detalls de I'analisi estadistica de cada experiment, que
constitueixen una contribucié original de 'autor a la col - laboracio.

El primer pilar estableix el marc d’oscil - lacié de tres sabors mitjancant una analisi
global exhaustiva de dades de neutrins solars, atmosferics, de reactors i d’acceleradors.
Al Capitol 4 presentem una determinacié actualitzada dels angles de mescla (612, 613, 623)
i les diferéncies de massa al quadrat (Am3,, Am2,), resolent discrepancies entre conjunts
de dades i quantificant ambigiiitats persistents en 'ordenacié de masses dels neutrins i
l'octant de #53. Aquestes analisis incorporen resultats fins a setembre de 2024, consolidant
la robustesa general del paradigma de tres sabors, originalment presentat a la Ref. [1].

El segon pilar realitza una investigacio sistematica de fisica BSM a través de res-
ultats experimentals recents, integrant observacions de neutrins terrestres i astrofisics.
Els Capitols 5 i 6 estan dedicats a establir les bases del marc teoric dels BSM estudiats
i els resultats experimentals, basats en les Refs. [2-4]. Un marc analitic unificat aborda
simultaniament les Interaccions No Estandard (NSI) amb electrons i quarks, diferenciant
entre efectes de materia no estandard i modificacions en el procés de deteccié. L’analisi
de dades de precisié de 'experiment Borexino constreny els parametres NSI acoblats
a electrons, amb el potencial d’excloure solucions LMA-D (Large Mixing Angle-Dark)
mitjancant oscil - lacions amplificades per materia. Restriccions complementaries sobre

NSI acoblats a quarks provenen de mesures de dispersié coherent elastica neutri-nucli
(CEvNS) de COHERENT, sensibles a la cinematica de retrocés nuclear. L’analisi global
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destria degeneracions de parametres combinant dades d’oscil - laci6 (solars, atmosfériques,
de reactors, d’acceleradors) amb mesures de seccié eficial CEvNS, establint limits difer-
encials per als acoblaments de propagacié i deteccié. Aquesta sintesi demostra com les
observacions de neutrins solars restringeixen principalment les interaccions electoniques
diagonals en sabor, mentre que les mesures CEvNS exploren acoblaments universals amb
quarks, amb analisis conjuntes que exclouen regions preéviament viables de ’espai de para-
metres NSI. El marc distingeix a més entre escenaris de mediadors lleugers mitjancant
signatures dependents de 1’energia en conjunts de dades d’oscil - lacié versus dispersio.

El tercer pilar anticipa la fisica de neutrins solars mitjangant determinacions precises
de fluxos, utilitzant mesures actualitzades de neutrins de la cadena pp i el cicle CNO per
resoldre qiiestions fonamentals en astrofisica estel - lar. El Capitol 7 s’encarrega d’explicar
quina és la situaciéo més recent dels Models Solars Estandard (SSM), la determinaci6 de
fluxos solars i la incompatibilitat entre la resolucié de I'anomalia de l'experiment de
font de gal - 1i i les dades de neutrins solars mitjancant un neutri esteril lleuger. Re-
copila els resultats de les Refs. [5, 6]. Integrant les tltimes dades de neutrins solars i no
solars—incloent la primera deteccié directa de neutrins del cicle CNO—aquesta analisi
deslliga les incerteses dels models solars dels parametres d’oscil - lacio, restringint mecan-
ismes de produccié d’energia dependents de la metal - licitat. L’analisi pretén resoldre
tensions entre escenaris de composicié d’alta i baixa metal - licitat predits per diferents
SSM, mentre prova explicacions basades en neutrins esterils per a ’anomalia del Gal - 1i.
La nostra analisi va resultar en una preferencia estadistica pels SSM que prediuen alta
metal - licitat, i les comprovacions de consistencia sistematica demostren incompatibilitat
entre els parametres de mescla 3 + 1 afavorits pels experiments de Gal - li i els permesos
per les observacions de neutrins solars, independentment de suposicions astrofisiques o
de fluxos de reactors. Aquests resultats estableixen els neutrins solars com a diagnostics
duals de fisica de particules i processos estel - lars, vinculant mesures precises de fluxos
amb models de composicié solar i limits d’escenaris BSM.

La convergencia d’aquests perspectives analitics diferents—ajustos de parametres d’oscil - lacio,
restriccions BSM i determinacions de fluxos astrofisics—forma la contribucié central
d’aquest treball. En provar rigorosament el marc de tres sabors mentre s’exploren els
seus limits, aquesta tesi proporciona un pla per a la fisica interdisciplinaria de neut-
rins. La sintesi de conjunts de dades i enfocaments teorics dispars subratlla el paper dels
neutrins tant com a missatgers de processos astrofisics com a laboratoris per a fisica fona-
mental, guiant experiments futurs cap a la resolucié de qiiestions pendents en ordenacio
de masses, violacié de CP i interaccions del sector fosc.

PARAULES CLAU: Fisica de particulas(2203.08), Fisica Teorica(2203.10),Astronomia
y Astrofisica(2503.00).
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Chapter 1

Introduction

There are many ways to start the discussion of the Standard Model and the role of
neutrinos in it. In this thesis, I choose to begin with a chronological one. Neutrinos
are essential to understand all radioactivity phenomena. As described in detail in [7], in
1896 Henri Becquerel started to methodologically explore the interaction of Uranium with
different materials. He was intrigued by this “magical” behavior of Uranium crystals that
spontaneously emit x-rays from it, discovered by Wilhelm Rontgen in 1895. He thought
that this strange material would absorb energy emitted by the Sun and after it, releases
it in the form of x-rays. In his diary [7], he wrote that one day was very cloudy and he
wrapped black paper around photographic plates together with uranium salt and placed
it inside the drawer of his laboratory, away from sunlight. One day after, to his surprise,
he noticed that the plates had been exposed, indicating that the Uranium salts emitted
radiation spontaneously, without the need for exposure to light. And how such discovery
is associated with neutrinos? Let us advance a little bit on time.

According to the book “From X rays to quarks'[8] written by Emilio Segre, just after
Becquerel’s discovery, experimentalists coupled electric and magnetic field generator ma-
chines in order to separate the content of the energy released. After applying the fields,
three different group of particles were identified: « particles, a positively charged beam
without penetration properties which could be reflected by a thin paper; X rays, that are
not deflected by electric fields and have good penetration in some materials, but scatter
with bones and metals; and 3 particles. These could be positively or negatively charged,
with a stronger penetration property than a particles.

In 1914, James Chadwick observed that the primary beta spectrum is continuum|[8].
This means that, for example, a Thorium-234 decays into protactinium-234 and a beta
particle. From a simple two-body decay, using conservation of energy, the beta particle
should be monochromatic!

After different interpretations of the strange experimental result, it appears the genius
idea of Wolfgang Pauli in his famous letter for the “Radioactives'[9]. There, he suggested
“I have hit upon a desperate remedy to save the “exchange theorem” of statistics and the
law of conservation of energy. Namely, the possibility that there could exist in the nuclei
electrically neutral particles, that I wish to call neutrons, which have spin 1/2 and obey
the exclusion principle ... The continuous spectrum would then become understandable
by the assumption that in decay, a neutron is emitted in addition to the electron such
that the sum of the energies of the neutron and electron is constant. Now the question
that has to be dealt with is which forces act on the neutrons?..." With this the neutrino
was born into the theoretical physics.

In fact, some years after Pauli’s letter, Chadwick discovered a neutral spin 1/2 particle,
heavy, that participates in the radioactive interactions. He named it neutron. But this
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neutron was not the light emitted state postulated by Pauli. In 1934, Enrico Fermi
[9, 10] renamed the light neutral emitted state as neutrino and he wrote down the first
field theoretical form of an interaction involving the neutron, the proton, electron and
neutrino fields that would describe weak interactions. Schematically

= [ @) (1)

such that J#(z) represents the charged current (CC)
Ju(z) ~ pyun + by (1.2)

As we will see below the Lorentz structure proposed by Fermi was not quite correct. Also
we now know that the fundamental interaction can be described not in terms of hadrons
like protons and neutrons, but quarks.

Still from the interaction described above, it was possible to write the decay of a
neutron into a proton, an electron and an electron antineutrino as:

n(udd) — p(uud) + e~ + 1, (1.3)

H

unraveling the fundamental understanding of all radioactive phenomena.

After all our discussion, we are able to describe all physics behind what happened
to Becquerel on that cloudy day. It is well known that Uranium is a heavy element
whose atomic nucleus is unstable, making it radioactive. It undergoes radioactive decay
processes involving the emission of subatomic particles. The uranium nucleus emits an
« particle, which consists of 2 protons and 2 neutrons (a helium nucleus).

The most common material studied by Becquerel was Uranium-238 (*3¥U). It typically
decays into thorium-234 (***Th):

238U _>234 Th o

Thorium-234 (**Th), produced via alpha decay, undergoes beta decay to form protactinium-
234 (23Pa):
PTh = Pa+ 3~ + 7
In this process, a neutron in the nucleus decays into a proton, emitting an electron
(87) and an electron antineutrino (7). After alpha or beta decay, the daughter nucleus
is often left in an excited state, releasing its excess energy as gamma radiation.

The Inverse Beta Decay Experiment

The existence of free neutrinos was confirmed through the inverse beta decay experiment
conducted by Frederick Reines and Clyde Cowan in 1956 [11]. They observed the reaction:

Ve+p—et+mn, (1.4)
where an electron antineutrino (7,.) interacts with a proton to produce a positron (e™)
and a neutron. This experiment was conducted using a nuclear reactor as a source of
antineutrinos and a detector consisting of a liquid scintillator to capture the positrons
and neutrons. The detection of the positron and neutron provided direct evidence for
the existence of neutrinos and validated Fermi’s theory of weak interactions, which will
be described below.

The inverse beta decay experiment confirmed the reality of neutrinos, which had been
postulated by Pauli. The success of this experiment also demonstrated the power of
neutrino detection techniques, which have since become essential tools in studying weak
interactions and neutrino properties.



Jodo Paulo Pinheiro. Testing the three massive neutrino paradigm 3

Parity Violation and the V-A Structure

The structure of weak interactions was further clarified by the discovery of parity viol-
ation. In 1956, Chien-Shiung Wu and collaborators conducted an experiment involving
the beta decay of cobalt-60 nuclei, which demonstrated that weak interactions violate
parity symmetry (P) [12]. This means that weak interactions are not invariant under
spatial inversion. The experiment measured the angular distribution of electrons emit-
ted from polarized cobalt-60 nuclei and found an asymmetry in the emission relative to
the nuclear spin direction. This asymmetry indicated that the weak force distinguishes
between left-handed and right-handed systems, a clear violation of parity symmetry[9].

The violation of parity was a profound discovery, as it revealed that the weak inter-
action is intrinsically chiral. This led to the formulation of the V' — A (vector minus
axial-vector) structure of the weak currents, proposed by Marshak and Sudarshan and
independently by Feynman and Gell-Mann[9]. The V' — A structure implies that the
weak interaction couples only to left-handed particles and right-handed antiparticles.
Mathematically, the weak current J* is then expressed as:

Ju(x) = uy,Prd+ Z’}/MPLV (1.5)
where the left and right chirality projection operators are defined as

PL:1(1_75)7 PR:1(1+75)' (1.6)

2 2
The Pp, in Eq. (1.5) ensures that only the left-handed components of the fermion fields
participate in weak CC interactions. This chiral nature of the weak force is a fundamental
feature that distinguishes it from other interactions, such as electromagnetism and the
strong force, which are parity-conserving.

Despite its successes, the V' — A theory faced several theoretical and experimental
challenges. From a theoretical point of view, the four-fermion interaction described by the
V' — A theory is non-renormalizable. This means that calculations at high energies or short
distances lead to infinities that cannot be systematically removed, making the theory
inconsistent as a fundamental description of weak interactions. At the same time, at high
energies, the cross-section for weak processes predicted by the V' — A theory grows without
bound, violating unitarity. And since the V — A theory is effective, it does not explain the
mechanism by which weak interactions are mediated. Unlike electromagnetism, which is
mediated by the photon, the four-fermi theory lacks a corresponding gauge boson.

These issues pointed to the need for a deeper theory that could address the short-
comings of the V' — A framework. This led to the development of the Standard Model
(SM) of particle physics.



Chapter 2

Electroweak theory and the neutrino
mass

2.1 Electroweak theory of Massless Neutrinos

The Standard Model (SM) of the elementary particles, proposed by Weinberg, Glashow
and Salam [13-15] is the most precisely tested fundamental theory with predictions
matching observations to 107'! accuracy [16]. In this thesis, we will not go into all
the details of the SM. We are going to focus on the Electroweak sector the aspects which
are directly associated with neutrinos.

The Standard Model is a gauge theory constructed under the gauge symmetry principle
which states that the laws of physics arise as a consequence of invariance under local
(aka gauge) transformations of some symmetry group [17]. In these constructions the
interactions are mediated by spin-one particles, called gauge bosons, in correspondence
with the generators of the gauge group.

How is this machinery associated with neutrinos? To make a gauge theory compre-
hending the neutrino interactions one must first find a gauge symmetry group that is
compatible with what we know of those interactions, in particular it must violate parity
[18] and mediate V' — A interactions between the left-handed neutrinos and electrons so
the mediator must be electrically charged. This can be achieved with a symmetry group
SU(2) transforming only the left-handed fields, hence labeled SU(2), ([19].

More technically, the general way to interpret the 4-fermion interaction is via the
exchange of the gauge boson associated with the 7% oc T 4 77 generators of the group
SU(2)., denoted as W=, which transforms v, into ¢, (and quark u; into quark d;) and
vice versa. This SU(2),, group is further combined with U(1)y, a hypercharge symmetry
group, with Y related to the electric charge @) through the third generator T3 of SU(2)y,
as [20]

Q="1T;+ }2/ (2.1)
The resulting electroweak unified theory has four generators and predicts the existence
of three gauge bosons, W* and Z°, as well as the photon, all of which have been experi-
mentally confirmed [21].

The Standard Model (SM) consists then of three generations of fermions, and four
gauge bosons. In addition, the model also contains a fundamental scalar, the Higgs
boson, needed for spontaneous symmetry breaking and mass generation. We list their
transformation properties under the gauge group SU(2), x U(1)y [22] in Table 2.1. We
notice that the table does not contain a right-handed neutrino, vz, because such a state
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would be a total singlet of the gauge interactions: as seen from Eq. (2.1), its hypercharge,

charge, colour and weak-isospin would all be zero.

Particle SU2), | Y Q Type
AN AR 1 2 4.1
Qr: = <dL>’<SL>’<bL) Doublet | +3 u:+z,d:—3 Quarks
UR,CR,tR Singlet —|—% —|—% Quarks
dRr,sRr,br Singlet f% f% Quarks
Ly, = Vel , VuL , YTl Doublet | —1 v:0,e:—1 Leptons
' €L KL TL

€R,UR, TR Singlet | —2 -1 Leptons

Gt
o= (U-‘rh-HGo) Doublet | +1 | Gt : 41, h,Gy:0 | Higgs

V2

Table 2.1: Quantum numbers for the different representations of the gauge group, associated to the Higgs
boson and the fermions belonging to each family in the SM. Fermion families are ordered attending to
their masses: the third one is the most massive, while the first one contains the lightest fermions.

2.1.1 The Electroweak Lagrangian

The electroweak Lagrangian constructed with the matter contents of Table 2.1 and the
gauge symmetry group SU(2); x U(1)y can be written as:

EEVV = ‘CGauge + LFermion + ‘CHiggs + ‘CYukawaa (22)

where each term is defined as follows:
e Lgauge — Describes the kinetic terms for the gauge fields and their self-interactions.
e Lpermion — Represents the interactions between fermions and gauge bosons.

* Lhiges — Encodes the dynamics of the Higgs field and its interactions with itself and
with gauge bosons, leading to spontaneous symmetry breaking and the generation
of the gauge boson masses.

o Lvyukawa — Describes the interaction between the Higgs field and fermions, leading
to their mass generation.

Gauge Field Lagrangian

1 1
‘CGauge = —EWSVWG’HV — ZB/“,BHV, (23)

with W, and B, are the field strength tensors of SU(2), and U(1)y, respectively. These
terms describe the dynamics of the gauge bosons.

Fermion Lagrangian

The fermions are organized into doublets under SU(2);, and singlets under U(1)y and
there are three families of each fermion. The interaction terms are given by:

Ew _

o
Fermion — Z wL vy
generations

T e Y - Y
(80— i Wy — ig/ B ) b+ int (0 — i/ B ) i,
(2.4)

where g and ¢’ are the gauge couplings and 7%/2.
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Higgs Lagrangian and Spontaneous Symmetry Breaking

The Higgs mechanism introduces a scalar doublet under SU(2)., which will induce the
breaking of the gauge symmetry as

SU(Q)L X U(1>Y — U<1)em7

where U(1),,, represents the electromagnetic interaction. This mechanism gives mass
to the weak bosons (W#, Z%) while leaving the photon massless, consistent with experi-
mental observations.

The Higgs field ¢ is introduced as a complex scalar doublet under SU(2):

b= (ﬁ) | (25)

EHiggs = (D,ugb)T(Duqb) - V(gb)? (26)

where D), is the covariant derivative:

Its Lagrangian is:

T e Y
D, =0,— zg?WM —ig EB“, (2.7)
and the potential V' (¢) is:
V(¢) = 1?61 + M9 9). (2.8)

When p? < 0, the Higgs field acquires a vacuum expectation value (VEV):

0-5l0)

Quantizing above this ground state induces the spontaneous breaking of SU(2),xU(1)y —
U(1)em and it generates masses fo the gauge bosons:
T 2
:%7 MZ:\/Q +g v’ M, =0,
2 2
where W=, Z° and the photon () are the resulting physical mass eigenstate gauge
bosons. The photon remains massless, corresponding to the unbroken U(1).,, symmetry.

Mw

Yukawa interaction

The Yukawa interactions in the Standard Model describe the coupling between fermions
and the Higgs field and they are responsible for generating their masses after spontaneous
electroweak symmetry breaking. The Yukawa Lagrangian is expressed as:

EYukawa = - Z yuQnguR + deLd)dR + yeI/LQb@R + h.c. (29)

generations

where y/ represents the Yukawa coupling matrices, which are generally complex and non-
diagonal, and ¢ = io2¢* is the conjugate of the ¢ scalar doublet field. After the Higgs
field acquires a vacuum expectation value (VEV), the Yukawa interactions lead to the
fermion mass terms:

y'v

V2

For the quark sector, the Higgs spontaneously generates masses for both up-and down-
quarks via their couplings to ¢ and ¢, while for the leptonic sector, there is mass generated

my (2.10)
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by the Higgs only for the electrically charged leptons, while neutrinos are massless as the
SM does not contain the vy field needed to construct the required Yukawa interaction
which would generate a neutrino mass. This was totally consistent with all experimental
results at the time when the model was constructed. The first robust experimental
evidence for neutrino mass came from the observation of neutrino oscillations by the
Super-Kamiokande experiment in 1998 [23]. In the next section, we will discuss how to
extend the SM to include massive neutrinos and their implications.

A final remark in this subsection concerns the structure of the Yukawa matrices y/.
The non-diagonal nature of the Yukawa matrices enables flavour mixing between different
generations of fermions. This phenomenon was first observed in the oscillations of neutral
mesons, such as K°-K° B9-B° and D°-D° systems. However, this is not the case for
leptons because no Yukawa term can be built for the neutrinos. As a consequence, the SM
with the particle contents of Table 2.1 has a global accidental symmetry which implies
that together with the total baryon number, each of the lepton flavours (and therefore
the total lepton number) is conserved.

2.1.2 Neutrino interactions

Since neutrinos are neutral particles, in the SM they interact at tree-level exclusively
through the weak interactions, which can be classified into two main types:

o Charged current interactions (CC): These interactions are mediated by the
exchange of W¥ bosons and involve transitions between neutrinos and their corres-
ponding charged lepton

Lo = —\% (CcrviW,; +hec) (2.11)

where ¢ is the weak coupling constant, ¢ represents the left-handed charged lepton,
and vy denotes the left-handed neutrino. Charged current interactions are allow
for the identification of neutrino flavour through the observation of the associated
charged lepton. We label those neutrinos as (v.,v,,v;). CC interactions are es-
sential in experiments involving neutrino scattering off nuclei, where the detection
of electrons, muons, or tau leptons signals the presence of electron, muon, or tau
neutrinos, respectively.

o Neutral current interactions (NC): Neutral current interactions are mediated
by the exchange of the Z° boson as

Lnc = viytvrZ, + hee., (2.12)

"~ 2cos Oy

where 0y is the Weinberg angle. Unlike charged current interactions, NC processes
are flavour-blind, meaning they provide limited information about the specific neut-
rino flavour involved. However, they contribute to neutrino-nucleon scattering and
play a vital role in understanding the total neutrino flux in detectors.

Both types of interactions underpin the core mechanisms through which neutrinos are
detected in a variety of experimental setups, from large underground detectors to particle
accelerators and astrophysical observatories. Their precise measurement offers valuable
information on neutrino masses, mixing angles, and potential physics beyond SM (BSM).
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2.1.3 The number of neutrinos species

The discovery of the Z boson and subsequent precision measurements at LEP (Large
Electron-Positron Collider) in the 1990s provided critical insights into the EW sector of
the SM. The Z boson mediates neutral current interactions and can decay into fermion-
antifermion pairs, including neutrinos [24-26]. The total decay width of the Z boson, I'z,
is determined by summing the partial widths for its decay into all possible fermions:

I,=Y I(Z— ff) (2.13)
f

Each partial width depends on the number of fermion generations and their couplings
to the Z, which are specified by the SM:

D(Z = ff) < N[ (90 +93) . (2.14)

where N/ is the color factor (N, = 3 for quarks, N. = 1 for leptons), and gy and g are
the vector and axial couplings of the fermion to the Z boson.

An important result of LEP was the precise determination of the invisible decay width
of the Z boson, I'j,,. In the SM T, is due to the decay of the Z boson into neutrinos.
Since the SM predicts that each generation of neutrinos contributes equally to the decay
mode, one gets:
= GFM% Nw

1274/2
where N, is the number of neutrino species. LEP measured I';,, precisely resulting in
[24-26]:

Ty = D(Z — vi)N, (2.15)

N, = 2.984 + 0.008, (2.16)

consistent with three active neutrino flavours (v.,v,, ;) as predicted by the SM.

Hence, this measurement is fundamental for us to state that there are only three active
neutrinos (those that participate in the weak interactions). If there are more neutrinos,
they must be sterile i.e., they do not participate in the weak interactions).

2.2 Introducing Neutrino Masses

As we will discuss in the next chapter in detail, neutrino oscillation experiments have
shown beyond doubt that neutrinos are massive and the SM as described above needs
to be extended to account for this. In this section we will introduce the simplest SM
extensions with massive neutrinos and the generation of lepton flavour mixing.

2.2.1 Dirac Neutrinos

The apparently minimal way to extend the SM and generate neutrino masses is by intro-
ducing three right-handed neutrinos (RHNs), vg;. As mentioned above, they are singlets
of the SM group and for that reason they are often referred to as sterile neutrinos. The
introduction of three RHNs allows for a new Yukawa interaction, similar to those for
up-type quarks: .

LD -yl Lipvg; + h.c., (2.17)

After spontaneous symmetry breaking, this interaction generates the following Dirac
neutrino mass term:
ﬁD = _MDTLiVRJ— + h.C‘, (218)

8
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with v
Mp = —vy;;. 2.19
D \/iy J ( )
being a 3 x 3 matrix.
The three neutrino mass eigenstates are obtained by diagonalizing Mp via unitary

transformations:
vl =V, vE = V¥lug, (2.20)

where I/}% ; represent the mass eigenstates and vg 1, the flavour eigenstates. The diagon-
alization condition is: .
VMRV = M. (2.21)

We call the massive neutrino states in this scenario Dirac neutrinos.
Several comments are in order

 In this case total lepton number is still conserved since one can assign opposite lepton
number to v? and its charge conjugate

P = CvP, (2.22)

(here C' us the charge conjugate matrix for spinors) because they are two distinct
states.

But as we will argue below, in this scenario the conservation of total lepton number
is not longer accidental but it has been implicitly imposed by adding only the term
in Eq. (2.17) and not additional terms involving only the RHN’s which, being purely
singlets of the gauge group, would be equally allowed by the gauge symmetry.

» As we will see in Chapter 4 global analyses of neutrino experimental data [27] ro-
bustly indicate sub-eV masses for neutrinos. For Dirac neutrinos, the Yukawa coup-
lings in eq. (2.19) must be of order |y*| < 107'2, significantly smaller than those for
other fermions (|yctherfermions| > 1(0=6)  This raises a naturalness question: Why are
neutrinos so light compared to other fermions? This question remains unresolved
in this minimal scenario. While this thesis will not dive deeply into extended scen-
arios, it is worth noting that introducing new particles into the SM can generate
Dirac neutrino masses with Yukawa couplings larger than 107° [10] .

o Dirac neutrinos predict a non-zero magnetic moment proportional to their mass:

B 3€GFmV

[y = (2.23)

8m2m,
where m, is the electron mass. This allows interactions with external electromagnetic
fields, though heavily suppressed by the small neutrino mass.

2.2.2 Majorana Neutrinos

A Majorana neutrino is a fermion that is its own antiparticle, implying that the neutrino
field satisfies the condition: -
M =M = CyM (2.24)

Y

In the minimal extension of the SM there are three Majorana neutrinos which are mass
eigenstates of a mass term built out of the three left-handed states and their charge
conjugate

,CM = —;MM ((I/L)CVL + ﬁ(l/L)c> s (225)
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such that M), represents a 3 x 3 Majorana mass which is a symmetric matrix by con-
struction and the diagonalization condition now reads

VVIM, VY = M (2.26)
so the mass eigenstates verify
vM =V, v = V*(v)C . (2.27)

We notice that in this case total lepton violated as the Majorana mass term Eq. (2.25)
has total lepton number +2.

But most importantly Eq. (2.25) violates gauge invariance and therefore can only be
understood as a low energy effective operator generated by some beyond the standard
model physics as we will discuss next.

2.2.3 Minimal gauge invariant neutrino mass

Once we include m right-handed neutrinos the most general form of the renormalizable
gauge invariant mass term which can be built is

1
Em = _ﬂRMDVL - iﬂlc%MRVR + h.C., (228)

where Mp is m x 3 matrix and Mg is a m X m symmetric matrix. In general this scenario
leads to 3 + m massive Majorana neutrinos with

M=V, (2.29)
where 7 = (71, 7%)T contains the 3+m weak-eigenstate neutrinos.

Two interesting limiting cases are:

e Mg > Mp. In this case diagonalization leads to three states which are much lighter
than the other m with an effective Majorana mass

my, ~ —MpMp* M}, (2.30)

The three light states are Majorana neutrinos combination of the 3 active neutrinos
with projections over the right-handed states suppressed as MpMy".

This is the so-called see-saw mechanism [28-31] in which the light neutrino masses
are suppressed by the scale of Mg, which can be as high as the Grand Unified Theory
(GUT) scale, thus naturally explaining why neutrino masses are orders of magnitude
smaller than the masses of other fermions.

e Some s number of the eigenvalues of My is not large compared to those of Mp. In
this case the spectrum contains 3+ s light neutrino states and m — s heavy neutrinos.
All of them are Majorana. These are the scenarios usually named in the literature
of ligh sterile neutrino models.

2.2.4 Leptonic Mixing and CP Violation

The charged current introduced in Eq. (2.11) describes the interaction between the gauge
boson W= and the leptons in the weak (or flavour) basis a@ = e, i, 7. In the absence of
any new physics in the charged lepton sector, it is always possible to identify the three
flavour charged lepton states with the states of well defined mass. But in that basis, as

10
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we have seen, the massive neutrinos will still be a superposition of the weak eigenstates
so for massive leptons the CC lagrangian reads

Loc = — ZZ jﬁ (UakgaL'V#VkLWH_ + h-C') ) (2.31)
a

where vy is a neutrino with definite mass. In the most general case with N massive
neutrinos the leptonic mixing matrix U will be a 3 x N matrix which verifies U x UT = 3,3
but in general UTU # Iyyn and in this basis it can be identify with the upper 3 lines
of the V¥ (V}) matrix diagonalizing the neutrino mass matrix for the case of Majorana
(Dirac) neutrinos after the non-physical phases have been absorbed in the definition of the
mass eigenstates which depends if neutrinos are Dirac or Majorana particles. Following
Chapter 4 of [32] one finds that for Majorana [Dirac] neutrinos the U matrix contains a
total of 6(N — 2) [N — 11] real parameters, of which 3(N — 2) are angles and 3(N — 2)
[2N — 5] can be interpreted as physical phases. So for a given N number of massive
neutrinos

UM = P 5 Py (2.32)

where Pyp,j is a diagonal matrix containing the additional N — 1 phases.

For most of this thesis we will be studying scenarios with three light states in this case
the U matrix contain 3 mixing angles plus 1 phase if neutrinos are Dirac and 3 if they
are Majorana. It can be parametrized as

U Ue Ue I 0 0 C13 0 sy3etcp 12 Si2 0
U= Ulll ng ng =10 Co3 S93 0 1 0 —S12 Ci12 0 XPMaj
Un Uy Uss 0 —s23 cCo3 —s13€cr C13 0 0 1
(2.33)

where ¢;; = cosf;; and s;; = sin6,;; and the three mixing angle 6;; can be taken with
generality to be in the first quadrant 0 < 6,; < /2 and the phases to be all between 0
and 2m. Pyra; = I for Dirac neutrinos while for Majorana neutrinos contains the additional
two phases
1 0 0
Pyaj= [0 eon/2 0 |, (2.34)
0 0 eia31/2

The presence of complex phases in the leptonic mixing matrix opens up the possibility
of CP violation in the leptonic sector. For three Dirac or Majorana neutrinos one can
build a basis independent quantity that directly measures the presence of leptonic CP
violation: the Jarlskog invariant Jcp defined as:

JCP :Im(UelU#Q :2 ;1) (235)

which in the parametrization of the leptonic mixing matrix above reads
1
Jop = 3 sin 265 sin 2055 sin 26,5 cos 615 sin dcp. (2.36)

From the expression above, if 6 = 0 or m, Jop = 0 and there is no CP violation. A
non-zero value of Jcp implies CP violation in the neutrino sector.

As for the additional Majorana phases they cannot be measured in conventional neut-
rino oscillation experiments because they do not affect oscillation probabilities, as will be
described below. However, they can be probed through neutrinoless double-beta decay
(OvBp3), a rare nuclear process that violates lepton number by two units. In the minimal

11
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scenario with three massive Majorana neutrinos the decay rate depends on the so-called
effective Majorana mass:

2 2 ag—24

2
eilMi| = ‘mlc12013 + Mas)HC ) (2.37)

where m; are the neutrino masses. The phases a7 and ay affect the interference terms in
mgg, making it possible to constrain them experimentally.

2.3 Neutrino flavour Oscillations

Neutrino flavour oscillations is the phenomenon by which a neutrino produced in a flavour
eigenstate o after traveling some distance can be detected as a neutrino with flavour g
which could be different from a.

More quantiatively a neutrino with flavour o and momentum p, created in a vertex
via a charged current interaction process, is described by the flavour state:

[Va) = Z ailVi) (2.38)

expressed as a superposition of the mass eigenstates |v;). which will have energy E; =

Ipil? +m7.
After a time t the state will have evolved as

Vo (1) Z (Z s exp( iEZ-t)UBZ») lvg). (2.39)

The probability of detecting it as neutrino of flavour [ at time ¢ is then

2
Fomsp(t) = [(vslva(t) o (2.40)
In the ultrarelativistic limit, the energy F; can be approximated by:
2
E; ~ (2.41)

2E

where p is the neutrino momentum, and F is its energy. This approximation is known
as the equal momentum assumption [32]. Furthermore in this limit ¢ = L/c where L is
the distance traveled by the neutrino at time ¢ (called light-ray approximation[32]). With
this one can write

Pua—w/;(LaE) =

2 Am it
zg kUﬂjUajUﬂkexp T

= Z\UM| Uail”> + 2 Re(UnsU3UZ, Ugj)COS< 5

1<J

Am%L)

Am?2.L
+2  Im(Uai U3 U2, Ugj)SiIl( ;nE” )
1<J

Am?2.L
= Gup — 43 Re(UnU3 U2, Usy) sin? <mﬂ>

i<j AE
Am?2.L
+2  Im(Uai U3 U, Ugj)sin< ;ng ) (2.42)
1<J

12
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where Amg; = m? —m3. The probability in Eq. (2.42) presents an oscillatory behaviour

with wavelengths

ArE E/GeV
AV — ~ 4.5 km——t Y
b |Am? o \Am?j |/eV?2

T (2.43)
ij
The probabilities described in Eq. (2.42) are categorized into two types. When o = [,
we call it survival probabilities (or disappearance probabilities). However, when o # (3,
we call it transition probabilities (or appearance probabilities).

For the case of antineutrinos the derivation is the same with the change U — U*
oscillation.

P&ﬁB(L,E) = Jup — 4ZRe(UMU§iU;jU5j) sin? <

i<j

Ami;L
4E

Am?.L
-2 I UsU” . Ug.:)si Y 2.44
; m(UmUmUa]Um)sm< 5F ) ( )

so if the last term is non zero it is possible to have different probabilities for neutrinos
and antineutrinos and the leptonic CP violation can be experimentally established. It
is also clear that for this to occur it is required that a # [ and to have at least three
massive neutrinos involved in the oscillation so that the U matrix contains some complex
phase. For the case of three massive neutrinos unitarity relates all the combinations in
the last term of the probabilities with the Jarlskog invariant defined in Eq. (2.35)

From these expressions we also see that the oscillation probabilities are the same
for Dirac or Majorana neutrinos since the matrix Py; (see Eq. (2.32)) cancels in both
Eq. (2.42) and Eq. (2.44).

In real experiments, neutrino beams are not monoenergetic and furthermore detectors
have finite energy resolution and sometimes the distance traveled is also not fixed. Con-
sequently experiments measure an average of the oscillation probability over some range
of energy and sometimes also distance. Therefore there are three different characteristic
regimes:

o L < A% In this case, oscillations do not have enough time to develop and the
experiment is basically not sensitive to either the mass splittings or the mixing
angles.

o L ~ A% in this, case the experiment can be sensitive to both Am?j and the leptonic
mixing matrix elements.

e L > A in this case, the oscillation phase goes through many cycles. So when

. . 9 Am?,.L 1 . . .
averaging over the energy or distance sin® —z— ~ 5, the experiment still provides

information on the leptonic mixing matrix elements but not on the mass splittings.

Most experimental set ups are restricted to some range of neutrino energies and/or
distances. Consequently they are mostly sensitive to oscillations driven by one particular
Am? and the results can be approximately understood in terms of oscillation probabilities
derived with two neutrino massive states. In that case, there is an angle dominantly con-
trolling the observable oscillation amplitude and a mass difference dominantly controlling
the observable frequency and both Egs. (2.42) and (2.44) become

Am?2L

Pag = bap — (2043 — 1) sin® 26 sin”
3 53 — (2043 — 1) sin” 26 sin 1B

(2.45)
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Normal ordering = Inverted ordering

(NO) (10)

Figure 2.1: Convention for the numbering of mass eigenstates and possible orderings (NO in left, IO in
right). The colours indicate the amount of mixing between mass and flavour eigenstates as obtained from
the global analysis of neutrino oscillation experiments as we will describe and quantify in Chapters 3
and 4

In this case, the oscillation probability is symmetric under the exchange 0 < 7 —
and/or Am? <+ —Am?. Furthermore, there is no physical CP violation in this limit.
More-than-two neutrino mixing as well as matter effects break all these symmetries.

Let us make a final comment about the signs of the mass splittings which are physical
in neutrino oscillations. As seen above for the case of two massive neutrinos there is a
total degeneracy between the octact of the mixing angle and the sign of the mass splitting.
For three massive neutrinos and in the convention that we are using for the physical range
of the mixing angles (0 < 6#;; < 7/2) and the CP phase 0 < § < 27 one of the mass
splittings, here Am3,, is by convention positive while the splitting Am2, can be positive
or negative. We refer to these two signs as the neutrino mass ordering. So we have two
possible orderings

o Normal ordering: m; < mq < mg
o Inverted ordering: mz < m; < msy .

diagrammatically shown in Fig.2.1.

2.4 Flavour Transitions in Matter

When neutrinos propagate through matter, their oscillation behaviour is modified by
coherent forward elastic scattering and incoherent scattering with the matter that is
crossing by, described by the Mikheev-Smirnov-Wolfenstein (MSW) effect. However, the
incoherent contribution is substantially smaller than the coherent one in regular scenarios
(not too dense N > N4/cm? or too energetic £, > 1 TeV)[32, 33]. For the cases studied
in this thesis, none of them are considered.

Forward scattering occurs when a neutrino interacts with particles in a medium but
continues moving in nearly the same direction as before the interaction. Unlike inco-
herent scattering, where the neutrino’s direction changes significantly, forward scattering
preserves the neutrino’s momentum almost entirely. This process is coherent because the
medium remains unchanged after the interaction. The scattered neutrino waves over-
lap and interfere with the unscattered waves, creating a combined effect [33]. Since the
medium doesn’t "remember" the interaction, the scattered waves add up constructively,
enhancing the overall effect. This coherence allows us to describe the medium’s influence
on neutrinos using an effective potential, which depends on the density and composition
of the matter[34].

14
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It is not the goal of this thesis to develop the most general formalism for the evolution
of neutrinos in matter. We will just briefly comment about how one could derive the
matter potential from the QFT formalism (following [32, 33]) and from that, how the
matter potential could change the oscillation pattern of neutrinos due to cross matter
regions for the relevant physical cases studied in this thesis.

2.4.1 Matter potentials

Following [32, 33|, we derive the effective potential for electron neutrinos propagating
in a medium composed of electrons, protons, and neutrons starting with the relevant
low-energy Hamiltonian describing neutrino interactions is given by:

1
Hi = 2 [0 @) + 170w (2.46)

where the J,’s are the standard fermionic currents:
I (@) = we(@)7a(l —s)e(x) (2.47)
I (@) = e(@)ra(l —s)ve(r) | (2.48)

<

W@) = Z@)all = 3)ve(w) = e(x) [1a(l = 75) = 4sin® fya] ()
+5(2) [a(1 = g975) = 45in® Oy p(@) — (@) 7a(1 = g5 5)n(2)2.49)

Here, gff’p ) are the axial couplings for neutrons and protons, respectively, and 6y is the
Weinberg angle. For simplicity, we focus on the CC interactions, which dominate the
effective potential for v,.

The effective CC Hamiltonian due to electrons in the medium is:

HEo = ng | v (B T)
X ((e(s, pe) [e(2)7 (1 = 75)ve(2)7e(2) Ya(1 — 5 )e()|e(s, pe)))

= ?/gve(&?)%(l - %)Ve(fv)/d%e F(Ee, T){(e(s, pe)[e(x)7a(l = v5)e(x)le(s, 62)5P)

where s is the electron spin, p, is its momentum, and f(E,,T') is the energy distribution
function of the electrons in the medium, assumed to be homogeneous and isotropic. The
distribution function is normalized as:

/d?’pe FE.T)=1. (2.51)

The notation ({...)) denotes averaging over electron spinors and summing over all elec-
trons in the medium. Coherence implies that the spin and momentum of the initial and
final electrons are the same.

Expanding the electron fields e(z) in plane waves, we find:

1

(e(s,pe)[e(x)r*(1 = y5)e(@)]e(s,pe)) = —{e(s, pe)|Ws(pe)al(pe)y* (1 — v5)as(pe)us(pe)le(s, pe)),

Vv

such that V' is a volume normalization factor. The averaging gives:

1 1

V(<e(svpe)|ai(pe>as(pe)|e(s>pe>>> - Ne(pe)§ Z ) (253)

15
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where N,(p.) is the number density of electrons with momentum p.. Assuming the
medium has equal numbers of spin-up and spin—down electrons, we obtain:

{{e(s, pe)le(x)y* (1 = ys)e(x)le(s, pe))) = Zus Pe)Y™ (1 = 75)us(pe) = p@pﬁél

Isotropy implies that [ d®p.p.f(FE.,T) = 0, so only the p° term contributes upon
integration. Substituting Eq. (2.54)) into Eq. (2.50), we obtain:

HEY = =75 T@no(l = )ele) (2.55)

where N, is the electron number density at position x. The effective potential for v,
induced by its charged current interactions with electrons in matter is then:

Voo = (vel /d% HEL|ve) = V2GpN., . (2.56)

For 77, the sign of V¢ is reversed. This potential can also be expressed in terms of
the matter density p:

P
Voo = V2GpN., ~76Y, ——— eV, 2.57
¢ F 10" g/cm® (2:57)

where Y, = , + o 1s the relative number density of electrons.

For v, and v;, Voo = 0 in these media, while the neutral current potential V¢
generated by the fermions f in the medium is the same for all neutrino flavour and can
be derived similary [32, 33] and reads:

Ne, Vo= V2GrN;gl, (2.58)
with g} = —g{ and gj; = —3. For neutral matter, N, = N, so the overall NC potential
can be written as:

2
Viotal — —\é_GFNn. (2.59)

Altogether the potential for NC and CC that an active neutrino v, with o = e, ur
feels in a dense medium can be written as:

1
Vo, = V2Gr (Neéae — 2Nn), (2.60)
while for sterile neutrinos V; = 0.

2.4.2 Modified Evolution

Altogether the total Hamiltonian governing the neutrino evolution in a dense medium can
be written as the sum of its free Hamiltonian (here call H,.) and an effective potential
generated by the matter

Hy=Hgpe +V (2.61)

where V' is the matter potential, given by Eq.(2.60).
The Schrodinger equation for a neutrino ensemble in the flavour basis can be then
written in matrix form as
d

i [v(6) = Hulv(t) = (UANUT + V)l (t)) | (2.62)

16
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where allowing in general for presence of light sterile neutrinos Ay = diag(0, Am3,, Am3,, Ay ...)/2E
2

and V = /2Gp diag(N.(x),0,0, N,,/2,...), after extracting a diagonal term (p + 2%” +

VNC> x I, which does not contribute to the oscillation probabilities.

In general Eq. (2.62) is difficult to solve analytically except for the case when the
neutrino is traveling through a region with constant matter density. In this case the
oscillation probabilities can be recasted as Egs. (2.42) and (2.44) with the substitutions

Amg; — Ap; Uni = U (2.63)

where

UAyUT+V =UA,UT (2.64)

for neutrinos and antineutrinos respectively.

This is a valid approximation for neutrinos traveling through the crust of the Earth
as it is the case in accelerator neutrinos at long baselines.

When the density of the matter crossed by the neutrino changes along its trajectory
one can always solve the evolution equation numerically by discretizing the evolution
in layers sufficiently thin so that the potential can be assumed constant in each layer.
Schematically, within a layer of thickness L, the evolution matrix ¢/; , which relates the
initial and final neutrino states, takes the form:

U(Li); = exp (—iHa;Li) | (2.65)

and can be evaluated numerically. The total evolution matrix is given by the product of
the evolution matrices for each layer

Z/{total = un<Ln)un71(Ln71) e Z/{I(Ll)a (266)
and the transition probability between flavors a and S is then:

Pua—>1/5 = |<V5|utotal|yoz>|2 . (267)

It is also possible to find approximate analytical solutions for the evolution equation
in non-uniform matter density under some simplifying conditions. A particularly illu-
minating example is the evolution in the Sun which we discuss next. For the sake of
concreteness we are focusing in the evolution of three active neutrino ensemble.

2.4.3 Solar neutrinos: MSW effect

We are going to solve the evolution of the 3 neutrino ensemble in the solar matter. The
first approximation which we will use is that the largest mass splitting, here |Amg;| >
Am3, (as we mentioned above Am3, > by convention) and that |AmZ,|/(2E) is always
much larger than the matter potential in any point in the evolution. With these assump-
tions, only the first two mass eigenstates are dynamical. Since physical quantities have to
be independent of the parametrization of the mixing matrix, we choose a parametrization
that makes analytical expressions particularly simple in this case. We write U = OUjs,
where O = Rz Rq3 is real while Uy, is a complex rotation by angle ¢, and phase ¢, such
that O is given by:

C13 0 S13 C12 s12¢7% 0
_ _ i
O = | —s13523 €23 cC13523 | Uia = | —s12¢ crz O . (2.68)
—513C23 —S23 C13C23 0 0 1

17
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With this definitions it is possible to rewrite Eq. (2.62) as:

Hy=OHO"  with  H=U,AU),+0WVO. (2.69)
Defining
D) = O'|v) (2.70)
and taking the limt |Am32,| — oo for [ = 1,2, the matrix H takes the effective block-
diagonal form:
- (H® 0
H =~ ( 0 Am§1> (271)
2E,

and H® = H® + H?, with

vac

@ Am3; [—cos26;, sin 201

Vs 4P, ( sin 2615 e7 % cos 26055 ) ’
2 2,
i = *QGF [Ne(@ ("15 ’ )] . (2.73)

(2.72)

2

The state |7)3 decouples from |P); and |P)s. Hence, such a state will have the following
differential equation:

cd . 1 A
G v(x))s = Yo Am3,|D(x))s, (2.74)
that has the simple solution:
A Am3iz\
|D(x))3 :exp<—z 251 >|V(0)>3. (2.75)

Now, by combining Eqs. (2.72) and (2.73) it is possible to write the evolution equation
for the states |0(x)); and |P(x))s as:

zi [(x))1) _ 1 [—cos20i,Ami, + Acty sin 201, Am32,e® |D(x))
dz \|P(x))s 4E, sin 2615 Am?2,e +cos 2012Am32, — Acty ) \ D(x))2 |

(2.76)
with A = A(x) = 2v2GrN.(2)E, = VE,. Eq. 2.76 can be rewritten as:
. d <]ﬁ($))1> 1 <— cos 20n (x) Am3,(x)  sin 20y () Am3,(z) ) <]ﬁ($))1> 7

D(x))2) — 4E, \ sin20y(x)Am3,(z)  +cos20y(z)Am3,(z)) \ 2(z)),

(2.77)
where we have dropped the phase 0 which produces no effects in a two-neutrino frame-
work, and

Am2(z) = y/(cos2015Am?, — Acky)? + (sin 2615 Am3,)? (2.78)
cos 2015 Am2, — Act,
Am3, ()

. sin 2912Am%2
and sin20y(z) = ——————=
)= ()

cos 20, () (2.79)
are the effective mass splitting and mixing angle in matter at position x, The instantan-
eous Hamiltonian eigenstates at position x are

(2.80)

7Y = Ups(2)|D), such that Uy (z) = < cos O () sineM(gg)>

—sinfy(x) cosby(x)

18
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and in terms of these states the equation 2.77 reads

wM(x)C;‘fE(UMx) (IZEQ?;)) - 1 (VT sl ) () 2

which after some algebra results into the evolution equation for the instantaneous mass

eigenstates
dz \|1(z))2 AE, \4E,i%®@  Am2 (1) 0(x))2 ) '

dx
This evolution equation is non-diagonal which means that the instantaneous mass eigen-
states are not the eigenstates of the evolution, i.e., the evolution is a priori not adiabatic.
The non-diagonal terms in Eq. (2.82) are proportional to the change of density on the
way of neutrinos. We define the adiabaticity parameter!

Ami, (z) (Amj, (x))*

4B, |G| T 4 T30 B2 sin 20y, () | D) |

v (2.83)
When « > 1 for all z, we can neglect the off-diagonal terms in Eq.(2.82), and this is called
the adiabatic approximation [35, 36]. The adiabaticity condition implies that transitions
between the eigenstates |7}); and |7))s are suppressed, and the evolution of the system
is governed by the separate propagation of each eigenstates. This condition is satisfied
when the electron number density N.(z) varies sufficiently slowly along the neutrino’s
path compared to the characteristic oscillation wavelength in vacuum as is the case for
solar neutrinos propagating through the Sun.
The Sun produces |v.)’s which from Eq. (2.70) are

|Ve) = cos bh3|0)1 + cos O13]0)3 (2.84)
and |7); is a superposition of the matter eigenstates |7); and |1}), at the production point
Zo-

|V1> = COS QM(Jfo)lﬁ(CU()»l + sin QM(I0>|77($0>>2 (285)

As the neutrino propagates adiabatically, the |7j(z)); (and |#)3 ) evolve independently,
and the state at a later point x can be written as:

()1 = cos O () @ |7(x))y + sin Oy (z0)e 2@ |7(2))s, (2.86)

where ¢1(z) and ¢o(z) are the accumulated phases of the eigenstates |7); and |f))s, re-
spectively. These phases are given by:

(o) = (-1 [ 20U

At the detection point zf, the neutrino state is projected back onto the flavour eigenstate
|ve). The survival probability P, 5, is then given by the squared overlap of the evolved
state with the initial state:

de’, i=1,2. (2.87)

Py, = |[(|v(xp))]? = cos? O (o) cos® Oar(x5) + sin? Oy (o) sin® Oy ()
+ ;siHQQM@O) in 20, (1) cos( () — én (7).
(2.88)

I The Standard Solar Model (SSM) describes the Sun’s electron density as
Ne(r) = Ne(0) exp(—7/70),

for 0.1 < r/Rg < 0.9, where N.(0) = 245 N4 /cm? and ro = 10.54 Rg. This profile aids in analyzing resonance adiabaticity,
characterized by the parameter vg.

19
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For the case of solar neutrinos the detection occurs in vacuum (or very low density), where
the effective mixing angle 0/(x¢) reduces to the vacuum mixing angle 6;5. The distance
between the neutrino source and the detector is huge, the phase of the cosine is very large
averaging it to zero, cos(¢qo(zs) — ¢1(xf)) — 0, the survival probability simplifies to:

1 1
(Pp, 0, ) =~ cos® Oy (x0) cos® 015 + sin? Oy () sin? 15 = 3 + 3 cos 20y (o) cos 2015 = (P, . )£2.89)

Including the projection over the third state one gets
(P, V¥ = cos* 013(P,, ., )*" +sin* 0,3 . (2.90)
The MSW effect

From Eqgs.(2.79) and (2.78) we find that the mixing angle in matter is

sin 2‘912

tan 20y = . (2.91)
cos 2019 — %
21
So when
Am3,
V(z) = 2v2GpN,(x) = L c0s 2015 (2.92)
2E,ci5

tan 20, changes sign and the mixing angle becomes 6, = /4 irrespective of its value in
vacuum. We call this the resonant condition.

Since Am3; > 0 by convention, this condition can be satisfied for electron neutrinos
propagating through matter with a sufficiently high electron density N, if cos 265 > 0.
This is, if the mixing angle 0,5 lies in the first octant, 61, < 7 the resonance condition is
met for neutrinos (rather than antineutrinos), as the matter potential V' has the opposite
sign for antineutrinos. At resonance, the mixing angle in matter is 0y, = 7 /4.

For solar neutrinos, which are produced in the core of the Sun as electron neutrinos
(ve), the electron density is very high, causing the effective mixing angle 65/ to initially
be close to m/2 (sin260y(xg) — —1). As the neutrinos propagate outward through the
Sun, the electron density decreases and #,; evolves toward its vacuum value 65. If the
evolution is adiabatic the resulting survival probability becomes

1 1
(P, )% = 5~ 508 2015 = sin’ 6, . (2.93)

This is the MSW effect.

2.5 Neutrino Mass Scale and Neutrino Mass Ordering

Because of its quantum-interference nature, mass-induced flavor oscillations are sensitive
to the phase differences induced by the mass-squared splitting Amfj and to misalignment
between the detection and propagation eigenstates, i.e., to the leptonic mixing matrix ele-
ments U,;. They are, however, insensitive to overall shifts of the energy levels, and hence
they cannot provide information on the absolute mass scale of the neutrinos other than
the obvious lower bound on the masses of the heaviest states involved in the oscillations.

The most model-independent information on the neutrino mass, rather than on mass
differences, is obtained from kinematic studies of reactions in which a neutrino or an
antineutrino is involved. In the presence of mixing, the most relevant constraint comes
from the study of the end point (E ~ Ej) of the electron spectrum in Tritium beta decay

20
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SH — 3He + e~ + .. This spectrum can be effectively described by a single parameter,
m,,, if for all neutrino states Ey — £ > m;:

2 2

2 _ > mi | Ui 2 2
m, = =1 = 2_MilUel”, 2.94
e Zi’UeiP XZ: | ’ ( )

where the second equality holds if unitarity is assumed. The most recent result on the
kinematic search for neutrino mass in tritium decay is from KATRIN [37], which sets an
upper limit m,, < 0.45 eV at 90% CL.

Direct information on neutrino masses can also be obtained from neutrinoless double
beta decay (A,Z) — (A, Z +2) 4+ e~ + e~. This process violates lepton number by two
units, hence in order to induce the Ovf3[ decay, neutrinos must be Majorana particles.
In particular, if the only effective lepton number violation at low energies is induced by a
Majorana mass term for neutrinos, the rate of Ov 35 decay is proportional to the effective

Majorana mass of v,:
2
ZmZUez .
i

Currently the strongest bound on Ovf3( decay lifetimes are obtained with Germanium
(TY}, > 1.8 x 10* yr) by GERDA [38] and with Xenon (77}, > 3.8 x 10°° yr) by
KamLAND-Zen [39]. Depending on the assumed nuclear matrix elements, these cor-
respond to 90% CL limits of me. < 0.079-0.180 eV [38] and m.. < 0.028-0.122 eV [39],
respectively.

Finally, neutrino masses also have effects in cosmology. In general, cosmological data
mostly gives information on the sum of the neutrino masses, > m,,, while it has very little
to say on their mixing structure and on the ordering of the mass states. At present, no
positive evidence of the cosmological effect of a non-zero neutrino mass has been observed,
which results into upper bounds on Y m,, in the range of >m, < 0.04-0.3 eV (see, e.g.,
Refs. [40, 41] and references therein for post-DESI [42] global analyses) depending on,
e.g., the cosmological data included in the analysis, assumptions on the cosmological
model, the statistical approach, the treatment of systematics, or parameter priors.

Within the 3v-mixing scenario, for each mass ordering, the values of these observables
can be directly predicted in terms of the parameters determined in the global oscillation
analysis and a single mass scale, which is usually taken to be the lightest neutrino mass
myp. In addition, the prediction for m.. also depends on the unknown Majorana phases:

(2.95)

Mee =

_ 2.2 2 2.2 2 2 2
My, = \/ml C13CTp + M3 C1351 + M3 513, (2.96)
2 2 _2i(a1—6 2 .2 2i(ag—6 2
Mee = ‘ml Clacty 10700 fmy sty €020 omy oy (2.97)
Zm,, = myi + Mg + M3 s (298)

NO: my=mg, mg=\md+Am3, mg=\md+Am3, (2.99)
I0: mg=my mo=+ym§—Ami,, mlz\/m%—Amgﬁ—Amgl.

where, following the convention adopted by the NuFIT group, we denote by Am?, the
mass-squared splitting with the largest absolute value for the given mass ordering (that
is, Am2, = Am3, > 0 for NO, and Am3, = Am3, < 0 for 10.
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Chapter 3

Experimental Inputs

Building on the theoretical foundation of neutrino oscillations—including the leptonic
mixing matrix, matter effects, and oscillation probabilities derived in Chapter 2— this
chapter examines the experimental methodologies that have empirically validated and
refined these concepts. Neutrino oscillations are dominantly probed with neutrinos that
can be classified according to their sources as solar, atmospheric, reactor, and acceler-
ator neutrinos. Each source exploits specific baseline-to-energy ratios (L/E) and detec-
tion techniques to isolate different terms in the oscillation probability, enabling precision
measurements of some mass splittings and mixing angles.

In this chapter we will briefly describe the main features of these experiments and
their results, which will be employed in the coming chapters to test different forms of
new physics. Most quantitative details are provided for the two experiments for which
this thesis has contributed most in their simulation and analysis: Borexino and NOvA.

In Section 3.1, we present the results obtained with solar neutrinos. Solar neutrino ex-
periments Homestake, Gallex-GNO, Super-Kamiokande, SNO, and Borexino have shown
that v.’s produced in the Sun’s interior undergo matter-enhanced flavour transitions via
the MSW mechanism. In the framework of 3v mixing they mostly provide information
on Am2, and ;5. At the end of Sec. 3.1 we present the details of Borexino Phase IT and
ITI data analyses, illustrating the interplay between spectral decomposition, systematic
uncertainty modeling (e.g., energy scale corrections and background correlations), and
statistical methods (e.g., x? minimization and data analysis).

Section 3.2 focuses on atmospheric neutrinos, generated by cosmic ray interactions on
Earth’s atmosphere. The experiments Super-Kamiokande and IceCube utilize their wide
energy range (MeV-TeV) and baselines (10-12,700 km) to observe oscillations of v,’s
which are dominated by the 3v mixing parameters |[Am3,| and 6a3. Section 3.3 describes
reactor neutrino experiments, which leverage controlled 7, fluxes from nuclear fission to
measure 613 and |Am3,| (Daya Bay) and Am3, and 615 (KamLAND). Section 3.4 explores
accelerator-based long-baseline experiments (NOvA, T2K), where high-intensity v, and
7, beams enable studies of both v, disappearance as well as v, — v, and 7, — 7,
transitions and offer a direct test to leptonic CP violation. In the end of Section 3.4,
we present detailed studies of NOvA systematic uncertainty modeling (e.g., energy scale
corrections and background correlations), and statistical methods (e.g., x* minimization
and data analysis).

We conclude this chapter by examining two types of experiments that challenge our
current understanding of the standard neutrino paradigm. Section 3.6 addresses the
persistent discrepancy observed in gallium-based neutrino detection experiments, where
measured electron neutrino (v, ) interaction rates from radioactive sources systematically
fall below SM predictions—a phenomenon known as the gallium anomaly. In Section 3.5
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we explore another important class of experiments that bounds BSM physics: Coher-
ent Elastic Neutrino-Nucleus Scattering (CEvNS). Recent precision measurements of this
neutral-current process have established new constraints on neutrino-quark coupling para-
meters, bounding new physics that could add any contribution to the SM predictions.

3.1 Solar Neutrinos

The Sun is a powerful source of neutrinos, originating from nuclear fusion processes
within its core. As we will see in the coming chapters, studying these neutrinos provides
information on both particle physics and solar physics. The fusion proceeds through two
primary pathways:

« Proton-Proton (pp) Chain: This is the dominant fusion process in the Sun. It
consists of several branches

— pp: This is the dominant branch and proceeds as follows

. p+p—=d+e +v. (E, <042 MeV)
2. p+d— *He+~
3. *He+*He — *He+2p

— "Be: Second in energy production

1. *He +*He —" Be + v
2. 'Be+e =" Li+v, (E,=0.861 MeV)
3. "Li4+p — 2 *He.

— pep:

p+e +p—d+v. (E,=144 MeV).

— 8B: It is responsible for producing most of the high-energy solar neutrinos:

1. 3He +* He =" Be + v,
2. "Be+p =B+,

3. B =8 Be* +ef + 1,
4. 8Be* — 2 ‘He.

— hep : It produces the neutrinos of highest energy via
SHe+p »*He+e™ + v,
but has the lowest flux.

o Carbon-Nitrogen-Oxygen (CNO) Cycle: This process is less significant in the
Sun but dominates in heavier stars. It uses carbon, nitrogen, and oxygen as cata-
lysts to fuse hydrogen into helium, producing neutrinos in the process. Measuring
precisely the flux of these neutrinos is essential to determine the abundance of heavy
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Figure 3.1: Neutrino fluxes predicted by the SSM[43] as a function of the neutrino energy. Figure
extracted from [44].

elements inside the Sun. The main reactions are:

1. 2C+p—="N+ny

2. BN=BC+et+rv, (B, <1.2MeV)
3. BC4+p "Ny

4. U"N4p-=P0+4

5 PO =" N+et +v. (B, <1.7MeV)
6. N+p—'2C+*He.

The resulting neutrino spectrum exhibits typical energies on the order of O(MeV) as
seen in Fig. 3.1. The precise computation of this spectrum requires detailed knowledge
of the Sun’s structure and evolution [43, 45]. Standard Solar Models (SSM), are math-
ematical representations used in astrophysics to describe the structure, composition, and
evolution of the Sun. Over the years several SSM, able to describe the properties of the
Sun and its evolution after entering the main sequence, have been constructed with in-
creasing level of refinement [43, 46-53]. Such models are numerical calculations calibrated
to match present-day surface properties of the Sun, and developed under the assumption
that the Sun was initially chemically homogeneous and that mass loss is negligible at all
moments during its evolution up to the present solar age 7., = 4.57 Gyr. The calibration
is done in order to satisfy the constraints imposed by the current solar luminosity L,
radius R, and surface metal to hydrogen abundance ratio (Z/X)s. Refinements intro-
duced over the years include more precise observational and experimental information
about the input parameters (such as nuclear reaction rates and the surface abundances
of different elements), more accurate calculations of constituent quantities (such as radi-
ative opacity and equation of state), the inclusion of new physical effects (such as element
diffusion), and the development of faster computers and more precise stellar evolution
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codes. The predictions of SSMs can be tested against the neutrino observations as we
will quantify in Chapter 7.

The detection of solar neutrinos began in 1970 with the Homestake experiment [54],
which employed radiochemical methods to observe neutrinos via inverse beta decay in-
teractions in a chlorine-based target with a detection threshold of 0.814 MeV (so mostly
sensitive to "Be and ®B fluxes) and integrating the interaction of the neutrinos over time.
This experiment provided the first direct evidence of solar neutrinos but revealed a sig-
nificant discrepancy: the observed neutrino flux was approximately one-third of the flux
predicted by the SSM. This inconsistency was termed the "solar neutrino problem"'. The
second generation of radiochemical detectors SAGE [55] and Gallex/GNO[56] detect in-
verse beta decay interactions in a gallium-based target which had a much lower detection
threshold of 0.233 MeV and was able to detect the most abundant flux of pp neutrinos.
They also observed a deficit but it was ~ 50%.

The Kamiokande experiment [57-59], a precursor to Super-Kamiokande, was a water
Cherenkov detector located in Japan. Unlike the radiochemical experiments, Kamiokande
was able to detect solar neutrinos in real time through elastic scattering of neutrinos
with electrons (v + e~ — v 4+ e). This process produced Cherenkov light, enabling
directional information that confirmed neutrinos originated from the Sun. Kamiokande
observed a solar neutrino flux deficit of approximately 60% compared to SSM predic-
tions. However, its higher energy threshold (~ 7.5 MeV) limited sensitivity to only 8B
neutrinos. While Kamiokande could not resolve the solar neutrino problem alone, its
real-time detection capability and directional verification were essential for subsequent
experiments like Super-Kamiokande and SNO, which identified neutrino flavour trans-
itions as the solution. The Super-Kamiokande experiment [60-63], a water Cherenkov
detector, measured solar neutrinos with improved precision and spectral resolution. By
detecting Cherenkov radiation from relativistic electrons produced in neutrino interac-
tions, Super-Kamiokande confirmed the deficit of high-energy solar neutrinos and determ-
ined the energy (in)dependence of the suppression. This spectral information provided
critical evidence to establish the MSW effect as the mechanism behind the observations.
Still because the radiochemical experiments detected only v, and the rate of v, interac-
tions in water Cherenkov detectors is larger than that of v, and v, these deficits could
only be established through comparison with predictions of some SSM.

The Sudbury Neutrino Observatory (SNO) [64] resolved the solar neutrino problem
conclusively and independently of the SSM. Using heavy water (D;0), SNO simultan-
eously measured the flux of electron neutrinos (via charged-current interactions) and
the total flux of all active neutrino flavours (via neutral-current interactions). The res-
ults showed that the total neutrino flux matched SSM predictions, while the electron
neutrino flux remained suppressed. This confirmed that solar neutrinos undergo fla-
vour transitions, with electron neutrinos transitioning to muon or tau neutrinos during
propagation.

Ultimately all these results validated the neutrino flavour oscillation hypothesis with
averaged oscillation in vacuum and MSW matter transition as dominant mechanisms
depending on the neutrino energy. In a nut-shell in the Sun’s high-density core (~
150 g/cm?), the higher-energy solar neutrinos (E > 10 MeV) undergo flavor conversion
due to matter-enhanced oscillations as described Sec. 2.4. In a two-neutrino system the
adiabatic transition aligns the produced v, with the heaviest matter eigenstate (v4"),
which exits the Sun as the vacuum mass eigenstate v, resulting in P,. ~ sin?6 ~ 0.31
(6 ~ 34°), consistent with measurements from Homestake and SK/SNO. At low energies
(E < 1 MeV), vacuum oscillations dominate: neutrinos propagate incoherently as mass
eigenstates (v1,12), and P,, approaches cos* +sin* 0 = 1— % sin? 20 ~ 0.57 (in agreement
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with the Gallium experiments), reflecting the incoherent sum of probabilities for 11 and v,
to be detected as v,. The transition between these regimes is governed by the interplay
of the solar matter potential (V' ~ 107! eV) and vacuum oscillation wavelength and
requires Am3, ~ 7.5 x 107° eV2. In the framework of 3v mixing these effect is controlled
by Am3, and 615 with small corrections from 63 as seen in Eq. (2.90). In summary
. cos* 015 sin? @15 + sin? 05 (high energy, adiabatic limit), -
) cost b3 (1 — %Sin2 2012> +sin* @3 (low energy, vacuum limit). (3-1)

In the last decade Borexino [65], has significantly advanced solar neutrino research
by utilizing liquid scintillator technology. It measures neutrinos through the process of
elastic scattering with electrons, a method that allows for the detection of low-energy
neutrinos with high sensitivity. This capability has been essential in observing solar
neutrinos from all branches of the pp-chain. Most recently, Borexino reported also the
detection of CNO neutrinos with a confidence level exceeding 60[66]. This measurement
provides new insights into solar metallicity and confirms the dominant energy production
mechanism in heavy stars. During my PhD, together with collaborators, we contributed
important results on solar neutrinos. In the next section, we will describe our analysis
and in next chapters we will present the main results obtained from this work.

3.1.1 Simulation of Borexino Phase II and III spectra

The Borexino experiment, located in Gran Sasso (Italy), played a crucial role in the
precise measurement of solar neutrinos due to its remarkably low background noise (it’s
still playing; however, the experiment was discontinued recently). Phase I of the exper-
iment was successful in the detection of "Be, adding significantly to our understanding
of the sun’s energy generation [67]. Phase II of Borexino was characterized by strongly
reduced internal ®Kr and 2!°Bi backgrounds, leading to the most precise measurement
to date of "Be solar neutrinos and the first real-time detection of pp and pep neutri-
nos. In Phase III, the Borexino succeeded in measuring for the first time the CNO cycle
by thermally stabilizing the detector, thus reducing the convection currents responsible
for the diffusion of 21°Bi into the scintillator. A detailed description of our analysis of
the full spectrum of the Phase-I [65, 67] and Phase-II [68] of Borexino can be found in
Ref. [69] and Ref. [2] respectively. Here we document the details of our analysis of the
Borexino Phase II (data collected between December 2011 and May 2016, corresponding
to an exposure of 1291.51 days x 71.3 tons) and Phase-III (data collected from January
2017 to October 2021, corresponding to a total exposure of 1431.6 days x 71.3 tons),
which we perform following closely the details presented by the collaboration in Refs. [68]
and [66, 70], respectively.

As discussed in a previous section, Borexino detects interactions of solar neutrinos
produced in the pp, pep, "Be, and ®B reactions of the pp-chain, as well as from all
reactions in the CNO-cycle. The produced total flux is described by the differential
spectrum:

dgpod g
dE, — 4 dE,

(E.), (3.2)

where F), is the neutrino energy and f refers to each of the main components of the solar
neutrino flux (pp, pep, CNO, "Be, and ®B). In their journey to the Earth the produced
v, will change flavour and interact upon arrival via elastic scattering with the e~ of the
detector. Thus, the expected number of solar neutrino events corresponding to N, hits
is given by the convolution of the oscillated solar neutrino spectrum with the interaction
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cross section and the energy resolution function. Quantitatively we compute the solar
neutrino signal S; in the i-th bin (i.e., with Ny, € [N} i, Ni ay]) a8

hmax dR
5= [T [ 35 g OR T (T i) T, 4 (3.3)

i
h,min

Here, dS / dT, is the differential distribution of neutrino-induced events as a function of
recoil energy of the scattered electrons (T7,)

dsS
dT.

do_det
a7, (Va)

rod
(T.) = FoNigs Toun € | < 0 g, [PQQ(EV) dE, (3.4)

where F; = 0.3572 (0.6359) is the fraction for s = “tagged” (“subtracted”) signal events,
./\ftgt is the number of e~ targets (i.e., the total number of electrons inside the fiducial
volume of the detector, corresponding to 71.3 ton of scintillator for both phases), while
T = 1291.51 days and TIIT = 1431.6 days is the data taking time for phase IT and
I11, respectively, and E.,x = 98.5% is the overall efficiency for both phases. P.,(E,) is
the transition probability between the flavours e and «, and do?*(v,)/dT, is the flavour
dependent v, — e~ elastic scattering detection cross section.

In addition, Eq. (3.3) includes the energy resolution function dR / dT, for the detector,
which gives the probability that an event with electron recoil energy T, yields an observed

number of hits N,. We assume it follows a Gaussian distribution:

;ﬁh(Te, Ny) = mexp [— ;(W)Q] , (3.5)

where N, is the expected value of N, for a given true recoil energy T.. We determine
Ny(T.) and op(T.) via the calibration procedure described below.

The data from BXII contains background contributions from a number of sources.
The main backgrounds come from radioactive isotopes in the scintillator *C, *C, °C,
10Po, 19Bi, 8°Kr, and ®He. The collaboration identifies two additional backgrounds due
to pile-up of uncorrelated events, and residual external backgrounds (see Ref. [68] for a
complete description of these backgrounds).

Among the considered backgrounds, the one coming from 'C is particularly relevant
for the analysis. This isotope is produced in the detector by muons through spallation on
12C. In Ref. [68] the collaboration uses a Three-Fold Coincidence (TFC) method to tag
the "' C events, which are correlated in space and time with a muon and a neutron. Thus,
they divide the Phase II data set in two samples: one enriched (tagged) and one depleted
(subtracted) in 'C events. The separation of the solar neutrino signal (as well as most
of the other backgrounds) into these two samples is uncorrelated from the number of hits
N;,. Concretely, the tagged sample picks up 35.72% of the solar neutrino events, while
the subtracted sample accounts for the remaining 64.28%.

Similarly to Phase-II, the main backgrounds of Phase-III come from radioactive iso-
topes in the scintillator *'C, 21°Bi, 1°C, ?Po and %Kr, extracted from Fig. 2(a) of
Ref. [70] as well as the plot provided to us by the collaboration [71]. These figures show
the best-fit normalization of the different background components as obtained by the
collaboration, and we take them as our nominal background predictions. As for Phase
II, the tagged sample of Phase III picks up about 35.72% of the solar neutrino events,
while the subtracted sample accounts for the remaining 64.28%. The data and best fit
components for the spectrum of the subtracted sample are shown in Fig. 2(a) of Ref. [70].
The data points for this sample can also be found in the data release material in Ref. [72].
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The corresponding information for the tagged sample was kindly provided to us by the
Borexino collaboration [71].

In our analysis we include both sets of data, denoted in what follows by s = “tagged”
or “subtracted”. As for the background, we have read the contribution Bg, for each
component ¢, in each bin ¢, and for each data set s from the corresponding lines in the
two panels in Fig. 7 of Ref. [68]. Altogether the nominal number of expected events Tgi in
some bin ¢ of data sample s is the sum of the neutrino-induced signal and the background

contributions:
T8 =381, +3 B, (3.6)
f c

where the index f € {pp, "Be, pep, CNO, 8B} runs over the solar fluxes, while the in-
dex ¢ € {MC, 11C, 1°C, 2%Po, 219Bi ¥ Kr, ®He, pile-up, ext} runs over the background
components. In our calculation of S;i ;, we use the high-metallicity (HZ) solar model for
simplicity.*

Energy Calibration

The Borexino data fit is performed using the observed number of hits, NV}, as an estimator
for the electron recoil energy, T.. The energy resolution is modelled with a Gaussian
function, parameterized by the mean number of hits Ny (7.) and its width oy (7). These
parameters were derived in two steps:

1. The relation between Nj, and o, was calibrated using y-ray source data. During
our investigations, we discovered that each phase of Borexino has a particular way to
relate N), and oy,, particularly for the last two phases of the experiment.

For Borexino Phase II:

on(Ny) = 1.21974 + 1.31394y/ N;, — 0.0148585 N, . (3.7)
And for the Borexino Phase III

on(Ny) = 1.21974 + 1.60121y/ N, — 0.014859N}, . (3.8)

2. A third-degree polynomial was used to model Nj,(T}) for reproducing solar neutrino
spectra:

T. T. \? T. \?
Ny (T,) = —8.065244 + 493.2560—<— — 64.09629 ( —° 4146102 ( —=<-) . (3.9
n(T) t MoV (M v> * (M v) (3:9)

(§] (§] €

Analysis of Borexino Phase II

Our statistical analysis is based on the construction of a x? function based on the de-
scribed experimental data, neutrino signal expectations and sources of backgrounds, as
well as the effect of systematic uncertainties.

The analysis incorporates the concept of pulls, denoted as &, which are varied to min-
imize the x2. A total of 27 pulls are included to account for uncertainties in background
normalizations, detector performance, priors on solar fluxes, and energy shifts. Assuming
a linear dependence of event rates on the pulls, the x? minimization can be performed
analytically if the y? is Gaussian.

The Borexino collaboration, for Phase II, bins their data into 858 bins per sample,
ranging from N, = 92 to N, = 950. However, this fine binning does not provide sufficient

Tt should be noted that this is the model currently favoured by the CNO measurement at Borexino [66], albeit with a
modest significance.
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Figure 3.2: Left: our choice of the energy resolution function, based on the relation between o, and Ny,
inferred from the upper panel of Fig. 22 of Ref.[68]. Right: our reconstruction of solar spectra after the
optimization of the energy scale function.

events per bin to ensure Gaussian statistics. To address this, we rebin the data using
coarser bins. Specifically:

e The first 42 bins are grouped into sets of 2.
e The next 210 bins are grouped into sets of 5.
e The subsequent 260 bins are grouped into sets of 10.

o The final 346 bins are grouped into sets of 50.

This rebinning results in a total of 96 bins (k) for each data sample (s), ensuring
sufficient events in each bin to guarantee Gaussian statistics. The resulting y? function
is given by:

—

2
T (&) — O,
[ k( g k k] + Z(g;mc)Q + Z(E—l)wlfgorr

) T

corr
r! )

(3.10)

X =min | >

3 s,k

where Oy, represents the observed number of events in bin k of sample s, and T}, is
the predicted number of events, incorporating systematic uncertainties:

—

T k(§) = Tg,k + ZD;k T (3.11)
T

Here Dy, represents the derivatives of the total event rates with respect to each pull.
The last two terms in Eq. (3.31) introduce Gaussian bias factors to account for prior

constraints on specific pulls. The first term addresses pulls associated with uncorrelated

(“unc”) uncertainties, while the second term addresses correlated (“corr”) uncertainties.

In this context, X represents the covariance matrix for correlated uncertainties, detailed

in the Appendix of [2].
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Figure 3.3: Spectrum for the best-fit normalizations of the different components obtained from our fit
to the (upper panel) Borexino Phase IT data for TFC-subtracted (left) and TFC-tagged events and
(lower panel) Borexino Phase IIT data for TFC-subtracted (left) and TFC-tagged events.

Analysis of Borexino Phase-III spectrum

Our statistical analysis is based on the construction of a y? function built with the
described experimental data, neutrino signal expectations and sources of backgrounds.
Following Refs. [66, 70] we leave the normalization of all the backgrounds as free para-
meters with the exception of 2!°Bi. The treatment of this background is paramount to
the positive evidence of CNO neutrinos. As described in [66], the extraction of the CNO
neutrino signal from the Borexino data faces two significant challenges: the resemblance
between spectra of CNO-v recoil electrons and the 2!°Bi 3~ spectra, and their pronounced
correlation with the pep-v recoil energy spectrum. In order to surpass the first challenge,
the collaboration restricted the rate of 219Bi for which it sets and upper limit [70]:

R(*'°Bi) < (10.8 + 1.0) cpd /100, (3.12)

while no constraint is imposed on its minimum value which is free to be as low as allowed
by the fit (as long as it remains non-negative). In our analysis we implement this upper
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Figure 3.4: Dependence of our Ax? for the fit to the Borexino phase-II spectra on the normalization of
the solar fluxes and the dominant backgrounds (normalized to the corresponding best fit normalizations
of the fit of the Borexino collaboration in Ref.[68]). For comparison we show as light blue curves the
corresponding results of the determination of solar fluxes in Ref.[68]) (see text for details).

limit by constraining the corresponding normalization factor fiop; as

1.0
f210Bi S (1 :]: 108), (313)

With this we construct the xZy as

Osi f210 i — 1 2
Xexir = Z 2 Tso,i — Oy, + Oy log <T0’- >] + <B> O( farop; — 1), (3.14)

- 91012s
8,0 0210B;

where O, is the observed number of events in bin ¢ of sample s, and g2i0p; = 1.0/10.8,
and ©(x) is the Heaviside step function.

Constructed this way, x%x; depends on 16 parameters: the 3 oscillation parameters
(AmZ,, 612, 613), 6 solar flux normalizations (frge, fpeps fi3n, f150, firp, fep) and 7
background normalizations (fziope, foopi, fssxr, fio, fexs and two different factors fiig
and f3 for the tagged and subtracted samples).

As a first validation of our x? function we perform an analysis focused at reproducing

the results on the solar neutrino fluxes found by the Borexino collaboration in Ref. [70],
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Figure 3.5: Constraints from our analysis of Borexino Phase-III spectra obtained with XZxyyy jes; D
Eq. (3.15). Each panel shows a two-dimensional projection of the allowed multi-dimensional parameter
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Figure 3.6: Dependence of Ax? of our fit to the Borexino Phase-III spectra on the common normalization
of the CNO fluxes (red line). For comparison we plot (black dot-dashed line) the corresponding results
in figure 2(b) of [70] for their “Fit w/ Systematics”, divided by the central value of the predicted CNO-v
rate of the B16-GS98 mode.

and in particular the positive evidence of CNO neutrinos. In this test fit we fix the
three oscillation parameters to their best fit value (sin2 015 = 0.023, sin?6,5 = 0.307,
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Am3, = 7.5 x 107°), and following the procedure of the collaboration we assume a
common normalization factor for the three CNO fluxes with respect to the SSM (fisn =
fiso = firr = fcno). Furthermore, in order to break the pronounced correlation with
the pep-v recoil energy spectrum mentioned above, the collaboration introduced a prior
for the pep neutrino signal flux following the SSM. Thus we define

for =1\
X2BXIII,test = Xpx + (pep) (3.15)
pep
with opep, = 0.04/2.74 (for concreteness we choose the B16-GS98 model for this prior).
The "Be and B fluxes are left completely free.

The results of this 11-parameter fit are shown in Figs. 3.5 and 3.6. In Fig. 3.5 we
plot the allowed ranges and correlations for the parameters. Notice that in this figure
all parameters are normalized to the best fit values obtained by the corresponding ana-
lysis of the Borexino collaboration, hence a value of “1” means perfect agreement. We
observe a strong correlation between the normalization of the CNO fluxes fcno and the
210Bi background. This is expected because, as mentioned before, the spectrum of CNO
neutrinos and that of the 219Bi background are similar. Still, the two spectra are different
enough so that, under the assumption of the upper bound on the ?!°Bi background, the
degeneracy gets broken enough to lead to a positive evidence of CNO neutrinos in an
amount compatible with the prediction of the SSMs.

A quantitative comparison with the results of the collaboration is shown in Fig. 3.6
where we plot the dependence of our marginalized Ax? on the common CNO flux nor-
malization, fcno, together with that obtained by the collaboration as extracted from
Figure 2(b) of Ref. [70] (labeled “Fit w/ Systematics” in that figure).> Altogether, these
figures show that our constructed event rates and the best-fit normalization of the CNO
flux reproduce with very good accuracy those of the fit performed by the collaboration.

Analysis with Correlated Integrated Directionality Method

In a very recent work [73] the Borexino collaboration has presented a combined analysis
of their three phases making use of the Correlated and Integrated Directionality (CID)
method, which aims to enhance the precision of the determination of the flux of CNO
neutrinos. In a nut-shell, the CID method exploits the sub-dominant Cherenkov light
in the liquid scintillator produced by the electrons scattered in the neutrino interaction.
These Cherenkov photons retain information of the original direction of the incident
neutrino, hence they can be used to enhance the discrimination between the solar neutrino
signal and the radioactive backgrounds.

Effectively, the CID analysis results into a determination of the total number of solar
neutrinos detected within a restricted range of N, which corresponds to 0.85 MeV <
T. < 1.3 MeV for Phase-I and 0.85 MeV < T, < 1.29 MeV for Phase-II+III. In this
range the dominant contribution comes from CNO, pep and some ®B. The increased
fiducial volume for this analysis brings the exposures to 740.7 days x 104.3 ton x 55.77%
for Phase-T and 2888.0 days x 94.4 ton x 63.97% for Phase-IT+III. The resulting number
of solar neutrinos detected is NI = 6437233 (stat) T3 (sys) for Phase-T and NI+ —
2719inéi(stat)f§§(sys) for Phase-II4+III. After subtracting the expected SSM contribution
from pep and ®B the Borexino collaboration obtains the posterior probability distributions
for the number of CNO neutrinos shown in Fig. 9 of Ref. [73] (which we reproduce in the
left panel in Fig. 3.7). Furthermore, since this new directional information is independent

2Figure 2(b) of Ref. [70] shows their Ax? as a function of the CNO-v event rate which we divide by the central value
of the expected rate in the B16-GS98 model to obtain the black dot-dashed curve in Fig. 3.6.
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Figure 3.7: Left: CID posterior probabilities for the number for Phase-I and Phase-IT4+III of CNO-v
events after constraining pep and 8B neutrino events to their SSM expectation. Right: Dependence of
Ax? on the CNO flux normalization from our fit to the Borexino Phase-III spectra combined with the
CID constraint (blue line) compared to that obtained by the Borexino collaboration (dotted black line).
For comparison we also show the result without CID information (dashed black line).

of the spectral information, the collaboration proceeded to combine these two priors on
Nceno with the their likelihood for the Borexino Phase-111 spectral analysis. This resulted
in a slightly stronger dependence of the combined likelihood on the CNO-v rate shown
in their Fig. 12 (which we reproduce in the right panel in Fig. 3.7).

In order to account for the CID information in our analysis we try to follow as closely
as possible the procedure of the collaboration. With the information provided on the
covered energy range and exposures for the CID analysis, we integrate our computed
spectra of solar neutrino events in each phase to derive the corresponding total number
of expected events in Phase-1 and Phase-I1I+II1. We then subtract the SSM predictions for
pep and 8B neutrinos from the observed number of events to derive an estimate for CNO

neutrinos in in Phase-I and Phase-IT+I11, and construct a simple Gaussian x*(Ncno) for
Phase-Y (Y=I or II+III)

P-Y P-Y P-Y 2
Mo’ = Nsstpen ~ Nosrise NCNO) (3.16)

2 . o SSM, 8B
XCID,P-Y(NCNO) =
Op-y

where in op_y we add in quadrature the symmetrized statistical and systematic uncer-
tainties in the number of observed events.

We plot in the left panel in Fig. 3.7 our inferred probability distributions Pp_y(Ncno)
exp|—x3.v /2| compared to those from Borexino in Fig. 9 of Ref. [73]. As seen in the figure
our simple procedure reproduces rather well the results of the collaboration for the Phase-
[T+IIT but only reasonably for Phase-1. This may be due to differences in the reanalysis
of the Phase-I data by the collaboration in the CID analysis compared to their spectral
analysis of 2011. Our simulations of the Phase-I event rates are tuned to their 2011 and
there is not enough information in Ref. [73] to deduce what may have changed. Thus we
decide to introduce in our analysis the CID prior for the Phase-I14+I1II data but not for
Phase-I.

We then combine the CID from Phase-II+III and Phase-III spectral information as

fpep —1

pep

2
) + X2CID,P-H+IH . (3.17)

A quantitative comparison with the results of the collaboration for this combined CID +
Phase-III spectrum analysis is shown in the right panel of Fig. 3.7 where we plot the

2 2
XCID+BXIILtest — XBX-11T T <
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dependence of our marginalized Ax? on the CNO flux normalization after including the
CID information compared to that obtained by the collaboration in Fig. 12 of Ref. [73].
As seen in the figure, we reproduce well the improved sensitivity for the lower range of the
CNO flux normalization but our constraints are more conservative in the higher range,
though they still represent an improvement over the spectrum-only analysis.

Altogether, after all these tests and validations we define the y? for the full Borexino
analysis as

XQBX((I}osm (Zjﬂux) - X]%,XI((D)osc: (Ijﬂux) + X%XH(‘Dosm ajﬂux)
+ X (Doser Daux) + X2CID,P-H+III<(EOSC’ Gaux) - (3.18)

with X (Wose Dux) and X&ip poprsrr(@ose; Gaux) i Egs. (3.14) and (3.16), respectively.
We finish by noticing that the inclusion of the CID information is not enough to break
the large degeneracy between the *N and 2!°Bi contributions to the spectra discussed in
the previous section.

3.2 Atmospheric Neutrinos

Atmospheric neutrinos are produced by the interactions of cosmic rays with atomic nuclei
in the Earth’s atmosphere. Cosmic rays, which are primarily composed of high-energy
protons and heavier nuclei, originate from astrophysical sources such as supernovae, active
galactic nuclei, and other high-energy phenomena in the universe. When these cosmic rays
collide with atmospheric nuclei (mainly nitrogen and oxygen), they produce a cascade of
secondary particles, including pions (), kaons (K), and other mesons. The subsequent
decays of these unstable particles generate atmospheric neutrinos. For example, the
charged pions then decay into muons and muon neutrinos:

Tt = 4+ Yu
Vy
+ + ﬁu+7/6
ps = e+ vy +7, (3.19)

Similar decay chains occur for kaons and heavier mesons contributing to the flux of at-
mospheric neutrinos. As a result, atmospheric neutrinos consist of a mixture of electron
neutrinos, muon neutrinos, and their corresponding antineutrinos. The relative abund-
ance of these neutrino flavors depends on the energy of the primary cosmic rays and the
altitude at which the interactions occur. Atmospheric neutrinos span a wide range of
energies, from MeV to TeV scales, making them a valuable probe for studying neutrino
oscillations and other fundamental properties of neutrinos. A realistic representation of
the atmospheric neutrinos is provided in Fig. 3.8.

The study of atmospheric neutrinos has been realized by large-scale detectors such as
Super-Kamiokande [75, 76] and most recently IceCube [77, 78]. Super-Kamiokande is
a water Cherenkov detector located in Japan. It played a pivotal role in the study of
the discovery of neutrino oscillations. By measuring the zenith angle dependence of the
atmospheric neutrino flux, Super-Kamiokande provided conclusive evidence that muon
neutrinos oscillate into tau neutrinos as they travel through the Earth. As seen in Fig. 3.9,
Super-Kamiokande data reveals a zenith-angle-dependent v, /v, deficit, increasing with
baseline L (e.g., upward-going neutrinos traversing Earth), consistent with the survival
probability:

(3.20)

Am?L
szl—sin22951n2< m ),

4F
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Figure 3.8: Atmospheric neutrino flux at the Super-Kamiokande site, averaged over all directions and
over one year. Extracted from Ref. [74].
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Figure 3.9: Zenith-angle distribution of Super-Kamiokande neutrino events, comparing data (points)
to expectations without (blue) and with (red) oscillations. A clear v, /v, disappearance is observed,
enhanced for upward-going neutrinos. Events are categorized as Sub-GeV (< 1.33 GeV), Multi-GeV
(> 1.33 GeV), or up-going muons (“UpStop”/“UpThrough” from rock interactions, the latter involving
higher-energy neutrinos). Figure extracted from [79].

where 6 and Am? parametrize v, — v, oscillations. No v, /v, appearance or disappear-
ance is observed, and matter effects are negligible (no sensitivity to 6’s octant or Am?’s
sign). Higher-energy neutrinos (e.g., “UpThrough” or “Multi-GeV” samples) show re-
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duced disappearance due to the L/FE dependence. In the three-flavor framework, this
corresponds to o3 ~ 45° and |Am3,| ~ 2.5 x 1073 €V?, which is much larger than the
mass splitting observed in solar neutrinos.

IceCube, located at the South Pole, utilizes a cubic kilometer of Antarctic ice as a
detection medium and it also detects neutrinos through the Cherenkov radiation emitted
by secondary particles produced in neutrino interactions. These two experiments still
collect data, most recent results are the IceCube’s 1C24 configuration corresponding to
9.3-year dataset [80, 81] and the combined results from Super-Kamiokande’s SK1-5
phases [75, 76].

3.3 Reactor Neutrinos

Reactor neutrinos are electron antineutrinos (7.) produced by power reactors. Nuclear
reactors are powerful sources of neutrinos generated in the § decay processes in the fission
of 235U 238U 239Pu and 241Pu

n—pt+e +U., (3.21)

resulting in 7, with energies in the range 5, ~ 1-10MeV, with flux represented in
Fig.3.10. These antineutrinos are emitted isotropically and can be detected in liquid
scintillator detectors through the inverse beta decay process:

Ve+p—n+et. (3.22)
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Figure 3.10: Reactor v, spectrum, as measured by the Daya Bay collaboration [82].

From Eq (2.44) we find that the survival probability of 7, in 3v mixing reads:

AmZ L Am? L Am2, L
Py, 5, = 1—cssin? 20, sin’ (TEZl> —sin® 26,3 [c?z sin? < 31 ) + 52, sin? < M3 )1 .

4F
(3.23)
where the dominant terms depend on the baseline of the experiment. According to that
they can be classified as follows:

Short-Baseline (SBL) Reactor Experiments

For baselines L = O(10-100m), these experiments are not sensitive to the standard
three-neutrino oscillation framework. Oscillations at such short baselines would indicate
the existence of a new, sterile neutrino species. Examples include:

37



Chapter 3. Experimental Inputs 38

» Early experiments: Bugey-3 [83], Goesgen [84], ILL [85],
« Recent experiments: NEOS [86], DANSS [87], PROSPECT [88], STEREO [89].

Medium-Baseline (MBL) Reactor Experiments

For baselines L = O(1km), these experiments are sensitive to Am3, and 6;3. Examples
include:

« Early experiments: CHOOZ [90], Palo Verde [91],
o Recent experiments: Daya Bay [92-94], RENO [95], Double Chooz [96].

Among the experiments listed, Daya Bay experiment was the most important in the
determination of ;3 by observing v, disappearances at different baselines. Located near
the Daya Bay Nuclear Power Plant in China, the experiment has six 20-ton gadolinium-
doped liquid scintillator detectors that registered the IBD reactions resulting from the
interaction of reactor antineutrinos with protons. In 2012, the Daya Bay collaboration
announced the discovery of a non-zero value of 63 with more than 5 ¢ significance, a
significant milestone in neutrino physics. The results from the Daya Bay experiment [93,
94] are critical because a non-zero 613 is a necessary condition for the investigation of CP
violation in the lepton sector by future LBL neutrino experiments. Their measurement
of |Am3,|, complementary to that of atmospheric (and long-baseline) experiments is also
an essential input for the determination of the neutrino mass ordering as we will see in
the next chapter.

Long-Baseline (LBL) Reactor Experiments

For baselines L = O(100km), these experiments are sensitive to Am3,, 612, and 63,
similar to solar neutrino experiments. Until now, there is only one experiment of this
type, called Kamioka Liquid Scintillator Antineutrino Detector (KamLAND) [97], located
in the Kamioka mine. KamLAND detects antineutrinos from multiple reactors across
Japan and South Korea, with baselines ranging from 80 km to 800 km and an effective
baseline of 180 km. Data from KamLAND confirm the oscillation of neutrinos in vacuum
with parameters as observed in solar neutrino experiments. In terms of precision it
outperforms solar neutrino measurements in constraining Am3,. In the very near future
the forthcoming experiment JUNO (presently under advanced construction) will observe
neutrinos at about L = O(50 km) baseline, measuring the solar parameters Am3; and 6,
with unprecedented precision while also aiming at a complete determination of Am3; in
both magnitude and sign.

3.4 Accelerator Neutrinos

In accelerator-based experiments, a high-energy proton beam collides with a target com-
posed of a light material. These collisions produce mesons such as w, K, and heavier
mesons (depending on the energy of the incoming proton beam) which then decay pro-
ducing neutrinos and antineutrinos in a way similar to the chain in Eq.(3.19). In the
accelerator beam line after the target, there is a vacuum space known as the decay pipe,
allowing these mesons to decay in-flight into neutrinos. Following the decay pipe, a heavy
material, called the dump, is used to stop all remaining particles. In the dump, mesons
decay predominantly at rest, ensuring that only neutrinos survive beyond this point. Fur-
thermore, a magnetic field can be used to discard negative or positive pions, generating
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a beam of muon neutrinos or antineutrinos, respectively. This allows exploring matter
effects and CP violation, that affect differently neutrinos and antineutrinos.
Accelerator-produced neutrinos have typical energies O(~ GeV). The orientation of
the detector with respect to the beam can be exploited to enhance the beam in a narrow
range of energies.
Based on the distance between the neutrino source and the detector, accelerator ex-
periments are categorized as Short-Baseline (SBL) or Long-Baseline (LBL):

« Short-Baseline (SBL): Baselines on the order of 0.01 — 1 km .
« Long-Baseline (LBL): Baselines in the range 100 — 1300 km.

SBL accelerator experiments are not sensitive to the standard three-neutrino oscillation
framework. Oscillations at such short baselines would indicate the existence of a new,
sterile neutrino species. In the context of 3v analysis they play a critical role in con-
straining systematic uncertainties in neutrino-nucleus interactions.

In brief, generically accelerator neutrino experiments typically employ two detectors:

o Near Detector (ND): Positioned a few hundred meters from the target to measure
the unoscillated flux and reduce energy-dependent systematic uncertainties. These
detectors are also themselves capable of studies of SBL physics.

o Far Detector (FD): Placed hundreds of kilometers from the target to measure
neutrino oscillations. Combined with the ND, they form the usual structure of LBL
experiments.

The number of neutrino events of flavour o, N,_, observed at each detector can be
approximated as:
Nug ~ ¢l/u X PI/#HV& X Oyg, (324)

where ¢,, is the neutrino flux, P, ., is the oscillation probability, and Oy 18 the cross-
section for neutrinos of flavour 5. The oscillation probability can be extracted using:

Nfar Bear ,
CE VIS (3.25)

PI/ —vg = :
W B N near far o
I Vp v

This method reduces systematic uncertainties related to flux and cross-sections. As
mentioned above, far Detectors can be placed on-axis (aligned with the beam) or off-
axis (displaced from the beam line). Off-axis configurations reduce background but also
decrease neutrino flux. Another method that accelerators use to reduce systematic effects
is by studying separately two types of events: Neutral Current (NC) and Charged Current
(CC) interactions. CC events, where the neutrino transfers its flavor (e.g., v, — p~), are
used to directly measure oscillations. NC events, which are flavor-blind (e.g., v, + N —
v, + X), provide a flux normalization sample, as their rate is unaffected by oscillations.
By comparing NC rates between near and far detectors, experiments constrain flux and
cross-section uncertainties, isolating true oscillation signals in CC channels.

3.4.1 Long-Baseline (LBL) Experiments

As mentioned above, in an LBL experiment neutrinos are detected after crossing distances
of O(100 km). The most important experiments in this field are the NuMI Off-Axis v,
Appearance (NOvA) experiment [98, 99], the Tokai-to-Kamioka (T2K) experiment [100-
102] and MINOS [103, 104].
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Figure 3.11: NOVA results as of June 2024 on v, and 7, disappearance (upper panels) and v, and 7, ap-
pearance. The appearance events are classified in three bins from lowest to highest purity: “Peripheral”,
“Low PID”, and “High PID”. Extracted from Ref.[98]

« MINOS [103, 104]: Used the 120 GeV NUMI beam at Fermilab. The far de-
tector was located 735 km away, on-axis and underground to mitigate cosmic ray
backgrounds.

« NOvA [98, 99]: NOvVA is a second-generation long-baseline neutrino experiment
at Fermilab [99] with a detection baseline of 810 km. Below we give more details of
our simulation and analysis of NOVA.

« T2K [100-102]: Utilizes the muon neutrino beam at the J-PARC facility in Tokai,
which is then directed (off-axis) towards the Super-Kamiokande detector located 295
km away.

In these experiments, neutrinos traverse a nearly constant layer of matter, enabling
the study of matter effects. The dominant contributions to the v,/v, (disappearance
probability-dis) P,, in 3v scenario is

.2 o (Am3,L . 2
P, ~ 1 —sin® 26,3 sin 5 + (subdominant Ams3,; terms). (3.26)
For v. /v, (appearance probability-app) P.:
in? A(1—A
P, = sin? 0,3 sin? 29138m<1(A)Q) + acos 613 sin 263 sin 20,3 sin 260,
in AAsinA(l1 - A
X cos(A + (5Cp)sm sin A( ) + other terms O(a?) (3.27)

A (1-A)

where A = Am%lé, a = Am3,/AmZ,, and the + (—) sign correspond to v (). Matter
effects (A o< £4/2Gpn,, + for v, — for ) induce a ~5-10% correction in NOvA due to its
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longer baseline. They enhance (suppress) P, for normal (inverted) mass ordering. T2K,
on the contrary, is largely vacuum-dominated making it more sensitive to d¢p-driven v /v
asymmetry.

3.4.2 Simulation of Nova

Compared to the case of solar neutrinos, the analysis of NOvA is relatively simpler. Using
the formalism for LBL described above for CC interactions, we will perform a y2-analysis
in order to obtain the confidence level regions for the oscillation parameters. In general,
we define the number of expected events in a given energy bin ¢ and for a given channel
a (o € {v,,v.,v,,v.}). This can generically be calculated as

do”

S P (B)oo(B,) (328)

Eit1 o0

NP = Nogi+ [ dBue [ dBR(Buc E)2(B) Y
E; 0
i B

where

e Npiei is the number of background events in that bin. If there is a neutrino com-
ponent in the background, its oscillation has to be consistently included.

e [E;, FEiy1] are the bin limits.
o Fec is the reconstructed neutrino energy.
e F), is the true neutrino energy.

o R(Fye, E,) is the energy reconstruction function: the probability to observe a re-
constructed energy F,.. if the true neutrino energy is E,. We usually take it to be

Gaussian, i.e.,
1 1 (E,, - Erec>2 (3.20)
= ———exp|— : :
VonopE, P 202, E,

That is, % is Gaussian-distributed around zero with standard deviation og.

v
The Ei prefactor is for normalisation purposes.
v

R(Erec, Ey)

o ¢ is the detection efficiency.

s . L. ] )
o —j‘g is the incident neutrino flux with flavour .

. PVBHVQ(E,,) is the vg — v, transition probability, with the Earth’s crust density

assumed as constant at 2.76 g/crn?’, with matter composed of equal proton and
neutron densities.

e 0, 1s the v, detector cross section.

The antineutrino channels are obtained by switching v to v. The incident flux of muon
(anti)neutrinos, background events and energy resolutions are provided by the collabor-
ation, extracting information from Ref. [98]. The scattering cross section between the
neutrinos and nuclear targets (for the case of NOvA, Hydrocarbons) is provided by the
collaboration, too.

The analysis procedure commenced with the unoscillated event distribution from a
collaboration-provided benchmark point. Predictions were subsequently reweighted to
match the official collaboration spectra through iterative adjustments of detection effi-
ciencies, ensuring consistency with the expected oscillated event rates.
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Figure 3.12: Validation of our simulation of NOvA. Each figure represents in green the information
released by the collaboration in Ref. [98] while in black the corresponding results obtained with our
simulations.

For the analyses, a priori there are three nuisance parameters associated to systematic
uncertainties for each channel (DIS and APP): a signal normalisation factor 7, = 7sg,
a background normalisation factor 7o = 7, and an absolute energy scale uncertainty
13 = p, all of them centred around 1. In that case,the prediction N for a given energy
bin [E’, Eit1] is given by

pEir1 00 d@'g
Nia - nbkag,i + 778/ dErec/ dEVR(Ereca Ey)g(Er/) Z 7Pyg—>ua (Ey)0a<Eu) )
pE; 0 3 dEl,
(3.30)
The observed number of events per bin ¢ and neutrino flavor a, n$, as well as the
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nuisance parameters 6, are assumed to be independent. The x? statistic can be written
as (for each channel):

e}
n’L

2 _9 @ L Ny 2
Xa zl:n2+ ania

9j

> i Z (77j _21>2’ (3.31)

where the logarithmic term is taken to be zero if n, = 0. o; are the systematic uncertain-
ties of the nuisance parameters. These parameters were calibrated to replicate reported
confidence intervals through x? minimization. The statistical minimization employed
a dual-methodology approach: Bayesian parameter estimation and evidence calculation
were performed using the MULTINEST algorithm [105, 106], while frequentist optimiza-
tion utilized the Nelder-Mead simplex implementation from the GNU Scientific Library
(GSL) [107]. This hybrid strategy ensured robust convergence across parameter space
landscapes while maintaining computational efficiency.

Using the v/v beam data and background estimates from Fig. 3.11, the framework sim-
ultaneously analysed appearance and disappearance channels. All oscillation parameters
except Am2,, sin? fy3, and dcp were fixed to central values from Ref. [1]. The resulting
confidence contours (Fig. 3.12) demonstrate qualitative agreement with NOvA’s official
results, with residual quantitative discrepancies attributable to approximations in en-
ergy scale systematics and efficiency modeling. The framework’s robustness was further
verified through spectrum morphology checks at best-fit parameter values.

3.5 CEvNS

Coherent Elastic Neutrino-Nucleus Scattering (CEvNS) is a neutral-current weak interac-
tion process where low-energy neutrinos scatter elastically off entire atomic nuclei. The
coherence condition, satisfied when the momentum transfer |¢| < 1/R (with R being
the nuclear radius), enables constructive interference of scattering amplitudes from indi-
vidual nucleons. This results in a cross-section enhancement proportional to the square of
the neutron number N?, making heavy nuclei ideal targets. SM predicts the differential
cross-section as:

do, G2 M . 2 MT

dTN ~ jﬂ [N = (1— 4sin ) Z| (1 - 2E2> | Frear (@)% (3.32)
where G is the Fermi coupling constant, M the nuclear mass, T the nuclear recoil
energy, I, the neutrino energy, and N (Z) the neutron (proton) number. Fye.(q) is the
weak nuclear form factor and is dominated by neutron contributions. The recoil energies
(sub-keV to keV) and low neutrino fluxes at suitable sources posed significant detection
challenges until the COHERENT collaboration’s landmark 2017 observation using a 14.6
kg CsI[Na] scintillator at the Spallation Neutron Source (SNS) [108], forty-three years
after Freedman’s theoretical proposal [109].

Spallation sources like SNS provide pulsed 7" -decay-at-rest neutrinos with energies
< 50 MeV, satisfying the coherence condition while enabling background suppression via
timing cuts. In addition to spallation sources, CEvNS is also searched for in experiments
using electron antineutrinos from nuclear reactors, including TEXONO [110], GeN [111],
CONNIE [112], MINER [113], Ricochet [114], v-cleus [115], RED-100 [116], NEON [117],
CONUS [118], and NCC-1701 at Dresden-II [119]. To date, most reactor-based experi-
ments have not yet achieved definitive CEvNS detection. The exception is the NCC-1701
experiment at the Dresden-II reactor, which reported an event spectrum with a low-
energy excess in its first published data [119], consistent with SM CEvNS predictions.
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Recently, the collaboration released updated results with increased exposure, observing
CEvNS with strong to very strong statistical preference (relative to a background-only
hypothesis) in a Bayesian framework, depending on the assumed quenching factor [120].

CEvNS processes provide unique nuclear structure insights through sensitivity to
neutron distributions, inaccessible via electromagnetic probes [121], constraints on non-
standard neutrino interactions (NSI) [122], neutrino electromagnetic properties [123],
sterile neutrinos [124], and hidden-sector particles [125].

3.6 Gallium Source Experiments

It is almost two decades since the so-called Gallium Anomaly [126, 127] became a standing
puzzle in neutrino physics. In general terms, the anomaly accounts for the deficit of the
event rate measured in Gallium source experiments with respect to the expectation. It was
originally observed in the calibration of the gallium solar-neutrino detectors GALLEX [56,
128] and SAGE [129, 130] with radioactive ®'Cr and 3" Ar sources:

Ve + "MGa — "Ge e (3.33)

Using the detection cross section as predicted by Bahcall [131], the average ratio of ob-
served vs predicted rates was found to be Rgarrexisace = 0.88 £ 0.05 [130], which
represented a 2.40 statistically significant deficit. Most interestingly the Gallium Anom-
aly has been recently rechecked by the BEST experiment [132, 133], which placed the **Cr
radioactive source at the center of a concentric two-zone gallium target (thus effectively
probing two distinctive neutrino path lengths, of about 0.5 m and 1.1 m). In both zones
they observe consistent deficits of Ry, = 0.79 +0.05 and Ry, = 0.77 £ 0.05 [132, 133], so
the current combined level of the deficit is RoarrLextsacesest = 0.80 £ 0.05 [132, 133]
promoting the statistical significance of the anomaly beyond 4o.

Careful scrutiny [134, 135] of the neutrino capture cross sections and its uncertain-
ties does not provide an explanation of the deficit, leaving open a possible effect in the
neutrino propagation. The idea that v, may disappear during propagation from source
to detector is no surprise nowadays, as the phenomenon of mass-induced neutrino flavour
oscillations has been established beyond doubt (see for example the review in Ref. [136])
and the involved masses and mixing are being determined with increasing accuracy by the
combined results of solar, reactor, atmospheric and long-baseline neutrino experiments
(see Ref. [27] for the latest global analysis). Unfortunately, it is precisely such accuracy
which puts in jeopardy the possible interpretation of the Gallium anomaly in terms of
neutrino oscillations. Given the characteristic baseline O(meter) of the GALLEX, SAGE,
and BEST radioactive source experiments and their average neutrino energy O(MeV), a
Am? 2 O(eV?) is required to produce visible effects, and this is more than two orders of
magnitude larger than what is indicated by the global analysis. Hence at least a fourth
massive state must be involved in the propagation of the neutrino ensemble with mass
my ~ O(eV). This in turn requires the introduction of a fourth neutrino weak eigen-
state, which must be an SU(2) singlet to comply with the bounds from the Z invisible
width [136]. This is how the light sterile neutrino scenario makes its entrance, but in
order to explain the Gallium anomaly in such a way, the fourth state must significantly
mix with the three standard neutrinos, sin? ~ O(10)%.

The problem is that such large mixing would impact heavily the oscillation signals
included in the global analysis. This results in a strong tension between the sterile-
neutrino interpretation of the Gallium anomaly and other neutrino data [137-139]. In
particular solar neutrinos and reactor antineutrinos provide a clean test of the possible

44



Jodo Paulo Pinheiro. Testing the three massive neutrino paradigm 45

projection of v, and 7, on a O(eV) massive state. Given the long baselines and the
energies involved, the oscillations driven by Am? ~ O(eV?) are averaged in both solar and
KamLAND experiments so they directly test the mixing relevant for the interpretation
of the Gallium anomaly. The analyses presented in Refs. [138, 139] lead to 20 bounds
sin? @ < 0.025-0.045 of the corresponding mixing angle, clearly disfavoring the sterile
oscillation interpretation of the Gallium anomaly. Alternative non-conventional scenarios
have also been considered (see for example Refs. [140-144]), but they are nevertheless
not free from severe tension with other data [145].

3.7 Summary

In this chapter we have briefly presented the neutrino oscillation experiments performed
with neutrinos produced in the Sun (Sec. 3.1), in the atmosphere (Sec. 3.2), at nuclear
reactors (Sec. 3.3) and at dedicated accelerator beams (Sec. 3.4). They have robustly
confirmed the three-neutrino mixing scenario. For convenience we compile in Table 3.1
the different experiments which contribute to the determination of the 31 oscillation
parameters.

The global interpretation of this bulk of data is in the hands of phenomenological
groups and in the next chapter we will present the results of the last analysis of NuFIT.
Analysis of this data has also been used to constrain other forms of new physics as we
will present in the subsequent chapters. Paramount to this type of work is the precise
simulation of the experiments and the consistent statistical analysis of their data. On
that front, the work in this thesis contains the original contributions to the analysis of
the solar neutrino results from the phases-II and III of Borexino and of the accelerator
neutrino experiment NOvA which have been described in detail in Secs. 3.1.1 and 3.4.2
respectively.

Experiment Dominant Important

Solar Experiments t12 Am3, , b13

Reactor LBL (KamLAND) Am3, 012 , 013

Reactor MBL (Daya-Bay, Reno, D-Chooz) 013, |Am§1732|

Atmospheric Experiments (SK, IC-DC) 023,|Am3; 30, 013,0cP
Accel LBL v, Disapp (K2K, MINOS, T2K, NOvA) |Am§1732|7 023

Accel LBL I/e,ﬂe App (MINOS, TQK, NOI/A) 5013 913 s 923

Table 3.1: Summary of experiments contributing to the present determination of the oscillation para-
meters in the 3v framework (table taken from Ref. [79]).

We close this chapter with a short description of two additional experimental inputs
which are also relevant to the work presented in the following chapters. In Section 3.5,
we introduced CEvNS measurements which we later on will employ in Sections 5.1.2
and 6.2 to bound new physics that could add any contribution to the SM predictions
at the scattering level via neutral-current processes. In Section 3.6 we added the results
from source experiments in gallium detectors which are a persistent puzzle that we will
address in Section 7.2.
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Chapter 4

Global analysis of Three neutrino
oscillations

In Chapter 3, we discussed the role of the neutrino experiments in the determination of
the oscillation parameters. Each experiment, including solar, atmospheric, reactor, and
accelerator sources, is able to constrain a specific region of the parameter space. When
performing a joint fit of all main experiments, it is expected that such analysis will yield
the most stringent determination of the oscillation parameters, as free of degeneracies as
presently possible. This is the main goal of a combined fit. The global analysis of neutrino
oscillation data provides a comprehensive understanding of the flavor structure of leptons.
While experimental collaborations like T2K and NOvA have made strides in combining
their data [98], the primary responsibility for global phenomenological analyses still lies
with groups like NuFIT[1]. Over the past decade, these studies have consistently shown
that mass-driven oscillations between three neutrino states, characterized by different
masses and mixing angles, explain the majority of experimental results. Subdominant
effects, such as the mass ordering (MO), the maximality of 653, and leptonic CP violation,
remain open questions and are the focus of upcoming experiments like JUNO, DUNE,
and Hyper-Kamiokande.

The following chapter is dedicated to presenting the main results of the NuFIT col-
laboration after the Neutrino 2024 conference. It describes the joint analysis of the
main experiments up to this moment. For solar neutrinos, we include constraints from
Standard Solar Models [146] and experimental results from the chlorine experiment [147],
Gallex/GNO [56] and SAGE [55], as well as spectral measurements from Super-Kamiokande
(SK) phases 1 to 4 [60-63], SNO [64], and Borexino Phases I-III [67, 68, 70, 148]. Atmo-
spheric neutrino data include IceCube/DeepCore measurements from 1C19 (3-year) [77,
78] and 1C24 (9.3-year) [80, 81], along with Super-Kamiokande (SK1-5) results [75, 76].
Reactor neutrino data incorporate KamLAND spectra [97], SNO+ results [149-151],
Double Chooz spectral ratios [152], as well as extensive measurements from Daya Bay [93,
94] and Reno [153]. Finally, accelerator neutrino data include MINOS disappearance and
appearance channels [103, 104], T2K v, and v, appearance and disappearance measure-
ments [100-102], and NOVA results for both neutrino and antineutrino modes [98, 99].
These datasets collectively provide a comprehensive picture of neutrino oscillation para-
meters.

4.1 Global analysis

We start by presenting the results of the NuFIT 6.0 global fit[27], which includes all data
available up to September 2024. As is customary in the NuFIT releases since v4.0 [154],
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Normal Ordering (NO) Inverted Ordering (I0)
bfp £1o 30 range bifp 1o 30 range
IC19 wo SK atmospheric data (Ax? = 0.6 for NO)
sin? 012 0.30770 013 0.275 — 0.345 0.30870-073 0.275 — 0.345
012/° 33.6810°73 31.63 — 35.95 33.6810°78 31.63 — 35.95
sin? 623 0.56170-012 0.430 — 0.596 0.56279-012 0.437 — 0.597
023/° 48.570-7 41.0 — 50.5 48.610°7 41.4 — 50.6
sin613 | 0.0219570:9905%  0.02023 — 0.02376 | 0.02224F5:50056  0.02053 — 0.02397
013/° 8.527011 8.18 — 8.87 8.5810 11 8.24 — 8.91
Scp/° 177150 96 — 422 285753 201 — 348
% 7.491519 6.92 — 8.05 7.497519 6.92 — 8.05
oriky | 4253470070 42463 — 42606 | —2.510000%0  —2.584 — —2.438
IC24 w SK atmospheric data (Ax? = 6.1 for 10)

sin? 612 0.30870017 0.275 — 0.345 0.308 70017 0.275 — 0.345
012/° 33.6870 72 31.63 — 35.95 33.6810 73 31.63 — 35.95
sin? 6a3 0.470%0:017 0.435 — 0.585 0.550%90012 0.440 — 0.584
023/° 43.375%0 41.3 — 49.9 47.970% 41.5 — 49.8
sin? 613 | 0.0221570-09056  0.02030 — 0.02388 | 0.0223170590%¢  0.02060 — 0.02409
613/° 8.567011 8.19 — 8.89 8.591011 8.25 — 8.93
dcp/° 2121726 124 — 364 2747122 201 — 335
% 7.491019 6.92 — 8.05 7.497019 6.92 — 8.05
wA_Tii@Q +2.513100%0 42451 — +2.578 | —2.484100%0 2,547 — —2.421

Table 4.1: Three-flavor oscillation parameters from our fit to global data for the two variants of the
analysis described in the text. The numbers in the 1st (2nd) column are obtained assuming NO (I0), i.e.,
relative to the respective local minimum. Note that Am3, = Am3; > 0 for NO and Am3, = Am3, <0
for 10.

there are two versions of the analysis. They differ in the inclusion of some atmospheric
neutrino data, for which there is not enough information for us to make an independent
fit comparable to that performed by the collaborations. In NuFIT 6.0, this is the case for
the atmospheric data from Super-Kamiokande phases 1-5 (SK-atm) and from the latest
9.3-year results from IceCube/DeepCore (IC24). For those, we use their tabulated 2
maps provided in Refs. [76] and [81], respectively, which we can combine with our global
analysis of solar, reactor and LBL experiments. We note that for IceCube/DeepCore we
have performed an independent fit of their previous 3-year atmospheric neutrino data
sample [77, 78], which we do include in the version of the analysis without tabulated >
maps. In what follows, we refer as «IC19 w/o SK-atm» to the analysis variant without
tabulated x? maps, and as «IC24 with SK-atm» to the one that includes the tabulated
SK-atm and 1C24 x? maps instead of our 3-year IceCube/DeepCore analysis.

A selection of the results of our global fit are displayed in Fig. 4.1 (one-dimensional
Ax? curves) and Fig. 4.2 (two-dimensional projections of confidence regions). In Table 4.1
we give the best-fit values as well as 1o and 30 confidence intervals for the oscillation
parameters in both mass orderings, relative to the local best-fit points in each ordering.
Additional figures and tables corresponding to this global analysis can be found in the
NuFIT webpage [1].

With these results, we obtain the following 3o relative precision of each parameter x,
defined as 2(2"° — z'°%) /(2% + 2'°%), where 2% (2'°%) is the upper (lower) bound on
at the 30 level:

| [ NO 8.1% [8.2%], [ NO 21% [19%],
Oz : 13%, 913'{10 7.8% [7.9%) 923'{10 20% [18%) , o
- > [ NO 5.6% [5.1%], [ NO 100% [98%)] '
Amyy : 15%, | Amg| : { 10 58% [5.1%], 0P { 10 54% [55%) ,
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Figure 4.1: Global 3v oscillation analysis. We show Ax? profiles minimized with respect to all undis-
played parameters. The red (blue) curves correspond to Normal (Inverted) Ordering. Solid and dashed
curves correspond to the two variants of the analysis as described in the labels.

where the numbers between brackets show the impact of including 1C24 and SK-atm. We
note that given the non-Gaussianity of Ax?(dcp), the above estimated precision for dcp
can only be taken as indicative, in particular for NO.

Altogether, we derive the following 30 ranges on the magnitude of the elements of the
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Figure 4.2: Global 3v oscillation analysis. Each panel shows the two-dimensional projection of the allowed
six-dimensional region after minimization with respect to the undisplayed parameters. The regions in
the four lower panels are obtained from Ax? minimized with respect to the mass ordering. The different
contours correspond to 1o, 90%, 20, 99%, 30 CL (2 dof). Colored regions (black contours) correspond
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to the variant with IC19 and without SK-atm (with IC24 and with SK-atm).

leptonic mixing matrix (see Ref. [155] for details on how we derive the ranges and their
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correlations):
0.801 — 0.842 0.519 — 0.580 0.142 — 0.155
U551 /e St _ 948 — 0.505 0.473 — 0.682 0.649 — 0.764
0.270 — 0.521 0.483 — 0.690 0.628 — 0.746 2)
. 0.801 — 0.842 0.519 — 0.580 0.142 — 0.155 '
|U|5024 with SK-atm: — 1 959 — 0.501 0.496 — 0.680 0.652 — 0.756
0.276 — 0.518 0.485 — 0.673 0.637 — 0.743

NO, IO (IC19 w/o SK-atm)
NO, 10 (IC24 with SK-atm)
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Figure 4.3: Dependence of the global Ax? function on the Jarlskog invariant. The red (blue) curves are
for NO (I0). Solid (dashed) curves are for the «IC19 w/o SK-atm» («IC24 with SK-atm») Ax?2.

We quantify the presence of leptonic CP violation in vacuum in a convention-independent
form in terms of the leptonic Jarslkog invariant in EQs.2.35 and 2.36. Its present de-
termination is shown in Fig. 4.3. While the precise value of Jop—and in particular its
deviation from zero—is still highly uncertain, its maximum possible value J&g* (which
depends solely on the mixing angles and not on dcp) is now well determined:

JE = 0.0333 & 0.0007 (£0.0017) (4.3)

at 1o (30) for both orderings. As for Jep itself, the right panel of figure 4.3 shows that in
NO the best-fit value J&&* = 0.0017 (—0.018) (where the value in parenthesis corresponds
to the analysis with 1C24 and SK-atm) is only favored over CP conservation Jep = 0
with Ax? = 0.02(0.55). In contrast, in IO CP conservation is disfavored with respect to
JEst = —0.032 with Ax? = 13(16), which corresponds to 3.60 (40) when evaluated for
1 dof. Let us stress that Jcp is totally analogous to the invariant introduced in Ref. [156]

for the description of CP-violating effects in the quark sector, presently determined to be
Jamarks — (3.12+043) x 1075 [79).

4.2 Status of neutrino mass ordering, leptonic CP violation,
and 023

4.2.1 Updates from T2K and NOvA

We analyze the latest data from T2K and NOvA presented at Neutrino 2024. Fig. 4.4
shows the predicted number of events as a function of dcp for varying sin? 6,3 and mass
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Figure 4.4: Predicted number of events as a function of dcp for the T2K (left) and NOvA (right)
appearance data sets. sin? 3 varies between 0.44 and 0.58, where the lower-light (upper-dark) bound
of the colored bands corresponds to 0.44 (0.58). Red (blue) bands correspond to NO (I0). For the other
oscillation parameters we have adopted sin? 613 = 0.0222, |Am§e| = 2.5 x 1073 eV?, sin%6;5, = 0.32,
Am3, = 7.5 x 107 ¢V?. The horizontal dashed lines show the observed number of events, with the +1o
statistical error indicated by the gray shaded band.

ordering, compared to observations. Predictions are based on numerical simulations, with
approximate expressions from Refs. [154, 157] describing the general behavior:

Ny, ~ N, [2835(1+ 204) — C"sin dep(1 + 04)] (4.4)
Ny, ~ Ny [253(1 = 204) + C"sindep(1 — 0A)] (4.5)

where o = sgn(Am3,). For T2K, A =~ 0.05, while for NOvA, A = 0.1 empirically. Set-
ting the oscillation parameters to their global best-fit values, we get C’ ~ 0.28. normaliz-
ation constants N, ; are given in Table 4.2, along with observed events and backgrounds.
The ratio r = N, 5. /N = (Nobs — Noex) /N provides insights:

o T2K data shows r > 1 for neutrinos and r < 1 for antineutrinos, favoring dcp =~

37 /2 in NO. This preference, present since early T2K results, remains significant in
NuFIT 6.0, strongest in the CClm sample.
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T2K (v) T2K (v) NOvA (v) NOvA (v)
CCQE CCln Sum
N 54 5 59 13 104 23
Nobs 102 15 117 16 181 33
Nobs — Nk 81.6 12.5 94.2 10 117.3 19
p=fonethloa | 15 (1.6) 2.5 (24) 159 (1.65) 0.77 (0.61) 1.13 (1.14) 0.83 (0.83)

Table 4.2: Normalization coefficients A, and N for T2K and NOvA appearance samples. Numbers in
parentheses correspond to NuFIT 5.0.

« NOvVA antineutrino results (r < 1) are consistent with NO and dcp ~ 7/2 or IO and
dcp ~ 3w /2, slightly favoring NO.

e NOVA neutrino results, with 60% more statistics, show r ~ 1, compatible with NO
and dcp ~ 7/2 or 10 and dcp ~ 37/2, aligning with antineutrino results. NOvA
shows only a mild NO preference.

o T2K and NOvA favor different dcp values in NO, making their combination better
described by 10 with dcp ~ 37/2, a trend strengthened in NuFIT 6.0.

Fig. 4.5 shows the Ayx? profiles as a function of dcp for T2K, NOvA, and their
combination, including MBL reactor and IC atmospheric data analyzed in NuFIT 5.0
and NuFIT 6.0 (discussed in Sec. 4.2.2). The NOvA neutrino results disfavor NO and
dcp =~ 31/2 by Ax? ~ 6 (versus 3 in NuFIT 5.0). For IO, T2K and NOvA show a statist-
ically stronger preference for dcp ~ 37 /2. This drives the LBL combination’s preference
for 10, with Ax*(NO —10) & 3.2 (versus 1.5 in NuFIT 5.0).

The two-dimensional regions for T2K and NOvVA in the (dcp, sin? fp3) plane (Fig. 4.6)
show better consistency for 10. Unlike NuFIT 5.0, the 1o regions for NO do not overlap.
The global fit projections (Fig. 4.7) closely resemble the T2K+NOvA combination, ex-
hibiting correlations with the MO. For 10, dcp ~ 270° is highly preferred, whereas NO
presents a more complex structure with multiple local minima. The 93 octant degeneracy
persists with Ax? < 4 for both MOs and data variants, with minima near sin® 653 ~ 0.56
and 0.47.

Then, after the discussion of the absence of overlapping regions for NO, a natural
question is how large is the tension between T2K and NOvA. Consistency among different
data sets can be quantified with the parameter goodness-of-fit (PG) [158]. For a number
N of different data sets i, each depending on n; model parameters, and globally depending
on ngep parameters, it can be shown that the test statistic

N N
X%’G = X12nin,glob - Z XIQnin,i = min [Z X?] - Z XIQ’IliIl,i ’ (46)

follows a x? distribution with n = 33, n; — Nglob degrees of freedom [158].

Applying this test to the full NOvA and T2K samples (including both appearance and
disappearance data for neutrinos and antineutrinos) we obtain the values in Table 4.3.
We carry out the analysis separately for each mass ordering, in all cases fixing Am3, and
012 to their best fit. In the results reported in the upper part of the table 6;3 is varied in
the minimization, so nrox = NNOvA = Nglob=T2K+Nova = 4 (i.e., Am3,, a3, dop, and 6013).
In the lower part 0,3 is kept fixed to its best fit so nrox = nNova = Nglob=T2K+NOvA = 3.
From the table we read that, as expected, agreement is better in 10, where irrespective
on A3 the samples are compatible at the 0.50 level or better. In NO, compatibility arises
at 1.70 (2.00) for free (fixed) #y5. This is to be compared with the NuFIT 5.0 results of
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Figure 4.5: Ax? profiles as a function of dcp for different data sets and combinations as labeled in
the figure. In the curves where the reactors R are not included in the combination we have fixed
sin? 13 = 0.0222 as well as the solar parameters and minimized with respect to 623 and |AmZ,|. When
the reactors are included 613 is also marginalized. Left (right) panels are for IO (NO) and Ax? is shown
with respect to the global best-fit point for each curve. Upper panels are for the NuFIT 5.0 data set,
whereas lower panels correspond to the current update.

1.40 (1.70) respectively. We conclude that the tension between T2K and NOvA in NO
has slightly strengthened with the new results, reaching at most the 20 level.

4.2.2 Effects from v, /v, versus v, disappearance

Figure 4.8 illustrates the determination of sin? 63, sin? 6,3, and Am2, using different neut-
rino disappearance channels: v, /v, disappearance from long-baseline (LBL) accelerator
and atmospheric data (left panel) and v, disappearance from reactor experiments (right
panel). The combination of these datasets demonstrates a strong synergy, as the global
constraints are significantly tighter than those from individual experiments, indicating
a high level of consistency (Table 4.3). The interplay between LBL and reactor data is
particularly crucial for mass ordering (MO) determination, as these experiments provide
complementary constraints [159, 160].

The x? projections for Am3, (Fig. 4.9) reveal different sensitivities to the mass or-
dering across datasets. While most individual datasets either show little sensitivity or
slightly prefer normal ordering (NO), the combination of LBL accelerator data with
IceCube atmospheric neutrinos (LBL/IC) favors inverted ordering (10), primarily due to
the tension between T2K and NOvVA results. However, when LBL and reactor data are
combined, they yield a preference for NO with Axfo,No = —0.6, effectively canceling out
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Figure 4.7: Two-dimensional projection of the allowed six-dimensional region from global data in the
plane of (6cp,sin? fa3) for 10 (left) and NO (right) after minimization with respect to the undisplayed
parameters. Regions for both orderings are defined with respect to the global best-fit point. The different
contours correspond to 1o, 90%, 20, 99%, 30 CL (2 dof). Colored regions (black contours) correspond
to the variant with IC19 and without SK-atm (with IC24 and with SK-atm).

the preference for I0 from T2K and NOvA.

Compatibility tests using the parameter goodness-of-fit (PG) method (Table 4.3) con-
firm a better agreement with NO when comparing the combined T2K and NOvA dataset
with reactor data. However, this preference diminishes when T2K and NOvVA are tested
separately, reflecting their internal tension. Figure 4.9 also shows that the older IceCube
dataset (IC19) has a negligible impact on MO determination due to its weak constraint
on |AmZ,|. In contrast, the more recent IceCube dataset (IC24), which includes 9.3 years
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Data sets Normal Ordering Inverted Ordering
Xio/n  pvalue  #o | xpq/n  pvalue  #o
T2K vs NOvA 7.9/4 0.093 1.7 2.3/4 0.67 0.42
T2K vs React 0.23/2 0.89 0.14 1.7/2 0.43 0.79
NOvVA vs React 1.1/2 0.58 0.56 4.3/2 0.12 1.6
T2K vs NOvA vs React 8.6/6 0.20 1.3 6.0/6 0.42 0.80
(T2K & NOvA) vs React 0.76/2 0.68 0.41 | 3.4/2 0.18 1.3
T2K vs IC19 2.7/4 0.61 0.51 1.2/4 0.88 0.15
NOvA vs IC19 3.3/4 0.51 0.66 2.3/4 0.68 0.41
Reac vs IC19 2.1/2 0.35 0.93 | 0.88/2 0.64 0.84
NOvA vs T2K vs IC19 11/8 0.20 1.3 4.3/8 0.83 0.21
NOvA vs T2K vs React vs IC19 | 11.5/10  0.33 0.96 7.2/10 0.71 0.38
T2K vs NOvA 8.0/3 0.045 20 1.8/3 0.61 0.50
T2K vs NOvVA vs React 83/4 0.081 1.7 4.1/4 0.39 0.85
(T2K & NOvA) vs React 025/1 062  050| 20/1 016 1.4
T2K vs IC19 0.72/3 0.86 0.16 0.2/3 0.98 0.028
NOvA vs IC19 1.5/3  0.68 0.41 | 1.0/3 0.80 0.25
NOvA vs T2K vs IC19 9.3/6 0.16 14 2.4/6 0.88 0.15
NOvA vs T2K vs React vs IC19 9.4/7 022 1.2 4.5/7 0.72 0.36
NOvA vs T2K vs 1C24 9.5/6 0.15 1.4 4.4/6 0.62 0.49
NOvVA vs T2K vs React vs 1C24 10/7  0.19 1.3 8.2/7 0.27 1.1

Table 4.3: Consistency test among different data sets, shown in the first column, assuming either normal
or inverted ordering. “React” includes Daya-Bay, RENO and Double-Chooz. In the analyses above the
horizontal line, 63 is a free parameter, whereas below the line we have fixed sin® f;5 = 0.0222. See text
for more details.

of data [80, 81], significantly strengthens the preference for NO when combined with re-
actor data, leading to AX%O,NO ~ 4.5. However, this result does not simply add to the
previous Axfo o = —0.6 from LBL and reactor data, as their interplay shifts the best-fit
region, ultimately leading to an overall preference of AXIQO,NO ~ 1.5.

Super-Kamiokande atmospheric neutrino data [76] alone also favors NO with Axfo yo &
5.7. However, this preference appears to stem from a statistical fluctuation [75], as
the data is not strongly conclusive for either ordering. Finally, when combining the
I1C24, Super-Kamiokande, and global fit data, the overall preference for NO increases
to AXIQO,NQ ~ 6.1 (Sec. 4.1). This suggests that, despite the conflicting trends among
individual datasets, the global combination increasingly supports normal ordering.

4.2.3 Sensitivity to the neutrino mass ordering

To better understand how current global data constrains the neutrino mass ordering
(MO), we analyze its sensitivity following the methodology in Ref. [161]. A widely used
test statistic for this purpose is the y? difference between the best-fit points for NO and
IO, defined as

T = AX%O,NO = X?nin,IO - X?nin,NO . (4.7)
A positive value of T' favors NO, while a negative value favors 10. As demonstrated in
Refs. [161, 162], under certain conditions 7" follows a Gaussian distribution with mean +75

and standard deviation 24/7j. The value of T} is obtained by considering the expected
event rates for the opposite MO:

7o = min* [pi(10, 0); p:(NO,0"*)]

10 : 2 true (48)
T3° = min x*[p:(NO, 0); p(10,6"")] .
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Figure 4.8: Confidence regions at 95.45% CL (2 dof) in the plane of sin? fa3 (sin? 613) and Am2,) in the left
(right) panels. For the left panels we use both appearance and disappearance data from MINOS (green),
NOvA (purple) and T2K (red), as well as atmospheric data from IC (orange) and Super-Kamiokande
(light-brown); the colored region corresponds to the combination of these accelerator data with 1C19,
whereas the black-dashed contour corresponds to the combination with IC24 and Super-Kamiokande. A
prior on #3 is included to account for the reactor constraint. The right panels show regions using data
from Daya-Bay (pink), Double-Chooz (magenta), RENO (violet), and their combination (black regions).
In all panels solar, KamLAND and SNO+ data are included to constrain Am3; and 615. Contours are
defined with respect to the global minimum of the two orderings for each data set.

Here, p;(0,0) represents the expected event number in bin i for ordering o € {NO, 10},
and d; is the observed event number. This approach ensures that 7} is always positive,
with its magnitude depending on the true values of the oscillation parameters 6", which
we take as the best-fit points from Table 4.1.

Since IC24 and Super-Kamiokande data are provided as numerical x? tables, we cannot
apply this test directly to them. Thus, we perform the analysis using the dataset labeled
«IC19 w/o SK-atmp». The results for the global combination are

TNC =647,  T;° =4385. (4.9)

Figure 4.10 (bottom panel) shows the corresponding Gaussian distributions. Given the
observed value T,ps = —0.6, we compute the probability (p-value) of obtaining a more
extreme result under each hypothesis:

NO: pno =82%, 91.8% CL, 1.70,

4.10
10:  pio =16.7%, 83.3% CL, 1l.4o. ( )

As |Tops| < 1, the p-values for both orderings are similar, preventing a strong preference
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Figure 4.9: Ax? profiles as a function of Am2, for different data sets and combinations as labeled in
the figures. In the curves where the reactors R are not included in the combination we have fixed
sin? #15 = 0.0222 as well as the solar parameters and minimized with respect to 63 and dcp. When the
reactors are included 63 is also marginalized. Ax? is shown with respect to the global best-fit point (IO
or NO) for each curve. The left set of panels visualizes the reactor/LBL combination, whereas in the
right set of panels we are illustrating the impact of the IC19 or IC24 data sets.

for either. Neither NO nor IO can be rejected at high significance, with both p-values
remaining below 20. The slightly lower pno reflects the negative Tg,s value.
The median sensitivity of the dataset, assuming T, follows the expected mean, gives

NO: pied =1.3%, 98.7% CL, 250, (4.11)
10: pigd =0.51%, 99.49% CL, 2.80. '

This implies that, under ideal conditions, the dataset has a nominal sensitivity above
2.50 to the MO. However, the observed T, lies between the peaks of the distributions
due to competing trends in the data, weakening the rejection of either ordering.

To assess the likelihood of this result, the top panel of Fig. 4.10 shows the expected
Tops range with 68.27% (green) and 95.45% (yellow) probability for each ordering. The
observed value T,,s = —0.6 lies well within the 1o (20) range for I0 (NO), confirming
that it is not an unusual outcome for either scenario.

4.3 Updates in the “12” sector

The dominant constraints on the solar neutrino oscillation parameters, Am?2, and 65,
come from solar neutrino experiments and LBL reactor experiments at distances of
O(100 km). Figure 4.11 compares the current determination of these parameters from
the global solar analysis with that from LBL reactor data.

In the solar neutrino sector, several new data sets have been incorporated since
NuFIT 5.0, including the full day-night spectrum from Super-Kamiokande phase IV [61],
as well as the final spectra from Borexino phases II [68] and IIT [70]. Additionally, the
solar neutrino flux predictions have been updated using the latest generation of Standard
Solar Models (SSMs) [146].
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Figure 4.10: p-values (top) and distributions (bottom) for the test statistic T = Xfo min — X0 min
corresponding to the «IC19 w/o SK-atm» analysis, assuming true NO (red) or true IO (blue). The
observed value Tohs = —0.6 is shown by the solid vertical black line. The corresponding median values
are shown by the dashed vertical lines. The green and yellow bands in the top panel —vertically displaced
to avoid graphical overlap— correspond to the 1o and 20 intervals for 7" assuming NO (upwards displaced
bands) and 10 (downwards displaced bands).

For the past two decades, solar modeling has faced the so-called solar composition
problem, which stems from differences in heavy element abundances. Earlier mod-
els used abundances from Ref. [163] (GS98), which predicted a higher metallicity and
provided excellent agreement with helioseismology. However, more modern analyses [164]
(AGSS09) yielded lower metallicity values, leading to discrepancies with helioseismology.
Consequently, two versions of the Standard Solar Model were developed, one based on
GS98 abundances and another on AGSS09 [52, 53, 165]. More recently, an updated
AGSS09-based model (AAG21) [166] slightly increased the metallicity, while a separate
study (MB22) [167] found metallicity values closer to GS98. Importantly, MB22-based
models align well with helioseismology observations, reinforcing their credibility.

Figure 4.11 compares the current determinations of Am3, and 6;, using solar data
with two extreme solar model versions: one based on AAG21 and another on MB22-
met abundances. While the overall determination of these parameters remains robust
across models, the allowed parameter ranges—especially at higher confidence levels—vary
slightly. Notably, a recent model-independent solar flux determination [5] shows better
agreement with MB22 predictions, leading us to adopt MB22 as the reference model for
NuFIT 6.0.

For reactor neutrino data, we have updated the predicted antineutrino fluxes at the
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KamLAND location to incorporate the latest Daya Bay measurements [94]. Furthermore,
our analysis now includes the first results from the SNO+ experiment, combining 114 ton-
years of data from its partial-fill phase [149] with the first 286 ton-years from its full-fill
phase [150, 151]. The right panel of Fig. 4.11 displays the Ax? dependence on Ams3,
after marginalizing over 05 (with sin? 63 = 0.0222 fixed). Although SNO+ is currently
less precise than KamLAND, its best-fit value for Am3, is slightly higher. However, its
impact on the global determination remains minor at this stage.

Looking ahead, as SNO+ accumulates more data, it will provide valuable insights into
the potential tension between solar and reactor determinations of Am2,. Presently, the
best-fit Am3; from reactor experiments corresponds to AxZ . np2o = 2.5, representing a
slight increase over the AxZ ., agos = 1.3 reported in NuFIT 5.0. To illustrate the effect
of different data inputs, Fig. 4.11 also shows the solar analysis results without including
Super-Kamiokande’s day-night variation data (orange curve). Removing this information
reduces the tension, bringing the agreement to Ax? ~ 1.5.

Overall, the latest updates lead to only minor shifts in the determination of solar
neutrino oscillation parameters—a ~ 1% increase in the best-fit value and a ~ 10%
improvement in precision. These small variations reaffirm the robustness of the current
results.
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Figure 4.11: Left: Allowed parameter regions (at lo, 90%, 20, 99%, and 30 CL for 2 dof) from the
combined analysis of solar data for MB22-met model (full regions with best fit marked by black star)
and AAG21 model (dashed void contours with best fit marked by a white dot), and for the analysis of the
combination of KamLAND and SNO+ data (solid green contours with best fit marked by a green star)
for fixed sin? 013 = 0.0222. For comparison we also show as orange contours the results obtained with the
MB22-met model without including the results of the day-night variation in SK. Right: Ax? dependence
on Am%l for the same four analyses after marginalizing over 615. In addition we show separately the
results from KamLAND and SNO+.

4.4 Projections on neutrino mass scale observables

Neutrino oscillations arise from quantum interference effects, making them sensitive to
mass-squared differences Am?j and to the structure of the leptonic mixing matrix U,;.
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Figure 4.12: Upper: 95% CL allowed ranges of the three probes of the absolute neutrino mass > m,,, m,_,
Mee as a function of the mass of the lightest neutrino obtained from projecting the results of the global
analysis of oscillation data. The regions are defined with respect to the minimum for each ordering.
Lower: Corresponding 95% CL allowed regions (for 2 dof) in the planes (m,,_, > my), (Mee, Y M, ), and
(my,, Mee).

However, oscillations do not reveal the absolute neutrino mass scale, only setting a lower
bound on the mass of the heaviest participating neutrino.

The most direct information on absolute neutrino masses comes from kinematic studies
of processes involving neutrinos as discussed in Section 2.96. The most recent result from
the KATRIN experiment [37] sets an upper limit of m,, < 0.45 eV at 90% CL. The
most stringent limits on neutrinoless double beta decay come from Germanium-based
GERDA [38], which sets 777, > 1.8 x 10°° yr, and Xenon-based KamLAND-Zen [39],
with Tlo/”2 > 3.8 x 10%% yr. Depending on the assumed nuclear matrix elements, these
translate into limits of me. < 0.079-0.180 eV for GERDA and m.. < 0.028-0.122 eV for
KamLAND-Zen.

As already commented in Chapter 2, neutrino masses also leave an imprint in cos-
mology, primarily through their impact on the large-scale structure of the Universe.
Cosmological constraints typically provide information on the sum of neutrino masses
provided in EQ. 2.96, while being largely insensitive to the mass ordering or mixing
angles. Current cosmological observations set upper limits in the range > m, < 0.04-0.3
eV [40, 41], depending on the dataset used, the assumed cosmological model, and the
statistical approach.

Figure 4.12 (upper panels) shows the 95% CL allowed regions for m,,, me., and > m,,
obtained from the NuFIT 6.0 global fit, plotted as a function of mg. The spread in m..
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predictions is due to the unknown Majorana phases. The figure compares constraints
from oscillations alone (void regions) and from oscillations combined with the KATRIN
limit (filled regions). The KATRIN result is included using a simple x? function based on
their measurement, m;, = —0.147012 eV, assuming Gaussian errors and Wilks’ theorem.!

Since these observables are linked through the neutrino mass spectrum, knowing two
of them allows in principle for constraints on the Majorana phases and/or the mass
ordering [168, 169]. Figure 4.12 (lower panels) illustrates these correlations, showing
that a strong constraint on any one parameter can provide valuable insights into the
others [170].

The combined constraints from oscillation data and KATRIN at 95% CL are:

0.00085 &V < m,, <046V (NO), 0.048 ¢V < m,, < 0.4 6V (10), (4.12)
0.058 ¢V < ¥ m, <1.2¢e¢V (NO), 0.098 ¢V <>m, <1.2¢eV (I0).  (4.13)

For Majorana neutrinos, the corresponding m.. limits are:
0 < me <041 eV (NO), 0.015 eV < me. < 0.41 eV (1O). (4.14)

These results illustrate how complementary approaches—oscillations, direct kinematic
searches, neutrinoless double beta decay, and cosmology—collectively constrain the ab-
solute neutrino mass scale and mass ordering.

4.5 Summary

We have presented an updated global analysis of neutrino oscillation data available up to
September 2024, as outlined in the introduction of this chapter. Our results are provided
in two versions:

o IC19 w/0o SK-atm: This dataset includes all data for which enough information
is available to perform an independent and detailed fit.

o IC24 with SK-atm: This dataset incorporates numerical x? tables provided by
the IceCube and Super-Kamiokande collaborations, which are added to our own x>
analysis.

The global best-fit values, along with their 1o and 30 confidence ranges, are presented in
Table 4.1. Our main findings can be summarized as follows:

o The parameters 615, 613, Am3;, and |AmZ,| remain very well constrained, with nearly
Gaussian x? distributions up to high confidence levels. Their relative uncertainties
at 30 are approximately 13%, 8%, 16%, and (5-6)%, respectively, showing strong
stability across datasets.

o The mixing angle o3 remains the least precisely determined, with a relative un-
certainty of about 20% at 30. The well-known octant ambiguity persists, as both
solutions (o3 < 45° and fy3 > 45°) have nearly degenerate x? minima. There is a
slight overall preference for the second octant (693 > 45°), except in NO for the «1C24
with SK-atm» dataset. However, for all dataset combinations and mass orderings,
the alternative octant remains viable, with Ax? < 4 between the two minima.

IThis gives a 90% CL upper limit of m,,, < 0.35 eV, which lies between the limits obtained with the Lokhov-Tkachov
(0.45 V) and Feldman-Cousins (0.31 ¢V) methods.
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o The determination of the CP-violating phase dcp strongly depends on the assumed
mass ordering. For NO, the best-fit value is close to the CP-conserving scenario
dcp ~ 180°, with Ax? < 1, making its profile highly non-Gaussian and dependent
on the dataset variant and the A3 octant. In contrast, for 10, the best-fit values
for both data variants favor maximal CP violation at dcp &~ 270°, disfavoring CP
conservation at 3.60 (40) in the «IC19 w/o SK-atm» («IC24 with SK-atm») analysis.

o The mass ordering preference remains a subject of debate. The difference in y?
between 10 and NO is found to be:

AXjono = —0.6 (IC19 w/o SK-atm), 6.1 (IC24 with SK-atm).  (4.15)

The nearly indecisive result in the «IC19 w/o SK-atm» dataset arises from opposing
trends in different experiments. The appearance data from T2K and NOvA exhibit
a 20 tension for NO, while they remain fully consistent for I0. However, the disap-
pearance channels from accelerator and reactor experiments show better agreement
with NO than IO, particularly in their determination of |Am2,|.

Despite a sensitivity estimate indicating that the «IC19 w/o SK-atm» dataset should
have a median ability to reject NO (IO) at 2.50 (2.80), the actual observed con-
straints are much weaker at only 1.7¢ (1.40) due to competing trends in the data.
The inclusion of IceCube (IC24) and Super-Kamiokande atmospheric data enhances
the preference for NO, leading to the more decisive result of Axf, o = 6.1 in the
«IC24 with SK-atm» dataset.

Additionally, we provide updated constraints and correlations for parameters sensitive
to the absolute neutrino mass, obtained from beta decay, neutrinoless double beta decay,
and cosmological observations. These results, along with supplementary materials such
as detailed figures and data tables, can be accessed on the NuFit webpage [1].
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Chapter 5

Three neutrino oscillations with new
interactions: Formalism

As established in Chapter 3, modern neutrino physics exploits four primary neutrino
sources—solar, atmospheric, reactor, and accelerator-generated—to probe oscillation phe-
nomena through both charged-current (CC) and neutral-current (NC) interaction chan-
nels. While Chapter 4 demonstrated the precision achievable in standard three-flavor
oscillation parameters through global analyses of multi-experiment data, the following
chapters address a critical open question: How do current experimental constraints limit
beyond-Standard Model (BSM) scenarios affecting both neutrino propagation and detec-
tion?

This chapter develops the theoretical formalism for Non-Standard Neutrino Interac-
tions (NSI) and related BSM frameworks that modify neutrino dynamics. We focus on
three complementary approaches:

1. Generic NSI-induced modifications to matter effects in neutrino propagation and
detection (Section 5.1);

2. Heavy mediator scenarios altering detection cross-sections (Section 5.2);

3. Long-range monopole-dipole interactions mediated by ultra-light scalars (Section 5.3).

5.1 Non-Standard Interactions - Formalism

Generic BSM physics can be systematically incorporated via an effective field theory
(EFT) approach. This involves constructing a hierarchy of gauge-invariant effective op-
erators, ordered by their mass dimension and suppressed by powers of a high-energy NP
scale A. Remarkably, neutrino masses emerge naturally in this construction through the
sole dimension-five operator compatible with the SM gauge symmetry and field content.
This observation places neutrino masses as the leading-order phenomenological signature
of BSM physics. At the next order in the EFT expansion, dimension-six four-fermion op-
erators dominate. Among these, operators involving neutrino fields induce non-standard
modifications to neutrino interactions—referred to as NSI-—which alter neutrino produc-
tion, propagation, and detection processes. In this section, we specifically analyze NSI
arising from dimension-six operators that generate purely vector or axial-vector coup-
lings between neutrinos and matter fermions, as these interactions are most relevant for
neutrino oscillation and scattering phenomenology (for recent works including additional
operators with different Lorentz structures see for example Refs. [171-174]). Generically
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these can be classified in charged-current (CC) NSI

Lnsicc = —2V/2 Gr Z 5£][;/’P(Ea7uPLVB)(]?”Y“Pf/) +h.c., (5.1)
f7f/7a7ﬁ

and neutral-current (NC) NSI

Lysine = —2V2Gp Y Eig(ﬂa’YMPLV,BXf’Yqu)' (5.2)
fPa,B

In Egs. (5.1) and (5.2), f and f’ refer to SM charged fermions, ¢ denotes a SM charged
lepton and P can be either a left-handed or a right-handed projection operator (P, or
Pg, respectively). Moreover, the normalization of the couplings is deliberately chosen to
match that of the weak currents in the SM, so the values of gi’g indicate the strength of
the new interaction with respect to the Fermi constant, Gr. The corresponding vector
and axial-vector combinations of NSI coefficients are defined as:

5(’;’6‘/ = 5£’5L + 6£’§ and 5%‘ = 5£’BL — sfl’f. (5.3)

Precise measurements of meson and muon decays place severe constraints on the pos-
sible strength of CC NSI (see for example Refs. [171, 175-177]). Conversely, NC NSI
are much more difficult to probe directly, given the intrinsic difficulties associated with
neutrino detection via neutral currents. A priori, the requirement of gauge invariance
would generate similar operators in the charged lepton sector, in severe conflict with ex-
perimental observables [178, 179]. However, such bounds may be alleviated (or evaded)
in NP models in which NC NSI are generated by exchange of neutral mediators with
masses well below the EW scale (for a recent review on viable NSI models see, e.g.,
Ref. [180]). It is in these scenarios that one can envision observable effects in present and
future neutrino experiments. Several models have been proposed, involving new gauge
symmetries and light degrees of freedom, that would give rise to relatively large NC NSI.
These include, for example, models where the NSI are generated from the Z’ boson asso-
ciated to a new U(1) symmetry [181-188], radiative neutrino mass models involving new
scalars [189], or models with leptoquarks [189-191]. Many of these extensions involve a
gauge symmetry based on a combination of baryon and lepton quantum numbers, and
would therefore induce equal NSI for up and down quarks. However, exceptions to this
rule arise, for example, in models with leptoquarks where NSI may be only generated for
down-quarks [189, 190]. Similarly it should be stressed that, while many of these models
typically lead to diagonal NSI in lepton flavor space, this is not always the case and, de-
pending on the particular extension, sizable off-diagonal NST may also be obtained (see,
e.g., Refs. [183, 184, 187]). In order to derive constraints to such a wide landscape of
models, the use of the effective operator approach advocated above is extremely useful.
For bounds from oscillation data on U(1)" models with diagonal couplings in flavor space,
see Ref. [192].

In fact, some of the best model-independent bounds on NC NSI are obtained from
global fits to oscillation data. These are affected by vector couplings involving fermions
present in matter, efig with f € {u,d, e}, since they modify the effective matter poten-
tial [193, 194] felt by neutrinos as they propagate in a medium. In Ref. [195] such global
analysis was performed in the context of vector NC NSI with either up or down quarks.
In Ref. [196] the study was extended to account for the possibility vector NC NSI with up
and down quarks simultaneously, under the restriction that the neutrino flavour structure
of the NSI interactions is independent of the quark type. However, NSI with electrons
were not considered.
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One important effect of the presence of NSI [193, 197, 198] affecting the neutrino
propagation in oscillation experiments is the appearance of a degeneracy leading to a
qualitative change of the lepton mixing pattern. This was first observed in the context of
solar neutrinos, for which the established standard MSW solution (discussed in Chapter
2), requires a mixing angle 5 in the first octant, while with suitable NSI the data could
be described by a mixing angle 65 in the second octant, the so-called LMA-Dark (LMA-
D) [199] solution. The origin of the LMA-D solution is a degeneracy in the oscillation
probabilities due to a symmetry of the Hamiltonian describing neutrino evolution in the
presence of NSI [195, 200-202]. Such degeneracy makes it impossible to determine the
neutrino mass ordering by oscillation experiments alone [202] and therefore jeopardizes
one of the main goals of the upcoming neutrino oscillation program. Although the degen-
eracy is not exact when including oscillation data from neutrino propagating in different
environments, quantitatively the breaking is small and global fits show that the LMA-
D solution is still pretty much allowed by oscillation data alone [195, 196]. A second
important limitation of oscillation data is that it is only sensitive to differences in the
potential felt by different neutrino flavours. Thus, oscillation data may be used to de-
rive constraints on the differences between diagonal NC NSI parameters, but not on the
individual parameters themselves.

To make the analysis feasible, the following simplifications are introduced:

e we assume that the neutrino flavour structure of the interactions is independent of
the charged fermion properties;

o we further assume that the chiral structure of the charged fermion vertex is the same
for all fermion types.

f

a’; as the product of three terms:

Under these hypotheses, we can factorize ¢
P
els = eaptix” (5.4)

where the matrix ,5 describes the dependence on the neutrino flavour, the coefficients
&7 parametrize the coupling to the charged fermions, and the terms y” account for the
chiral structure of such couplings, normalized so that 5£’[3L (5{;5) corresponds to y = 1/2
and x* =0 (x® = 1/2 and x* = 0). With these assumptions the Lagrangian in Eq. (5.2)

takes the form:

Crsine = —2v/3G zm(wmﬁ)] [zgfxﬂfwﬂ] . (5.5)
a,f3 1P

Concerning the chiral structure of the charged fermion vertex, in this work we will consider
either vector couplings (x! = xf = 1/2), or axial-vector couplings (x* = —xf = 1/2).
The corresponding combinations of NSI coefficients are given in Eq. (5.3).

For what concerns the dependence of the NSI on the charged fermion type, we notice
that ordinary matter is composed of electrons (e), up quarks (u) and down quarks (d),
so that only the coefficients £¢, £ and &7 are experimentally accessible. For vector NSI,
since quarks are always confined inside protons (p) and neutrons (n), we may define (see,
e.g., Ref. [172]):

f=2"+¢, =204 (5.6)

so that £2) = 2ely +e0y = 05 (P + ) and ey = 208 + el = a5 & (X2 +XT).

(0%
For axial-vector NSI, the correspondence between quark NSI and nucleon NSI is not that

obvious: for example, for non-relativistic nucleons an axial-vector hadronic current would

65



Chapter 5. Three neutrino oscillations with new interactions: Formalism 66

induce a change in the spin of the nucleon. In any case, it is clear that a simultaneous re-
scaling of all {¢/} by a common factor can be reabsorbed into a re-scaling of ,5, so that
only the direction of (£¢, &%, €9) — or, equivalently, (£¢,€P,€") — is phenomenologically
non-trivial. We parametrize such direction using spherical coordinates, in terms of a
“latitude” angle n and a “longitude” angle (, as an extension of the framework and
notation introduced in Ref. [196] (see also Ref. [203]). Concretely, we define:

¢ =+5eosnsin(, €” = V/5eosncos ¢" = /5sinn (5.7)

or, in terms of the “quark” couplings:

£ = ?(2 cosncos( — sinn), ¢t = \25(2 sinn — cosncos () (5.8)

Using this parametrization, the case of NSI with quarks analyzed in Ref. [196] correspond
to the “prime meridian” ¢ = 0, with the pure up-quark and pure down-quark cases
located at n = arctan(1/2) ~ 26.6° and n = arctan(2) ~ 63.4°, respectively. The
“poles” (n = £90°) correspond to NSI with neutrons, while NSI with protons lies on the
“equator” (n = ¢ = 0). Finally, the pure electron case is also on the equator, at a right
angle (¢ = £90°) from the pure proton case. Notice that an overall sign flip of (£¢, &%, &%)
is just a special case of re-scaling and produces no observable effect, hence it is sufficient
to restrict both n and ¢ to the [—=90°, +90°] range.

The presence of vector NC NSI will affect both neutrino propagation in matter and
neutrino scattering in the detector, while axial-vector NC NSI only affect some of the
interaction cross sections. Both propagation and interaction effects lead to a modification
of the expected number of events which can be described by the generic expression [2]:

Ney o< Tr [pdet adﬂ (5.9)

where p?°t is the density matrix characterizing the flavour state of the neutrinos reaching
the detector, while the generalized cross section ¢9°t is a matrix in flavour space contain-
ing enough information to describe the interaction of any neutrino configuration. The
form of Eq. (5.9) is manifestly basis-independent and permits a separate description of
propagation effects (encoded into pd°t) and of the scattering process (contained in od°t),
while at the same time properly taking into account possible interference between them.
Notice that both pd°t and ¢9° are hermitian matrices, which ensures that N, is real.
Actually, Eq. (5.9) is invariant under the joint transformation:

plet — [pdetr and o — [odetr. (5.10)

whose implications will be discussed later on in this section.

5.1.1 Neutrino oscillations in the presence of NSI

In general, the evolution of the neutrino and antineutrino flavour state during propagation
is governed by the Hamiltonian:

HY = Hype + Hyay and  HY = (Hyae — Hiat)™, (5.11)

where H,,. is the vacuum part which in the flavour basis has been defined in Chapter
2.Here Uy, = O - Uyp denotes the three-lepton mixing matrix in vacuum, as defined in
Eq. 2.68. The advantage of defining Uy, in this way rather than as in Eq. (2.33) is that

the transformation Hy,. — —H, ., whose relevance for the present work will be discussed
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below, can be implemented exactly (up to an irrelevant multiple of the identity) by the
following transformation of the parameters:

Am3, — —Am3, + Am3, = —Amj,,
912 — 7T/2 — 012 , (512)
5cp — T — 5cp

which does not spoil the commonly assumed restrictions on the range of the vacuum
parameters (Am3; > 0 and 0 < 6;; < 7/2).

Concerning the matter part Hy,,; of the Hamiltonian which governs neutrino oscilla-
tions, if all possible operators in Eq. (5.2) are added to the SM Lagrangian we get:

L4+ Ee(x) Eeplz) Eor(x)
Hupat = V2GpNe(2) | E5()  Euulr) Eur(w) (5.13)
ENx)  Enla) Enl)

where the “417 term in the ee entry accounts for the standard contribution, and

. Nf(x) A%
Eaplx) = . 14
5(x) fez%d .”e(x)g 8 (5.14)

describes the non-standard part. Here Nj(z) is the number density of fermion f as a
function of the distance traveled by the neutrino along its trajectory. In Eq. (5.14) we
have limited the sum to the charged fermions present in ordinary matter, f = e, u,d.
Taking into account that N,(z) = 2N,(x) + N, (z) and Ny(x) = Ny(z) + 2N, (x), and
also that matter neutrality implies N,(x) = N.(z), Eq. (5.14) becomes:

Eaplx) = (53[‘3/ + ei’g/) + Y, (2) 52[;/ with Y, (x)

(5.15)

which shows that, from the phenomenological point of view, the propagation effects of NSI
with electrons can be mimicked by NSI with quarks by means of a suitable combination
of up-quark and down-quark contributions.

Since the matter potential can be determined by oscillation experiments only up to
an overall multiple of the identity, each 5%/ matrix introduces 8 new parameters: two
differences of the three diagonal real parameters (e.g., e/V" — 5@}/ and e,V — em/ ) and
three off-diagonal complex parameters (i.e., three additional moduli and three complex
phases). Under the assumption that the neutrino flavour structure of the interactions is
independent of the charged fermion type, as described in Eq. (5.4), we get:

Eap(T) = €ap [ge + &P + Yn(x)fn} (XL + XR)

5.16
=5 [cosn (cos ¢ +sin¢) + Y, (x) sin 77} (XL + XR> €ap 10

so that the phenomenological framework adopted here is characterized by 10 matter
parameters: eight related to the matrix e,5 plus two directions (n,() in the (£°, &P, &™)
space. Notice, however, that the dependence on ¢ in Eq. (5.16) can be reabsorbed into a
re-scaling of €, by introducing a new effective angle 7'":

5ag(x) = \/3 {cos 77’ + Yn(x) sin 77/} (XL + XR) 5;5

with tann’ = tann / (cos( +sin¢) and e,5= Eaﬁ\/l + cos?nsin(2¢) . (5.17)
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This is a consequence of the fact that electron and proton NSI always appear together in
propagation, as explained after Eq. (5.15). Indeed, 1’ is just a practical way to express the
direction in the (£¢+ &P, £™) plane. For ¢ = 0, which is the case studied in Ref. [196], one
trivially recovers 1 = n and €[5 = €,5. Furthermore, for ( = —45° one gets £+ &P = 0,
so that NSI effects in oscillations depend solely on the neutron coupling ¢". This would
be the case, for example, in models where the Z’ does not couple directly to matter
fermions, and NSI are generated through Z — Z’ mass mixing (see the related discussion
in Ref. [186]). In fact, in this case, the specific value of 7 becomes irrelevant as long as
it is different from zero (since Eq. (5.17) always yields ' = £90° in this case), while for
the special point where n = 0 and ( = —45° NSI completely cancel from oscillations.
It should be stressed, however, that this only applies to oscillations: the implications of
NSI for neutrino scattering described in Sec. 5.2 will still depend non-trivially on 7.

LMA-D solution

An important piece of the discussion of NSI is about the LMA-Dark solution. Neutrino
transition probabilities remain invariant — and more generically the density matrix pdet
undergoes complex conjugation, as described in Eq. (5.10) — if the Hamiltonian H” =
Hae+ Hypay is transformed as HY — —(HY)*. This requires a simultaneous transformation
of both the vacuum and the matter terms. The transformation of H,,. is described in
Eq. (5.12) and involves a change in the octant of 615, as well as a change in the neutrino
mass ordering (i.e., the sign of Am2,), which is why it has been called “generalized
mass-ordering degeneracy” in Ref. [202]. As for H,,, we need:

[gee(x) - g/m(x)} - - [gee(x) - guu(x)} -2,
[Enr(2) = Euul@)] = = [0 (2) = )] (5.18)
Eaplz) = =Eop(x)  (a# D),

see Refs. [195, 201, 202]. As seen in Egs. (5.14), (5.15) and (5.16) the matrix E,5(x)
depends on the chemical composition of the medium, which may vary along the neutrino
trajectory, so that in general the condition in Eq. (5.18) is fulfilled only in an approximate
way. The degeneracy becomes exact in the following two cases:!

o if the effective NSI coupling to neutrons vanishes, so that azg/ = 0 in Eq. (5.15).
In terms of fundamental quantities this occurs when eg[y = —25%/ , i.e., the NSI
couplings are proportional to the electric charge of quarks. In our parametrization

this corresponds to the “equator” nn = 0 for arbitrary ¢, as shown in Eq. (5.16);

o if the neutron/proton ratio Y, (z) is constant along the entire neutrino propagation
path. This is certainly the case for reactor and long-baseline experiments, where only
the Earth’s mantle is involved, and to a good approximation also for atmospheric
neutrinos, since the differences in chemical composition between mantle and core can
safely be neglected in the context of NSI [200]. In this case the matrix ,5(x) becomes
independent of x and can be regarded as a new phenomenological parameter, as we
will describe in Sec. 5.1.1.

Further details on the implications of this degeneracy for different classes of neutrino
experiments (solar, atmospheric, etc.) is provided below in the corresponding section.

IStrictly speaking, Eq. (5.18) can be satisfied exactly for any matter chemical profile Yy, (x) if EZ’BV and sZ’X + sZ’g
are allowed to transform independently of each other. This possibility, however, is incompatible with the factorization
constraint of Eq. (5.4), so it will not be discussed here.
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Matter potential in atmospheric and long-baseline neutrinos

As discussed in Ref. [200], in the Earth the neutron/proton ratio Y, (z) which characterizes
the matter chemical composition can be taken to be constant to very good approximation.
The PREM model [204] fixes Y,, = 1.012 in the Mantle and Y,, = 1.137 in the Core, with
an average value Y,¥ = 1.051 all over the Earth. Setting therefore Y, (z) = Y,¥ in
Eqgs. (5.14) and (5.15) we get Eyp(x) = €55 with:

eos = cap + (2T Y )eny + (1+2V7)eny = (e +ehp ) +ViPehy . (5.19)
If we impose quark-lepton factorization as in Eq. (5.16) we get:

625 =5 [cosn (cos( +sin(¢) + Y, ¥ sin 77} (XL + XR) Eap

5.20
=5 [cos n' + Y% sin 77’} (XL + XR) Eap - (5-20)
In other words, within this approximation the analysis of atmospheric and LBL neutrinos
holds for any combination of NSI with up, down or electrons and it can be performed
in terms of the effective NSI couplings efﬁ, which play the role of phenomenological
parameters. In particular, the best-fit value and allowed ranges of Efﬁ are independent
of n and ¢, while the bounds on e,5 simply scale as [cosn (cos( + sin() + Y, sinn].
Moreover, it is immediate to see that for ' = arctan(—1/Y,®) ~ —43.6°, with 1’ defined
in Eq. (5.17), the contribution of NSI to the matter potential vanishes, so that no bound
on .5 can be derived from atmospheric and LBL data in such case. This would be
approximately the case, for example, for U(1)" models associated to the combination
B —2L.+ aL, — BL, and, consequently, oscillation bounds are significantly relaxed for
this type of models [185].
Following the approach of Ref. [200], the matter Hamiltonian H,,,, given in Eq. (5.13)
after setting &,5(z) = sfﬁ, can be parametrized in a way that mimics the structure of
the vacuum term:

Qrel — dlag (e’ial, eiOéQ’ efialfiaz) ,
Hnat = QraUmat Dinat Ut @l With { Upr = Rua(012) Rus(013) Ras (023, 0xs) , - (5:21)
Dinat = V2G N, (z) diag(ee, €5,0)

where R;;(¢;;) is a rotation of angle ¢;; in the ij plane and RQg(QDQg, dns) is a complex
rotation by angle (o3 and phase dng. Note that the two phases a; and «y included in
(el are not a feature of neutrino-matter interactions, but rather a relative feature of
the vacuum and matter terms. In order to simplify the analysis we impose that two
eigenvalues of Hy,,; are equal, €5, = 0. This assumption is justified since, as shown in
Ref. [205], in this case strong cancellations in the oscillation of atmospheric neutrinos
occur, and this is precisely the situation in which the weakest constraints can be placed.
Setting e, — 0 implies that the ¢y3 angle and the dyg phase disappear from neutrino
oscillations, so that the effective NSI couplings 533 can be parametrized as:

ex—eh, = €a (cos? 1y — sin® p1y) cos? 13 — 1,

e — 5?3“ = e (sin® 13 — sin® 15 cos® ¢13)
el = —£q COSp1p sin Py cos” pyz €17, (5.22)
62_ = —&g COS Y12 COS P13 sin P13 ei(2a1+°‘2) R
6?3 = &g sin o COS P13 Sin P13 eilor+202)
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As further simplification, in order to keep the fit manageable we assume real NSI, which we
implement by choosing a; = a; = 0 and —7/2 < ¢;; < 7/2, and also restrict dcp € {0, 7}.
It is important to note that with these approximations the formalism for atmospheric and
long-baseline data is CP-conserving; we will go back to this point when discussing the
experimental results included in the fit. In addition to atmospheric and LBL experiments,
important information on neutrino oscillation parameters is provided also by reactor
experiments with a baseline of about 1 km. Due to the very small amount of matter
crossed, both standard and non-standard matter effects are completely irrelevant for these
experiments, so that neutrino propagation depends only on the vacuum parameters.

Matter potential for solar and KamLAND neutrinos

For the study of propagation of solar and KamLAND neutrinos one can work in the one
mass dominance approximation, Am3, — oo (the same approach of Chapter 2). In this
limit the neutrino evolution can be calculated in an effective 2 x 2 model described by
the Hamiltonian Heg = HEL + HE (similarly to Eqs. 2.72 and 2.73 ), with:

vac mat

off Am2, (= cos 2615 sin 26, e?9cp (5.23)
vac AR, sin 2615 e79P  cos 2649 :
2
off ciz (1 0 e n] (L R\ —€p EN
Hy = V2GpNe(2) l2 <o _1> + 6+ & + Ya(@)e] (X" + x )( - gDN :
(5.24)

where we have imposed the quark-lepton factorization of Eq. (5.16). The coefficients e
and ey are related to the original parameters €,4 by the following relations:

2
Ep = C13513 Re(823 Eep T C23 867) — (1 + 813) 23523 Re(em)

2 2 2 2 5.25
_ C3 e & +323_313023 e e ( )
9 ee i 9 TT T
2 2 *
EN = Ci3 (ng Eep — 523 567) + S13 {323 Epr — C33 €, T C23523 (ETT — 5uu)} ) (5.26)

Denoting by Seg the 2 x 2 unitary matrix obtained integrating H.g along the neutrino
trajectory, the full density matrix p introduced in Eq. (5.9) can be written as:

Pi%t - C%3 [Aaﬁposc + Ba,BPint + Z.Caﬁpext} + Daﬁ (527)
where the effective probabilities P.s., Py and P,y are given by
Poe = 1S5, P =Re (SIS517), P = Im (5551 (5.28)

and the numerical coefficients A,3, Bag, Cop and D,s are defined as

Aap = 0a20p2 — Oa1Op1 Bag = 0010382 + 02051 ,
Caﬁ = Oa1052 - Oa2051 y Daﬂ = Z OaiOﬁi|Oei’2 . (529)
i=all

with O = Ry3(0e3)R13(613). Unlike in Ref. [196] where NSI did not affect the scattering
process and only the pd® entry (which depends exclusively on P..) was required, a
rephasing of S.g now produces visible consequences as it affects P, and Pey. Moreover,

v, and v, are no longer indistinguishable as their scattering amplitude may be different
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under NSI, so that the 6,3 angle acquires relevance. Hence, for each fixed value of 1 and
¢ the density matrix pt for solar and KamLAND neutrinos depends effectively on eight
quantities: the four real oscillation parameters 12, 613, 23 and Am3,, the real ep and
complex ey matter parameters, and the CP phase dcp. As stated in Sec. 5.1.1 in this
work we will assume real NSI, implemented here by setting dcp € {0, 7} and considering
only real values for ey.

Unlike in the Earth, the matter chemical composition of the Sun varies substantially
along the neutrino trajectory, and consequently the potential depends non-trivially on the
specific combinations of (£¢+¢P) and £" couplings — i.e., on the value of 7" as determined
by the (n,() parameters. This implies that the generalized mass-ordering degeneracy
is not exact, except for n = 0 (in which case the NSI potential is proportional to the
standard MSW potential and an exact inversion of the matter sign is possible). However
the transformation described in Egs. (5.12) and (5.18) still results in a good fit to the
global analysis of oscillation data for a wide range of values of 7', and non-oscillation data
are needed to break this degeneracy [202].

Departures from adiabaticity in presence of NSI

When computing neutrino evolution in the Sun, it is often assumed that it takes place
in the adiabatic regime, as this considerably simplifies the calculation, as discussed in
Chapter 2. While this is the case for neutrino oscillations within the LMA solution with
a standard matter potential, it is worthwhile asking if the inclusion of NP effects (such as
NSI) can lead to non-adiabatic transitions. If this were the case, it would require special
care and may lead to interesting new phenomenological consequences. This possibility
has been largely overlooked in the literature, where most studies of NSI in the Sun assume
adiabatic transitions.

Let us consider the two-neutrino case, with a matter potential that depends on the
position z along the neutrino path inside the Sun. In the instantaneous mass basis, the
Hamiltonian can be written as:

W (%) = ( 0 (2)  An(z) )\ (5.30)
where 0,,(x) and A,,(x) refer to the mixing angle and oscillation frequency in the pres-

ence of matter effects, and ¢'(z) = df(x) / dz. In this basis, transitions between 1y <> 1y

are negligible as long as the off-diagonal terms €/ (x) are small compared to the diag-
onal entries A,,(z) in Eq. (5.30). This leads to the adiabaticity condition discussed in
Eq. (2.83). Neutrino transitions will be adiabatic if this condition is satisfied along all
points in the neutrino trajectory. Of course, this argument is general and may be ap-
plied both in the standard case and in the presence of NP. In the present work neutrino
propagation is described by the effective 2 x 2 Hamiltionian Heg introduced in Egs. (5.23)
and (5.24). Assuming dcp = 0 and real NSI, so that Hes is traceless and real with
H' = —HSE and H = HSE we can write:

Om(x) = 5 arctan [H{S (x) / Hsi(xz)]  and Am(x)z\/[Hfgf(x)}2+[ﬂgg(x)]2. (5.31)

N —

In the presence of NSI, for a given matter density and neutrino energy, it is possible to
choose ep and ey so that the contribution from NP cancels the standard one, resulting in
A (z) — 0. It is easy to show analytically that, for such values, the adiabatic condition
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in Eq. (2.83) is no longer satisfied. Specifically, such cancellation takes place when:

Am?, cos 20 c?
e D Y. n L R . 12 12 13
6+ & + Ya(2)"| (x" + x™) ep — —BVE T2

Am?2, sin 20,

A4E,V(x)

(5.32)
€+ + Ya(@)e"| (X +x") ev = -

where V(x) = V2GpN,(z) is the SM matter potential. In other words, for a neutrino
with a given energy F, at some point x along the trajectory, it is possible to find a pair of
values (ep, en) for which transitions are no longer adiabatic. Note that the cancellation
condition for ep depends on cos 26,5 and therefore will take different values for the LMA
and LMA-D regions, while the corresponding value for ¢y will remain invariant under a
change of octant for #;5. Also, as the cancellation conditions in Egs. (5.32) depend on the
values of £/, the regions will depend on whether NSI take place with electrons/protons,
neutrons, or a combination of the two.

Figure 5.1 shows the regions where the transitions are not adiabatic, for NSI with
protons or electrons (left panel) and for NSI with neutrons (right panel). The shaded
pale blue regions show the results from a numerical computation. In contrast, the coloured
lines show the points satisfying the analytic conditions in Eqgs. (5.32), for neutrino energies
between 1 MeV (green lines, towards the left edge of the region) and 20 MeV (blue lines,
towards the right edge of the region), for 615 = 33° and Am?2, = 7.5 x 107 eV?. As can
be seen, the agreement with the numerical computation is excellent. Also, note the very
different shape of the regions in the two panels. The reason behind this is that for NSI
with electrons or protons the dependence with F, and x comes in Egs. (5.32) through
the product E,V (z), while for NSI with neutrons there is an extra dependence on Y, ().
Therefore, while the regions in the left panel in Fig. 5.1 span essentially a straight line,
in the right panel the dependence is more complex.

In our past study [196], where only NSI with quarks were considered, neutrino evolu-
tion in the Sun was based on a fully numerical approach. In the present work, however,
exploring the full parameter space of the most general NSI with protons, electrons, and
neutrons without assuming adiabaticity is challenging from the numerical point of view.
To overcome this problem in our calculations we start by evaluating the adiabaticity
index for the point in the NSI and oscillation parameter space to be surveyed. If for
that point v~!(x) < 1 along the whole neutrino trajectory in the Sun we use the adia-
batic approximation when computing the corresponding flavour transition probabilities
and the subsequent prediction for all observables and x? value. If, on the contrary, the
adiabaticity condition is violated somewhere inside the Sun such point is removed from
the parameter space to be surveyed. We do so because we have verified that for para-
meter values for which adiabaticity in the Sun is violated the predicted observables with
the properly computed flavour transition probability without assuming adiabaticity never
lead to good description of the data. But we also find that if one evaluates the probabilit-
ies for those parameters wrongly using the adiabatic approximation, one can find a “fake”
good fit to the Solar and KamLAND data, which would lead to wrong conclusions about
their acceptability. In conclusion, the adiabatic approximation can be safely used for the
purposes of this work as long as one removes from the parameter space those points for
which adiabaticity in the Sun is violated. Furthermore, once the data of atmospheric
neutrino experiments is added to the fit, it totally disfavors the parameter regions where
transitions in the Sun are not adiabatic.
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Figure 5.1: Departure from the adiabatic regime in presence of NSI, for a solar mixing angle in the LMA
region. The pale blue regions show the values of NSI parameters leading to y~! > 1, obtained from a
numerical computation. The coloured lines show the values of NSI parameters where Eqgs. (5.32) are
satisfied at some point along the neutrino trajectory, for a neutrino produced at the center of the Sun.
The different lines in the right panel correspond to neutrino energies between 1 MeV (green lines, at the
left edge of the region) and 20 MeV (blue lines, towards the right edge).

5.1.2 Neutrino detection cross sections in the presence of NSI

Neutrino scattering data is also sensitive to NC NSI as they would affect the interaction
rates directly [175, 206-210]. Therefore the combination of oscillation and scattering data
may be used to break the LMA-D degeneracy (see for example Refs. [199, 211] for early
works on this topic).

In this respect, it should be mentioned that all the atmospheric, reactor and accelerator
experiments included in our fit rely on CC processes in order to detect neutrinos, so the
corresponding cross-section is not affected by the NC-like NSI considered here.? This
implies that the 09° generalized cross-section matrix entering Eq. (5.9) is diagonal in the
SM flavour basis, and its non-zero entries coincide with the usual SM cross-section, that
is,

SM 5 SM) for CC processes. (5.33)

09" = diag(o>M, o,

Some solar neutrino experiments, on the contrary, are sensitive to NC NSI in some of the
detection processes involved. This is the case of Borexino and SK (and SNO, albeit with
lower sensitivity) which observe neutrino-electron ES; which may be affected by electron
NSI. Regarding NSI with nuclei SNO can also probe axial-vector NSI in NC events, and
CEvNS experiments are able to set important constraints on vector interactions. In the
rest of this subsection we review the phenomenological implications for these three cases
separately.

21t should be noted that a subleading component of NC interactions is present as background in many of these exper-
iments, so that NSI parameter may in principle have an impact on the number of events. During my PhD, I have been
studying the effects of NCNSIs using NOvA background of NC events. See more in [212].
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Neutrino-electron elastic scattering

The presence of flavour-changing effects in NSI implies that the SM flavour basis no longer
coincides with the interaction eigenstates of the neutrino-electron scattering. In such case
the generalized cross section 0% can be obtained as the integral over the electron recoil
kinetic energy T, of the following matrix expression:

do™s 2G%m,
F (EW Te) = L

{Cf [1 + if(y)] +CR(1—y)? [1 + %f+(y)

~{cu.cn} 3

i+ fﬁ:()

} (5.34)

where y = T./E, and fi, f_, fi are loop functions given in Ref. [213], while « stands
for the fine-structure constant and m, is the electron mass. In this formula C; and Cgr
are 3 X 3 hermitian matrices which incorporate both SM and NSI contributions:

2k,

Céﬁ =crg 504,8 + 6Z’é and CF a8 = CRB (5@5 + €aﬂ (535)

The effective couplings ¢ and crg account for the SM part, and contain both the flavour-
universal NC terms and the v.-only CC scattering:

1
cre = p |ke(T,) sin? 0, — 2] +1, Cre = phe(T,)sin? 0,
(5.36)
.9 1 . 9
crLr = cru = p |Ku(Te) sin® 6, — 5| crr = cpy = pu(Te)sin® 0, ,

with 6, being the weak mixing angle, and p and kg(T:) departing from 1 due to radiative
corrections of the gauge boson self-energies and vertices [213]. It is immediate to see that,

if the NSI terms 525 and 62’? are set to zero, the matrix do™ / d7T: becomes diagonal.

Imposing the factorization of Eq. (5.4) for the vector (+) and axial-vector (—) NSI we
get:

6323/(,4) a,@ Ly ea/j =€qp&° (X" £xM) = V5 cosnsin ¢ (x* £ x™) €ap - (5.37)
Let us finalize this section by discussing briefly the impact that the inclusion of NST ef-
fects on ES could have on the generalized mass-ordering degeneracy discussed in Sec. 5.1.1.
We have seen that the parameter transformations (5.12) and (5.18) lead to a complex
conjugation of the neutrino density matrix, p® — [p9°*]*. As shown in Eq. (5.10), this
does not affect the overall number of events (thus resulting in the appearance of the
degeneracy) as long as it is accompanied by a similar transformation ¢4° — [o9°]*. The
latter can be realized either as C;, — C} and Cr — C%, which occur when both EZ§
and 53’5 undergo simple complex conjugation, or as Cf, % —C7} and Cp — —C%, which
require ad-hoc transformations of the diagonal entries %2 and %% to compensate for the
SM contribution of Eq. (5.36). While conceptually 1dentlca1 to the situation occurring in
neutrino oscillations, where the extra freedom introduced by NSI allows to “flip the sign”
of the standard matter effects, the specific transformations required to achieve a perfect
symmetry of o4t differ from those of Eq. (5.18). In principle one may first choose 525 and
Z’ﬁ accounting for Eq. (5.36) and then tune €a5 and "3 to fulfill Eq. (5.18), but this
procedure is incompatible with the factorization constralnt of Eq. (5.4), which assumes
that all NSI have the same neutrino flavour structure independently of their chirality and
of the charged fermion type. The net conclusion is that, for NST involving electrons (that
is, ¢ # 0) and assuming that the factorization in Eq. (5.4) holds, ES effects break the
generalized mass-ordering degeneracy.
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SINO neutral-current cross-section

The SNO experiment observed NC interactions of solar neutrinos on deuterium, as dis-
cussed briefly in Section 3.1. At low energies, the corresponding cross section is dom-
inated by the Gamow-Teller transition and it scales as g4 where g4 is the coupling of
the neutrino current to the axial isovector hadronic current which in the SM is given by
ga = g% — g% [214-216]. Using that the nuclear corrections to g4 are the same when the
NSI are added, we obtain that in the presence of the NC NSI we can write

a2
o = ooy ("‘) (5.38)
ga
where G4 is an hermitian matrix in flavour space
Ga u
gj = (5045 + 502? - 04,8 - 5066 + €ap (6 - gd) ( - XR) s (539)

Clearly for vector NSI (x* = x%), the NSI contributions vanish and ¢9° takes just the

SM value times the identity in flavour space. Conversely for axial-vector NSI one gets
L R _ :

X" — x" =1 and the NSI term contributes.

Coherent elastic neutrino-nucleus scattering

The generalized cross-section 0%t describing CEvNS in the presence of NSI can be ob-
tained by integrating over the recoil energy of the nucleus Eg the following expression

(see Section 3.5):
dO'COh(ER E ) GF 2 TTLAER
— = F? 2 — 5.40
e Q" Py ma(2 - ™ (5.40)

where m 4 is the mass of the nucleus and F(q?) is its nuclear form factor evaluated at
the squared momentum transfer of the process, ¢> = 2m4Fg. In this formalism, the
structure in flavour space which characterizes o9 is encoded into the hermitian matrix
Q, which is just the generalization of the weak charge of the nucleus for this formalism.
For a nucleus with Z protons and N neutrons, it reads:

Qup = Z(gy ap + 55 ) + N (9 0ap + 213 ) (5.41)

where gl‘,/ =1/2 — 2sin?6,, and g/ = —1/2 are the SM vector couplings to protons and
neutrons, respectively. In experiments with very short baselines such as those performed
so far, neutrinos have no time to oscillate and therefore the density matrix at the detector

pdet is just the identity matrix. Taking this explicitly into account in Eq. (5.9) we get:

Pl 5 N @ owith Q=@ = (Qu)+ Y IQul (542
B#a

for incident neutrino flavour «, thus recovering the expressions for the ordinary weak
charges Q2 used in our former publications. Coming back to Eq. (5.41), let us notice
that it can be rewritten as:

Qup = Z[(gp + Y, gV s + 530;} with %' = 5a5 4 ycohe (5.43)

where Yt = N/Z is the neutron/proton ratio characterizing the target of a given CEvNS
experiment. Imposing the quark-lepton factorization of Eq. (5.4) we get:

el = 2o (€ +1) (X + 1) = VB [cos cos 4 Y sinn] (x4 1) eas - (5.44)
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Similarly to Eq. (5.20), this expression suggests that the analysis of coherent scattering
data can be performed in terms of the effective couplings 530511, whose best-fit value and
allowed ranges are independent of (7,(). As a consequence, the bounds on £,5 simply
scale as [cosncosC + Y sinp]. In analogy to Eq. (5.17), one can define an effective

angle tann” = tann / cos ¢ parametrizing the direction in the (£7,£") plane, such that all

CEvNS experiments depend on (7, ¢) only through the combination n”. In particular, it is
straightforward to see that a coherent scattering experiment characterized by a given Y,c°b
ratio will yield no bound on g,4 for 5" = arctan(—1/Y,*"), as for this value the effects
of NSI on protons and neutrons cancel exactly. Such a cancellation can be obtained, for
example, for models of the type proposed in Ref. [188], where the Z’ associated to a new
gauge symmetry also has a sizable kinetic mixing with the SM photon, which allows for
arbitrary relative size of NSI with up and down quarks.

5.2 New Physics scenarios of neutrino interactions

As outlined in the preceding section, NSI can manifest in neutrino experiments through
two distinct mechanisms: modifications to flavor propagation (governed by oscillation dy-
namics) and alterations to scattering processes (affecting both production and detection
channels). In this section, we focus only on the NP effects on the interaction cross-sections
at the detection stage, neglecting for simplicity its possible impact on flavor transitions
during propagation. In this approach we preserve the standard oscillation framework but
introduce new couplings between neutrinos and first-generation fermions (e, d, u) via the
exchange of hypothetical mediators:

o Non-zero neutrino magnetic moment p,;
o Neutral scalar boson ¢;
o Neutral pseudoscalar boson ¢;

o Neutral vector boson Z’ from U(1) gauge symmetries;

A non-vanishing neutrino magnetic moment enables spin-flip interactions with charged
particles, producing characteristic low-energy recoil spectra in scattering processes. In
parallel, the scalar (¢) and pseudoscalar (@) mediators generate Yukawa-type interac-
tions, which modify the differential cross-section through distinct recoil energy depend-
encies. The vector mediator Z’ introduces new current-current interactions, analogous
to the SM weak force but with couplings dependent on the mediator’s mass and the
charge of the new gauge symmetry. Each scenario predicts unique signatures in neutrino
detectors, such as deviations in event rates, spectral distortions, or anomalous scatter-
ing angles. By analysing these phenomenological consequences, we establish constraints
on the parameter spaces of the mediators (coupling strengths, masses) and the neutrino
magnetic moment, while distinguishing the interaction-centric aspects of this kind of NP
from propagation-dependent effects. Following Ref. [2], in the rest of this section we will
focus on solar experiments sensitive to ES interactions, such as Borexino.

5.2.1 Neutrino Magnetic-Moments

In the presence of a neutrino magnetic moment (1u,) the scattering cross sections on
electrons get additional contributions which do not interfere with the SM ones. Neutrino
magnetic moments arise in a variety of BSM models and, in particular, they do not
need to be flavour-universal. Therefore, in what follows we will allow different magnetic

76



Jodo Paulo Pinheiro. Testing the three massive neutrino paradigm 7

moments for the different neutrino flavours — albeit still imposing that they are flavour-
diagonal. Under this assumption the ES differential cross section for either neutrinos or
antineutrinos, up to order O(y?), takes the form [217]

d v d SM y 2 2 1 1
% _ %95 (Hw) T [ _ } , (5.45)
dTe dTe H/B mg Te EV

Since no flavour-changing contributions are present in this case, the expression for the
number of ES interactions will be just proportional to the probability weighted total cross
section.

5.2.2 Models with light scalar, pseudoscalar, and vector mediators

Concerning the scalar, the Lagrangian we consider is [218§]
_ e — 1
Ly= s gb(q; ee + Z 44" Va,R Va,L + h.c.) ~3 Mi &?, (5.46)

where qé are the individual scalar charges and j = {v,,e}. The corresponding cross
section for neutrino-electron (or antineutrino-electron) scattering is

(5.47)

daé5 _ dagM . gé (q;ﬂ)Q (q;)ng T, ( T )
dT, d7. 4t E2(2m, T, + M(%)z om.)

where we have included all orders in T,/E, and T./m,. (beyond the leading-order terms
given in Ref. [218]), since these are non-negligible for solar event rates at Borexino.
For the pseudoscalar scenario, we consider the Lagrangian

: e = Va 7 1
L,=1ig, go(q@ ey°e + > 45" Vo RY Va1 + h.c.) ~3 Mz 0?2, (5.48)

where qé are the individual pseudoscalar charges and j = {v,,e}. The corresponding
cross section for neutrino-electron (or antineutrino-electron) scattering is

dof  dof™  gl(ge")? (¢5)me T?

= : 5.49
dT. dT. 8w EZ(2m.T. + M2)? (5:49)
As for the vector mediator, our assumed Lagrangian is:
1
Ly =gnZ, (q% ete+ Y gz Da,LV“%,L) + §M2’Z/MZ;L ; (5.50)

with the individual vector charges q]é,. Unlike for the scalar and magnetic-moment cases,
a neutral vector interaction interferes with the SM contribution. The differential cross
section for neutrino-electron scattering reads [219]

dof’ dof™M g2 om. | g% (45)* (a) ll _mL T (T _ 2)]
- 2
dTe dTe 2m (QmeTe —l—M%/) QEB QEV

E,
2V2 Gr q ¢ me T, T. /T, )
l— — — = =2 5.51
+ (2meTe n Mz,) Ccvg 2 B2 + Crg E, (Ey , ( )
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Model ‘ ¢ q ¢ g
Universal/leptonic scalar (or pseudoscalar) 1 1 1 1
B — L vector -1 -1 -1 -1
L. — L, vector 1 1 -1 0
L. — L, vector 1 1 0 -1

Table 5.1: Charges for the vector, scalar, and pseudoscalar mediators considered in this work.

where cy is the SM effective vector coupling, defined as crg + crg, such that crs,crgs
are defined in Eq. 5.36. For the sake of simplicity, in our calculations describing the
effects of light mediators, we have neglected the small SM radiative corrections to the
BSM contributions. The corresponding cross section for vg e~ ES can be obtained from
Eq. (5.51) with the exchange cr3 > cpp.

Similarly to the SM and the magnetic moment cases, no flavour-changing contribu-
tions are considered for scalar, pseudoscalar, or vector mediators, hence the number of
interactions will be just proportional to the probability-weighted total cross section.

For scalar and pseudoscalar mediators we will focus on a model in which the mediator
couples universally to fermions. For vector mediators we will show the results for three
anomaly-free’ models coupling to electrons, namely B — L, L, — L, and L. — L,. For
convenience Tab. 5.1 lists the relevant charges.

5.3 New pseudoscalar interactions in neutrino propagation

A spin-zero bosonic mediator ¢ with ultralight mass (m, < €V) can interact with SM
fermions v through two Lorentz-invariant structures: scalar couplings (@dxb), mediating
spin-independent forces, and pseudoscalar couplings (1751¢), generating spin-dependent
monopole-dipole and dipole-dipole interactions [220]. Unlike NSIs that alter local in-
teraction cross-sections (detection/production), the ultralight ¢ does not perturb local
scattering amplitudes due to its feeble couplings. Instead, its macroscopic coherence
length ~ m;l enables cumulative phase shifts over neutrino propagation baselines, im-
printing non-local effective forces on flavor transitions. For pseudoscalar couplings, the
gradient V¢ induces an effective background magnetic field Bog o V¢, driving quantum
spin precession in non-relativistic regimes.

In neutrino physics, the coherent superposition of ¢-mediated long-range interactions
modifies the MSW resonance mechanism (see Chapter 2) through flavor-dependent po-
tential terms integrated over macroscopic scales. This effective force, arising from the
mediator’s coherence, introduces oscillatory modulations in the neutrino Hamiltonian,
distinct from conventional matter effects. These dynamics fundamentally alter oscillation
phenomenology [192, 221-226]. Additionally, spin-coupled interactions enable spin-flavor
precession (SFP) [227, 228], resonantly enhanced in solar matter density gradients. For
Dirac neutrinos, SFP converts left-handed states to undetectable right-handed counter-
parts, mimicking active-sterile oscillations. For Majorana neutrinos, this process gener-
ates right-handed antineutrinos, potentially producing observable solar v, fluxes [229-
233]. The helicity-dependent response to the coherent ¢ field provides a unique discrim-
inant between Dirac and Majorana neutrino mass mechanisms through solar neutrino
spectroscopy.

3We assume that three right-handed neutrinos are added to the SM particle content which, in addition of generating
non-zero neutrino masses, cancel the anomalies in the B — L case.
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5.3.1 Monopole-dipole potential: Mathematical formulation

We consider the interactions of a field ¢ with scalar couplings to the nucleons f =
neutrons, protons, and pseudoscalar couplings to neutrinos:

Lo=>gloff +ilg)ovar vs, (5.52)
7

where g, parametrize the pseudoscalar couplings to the spin of the neutrinos, which in
its most generality is a 3 x 3 hermitian matrix in the neutrino flavour space.

Considering solar neutrinos, the interactions in Eq. (5.52) will generate a flavour de-
pendent potential sourced by the nucleons in the Sun which will affect the flavour evolu-
tion of the neutrinos and can lead to observable signatures. We present in Appendix C the
derivation of this potential. In brief, we find that the interactions in Eq. (5.52) generate
a spin-flip potential on a neutrino of energy E, at position & of the form

. glay .

where &, is the size of the transverse component (with respect to the neutrino trajectory)
of a vector field £ defined as

— 1 = efmé‘ﬁ*f‘ 3 2 L N

™

In writing Eq. (5.54) we have introduced the quantity N #(2,my) which represents the
potential-weighted matter density within a radius ~ 1/m, around the neutrino loca-
tion [221-225]. Its normalization factor ensures that Nj(Z,my) — Nj(Z) for my — oo,
because that is the limit in which one should recover the contact interaction expectation
(i.e., the neutrino wave packet localized at position & should be directly sensitive to the
number density distribution Ny (Z) of fermion f at such point).

Denoting by r = |Z — Z| the distance from the center of the Sun #; and taking
into account the spherical symmetry of the solar matter distribution N}D (r), we see that

Ny(Z, my) simplifies to Ny (r,mg) with:

A

m R® —m, —T —m, T
Ni(r,my) = 2—;?/0 p N7 (p) [e olo=rl _ g=molpt )} dp. (5.55)

Notice that since N #(r,my) only depends on the radial distance to the center of the Sun,

the direction of the vector € (%) is radial. As the spin-flip potential is proportional to the
component of g orthogonal to the neutrino direction, it is clear that it will vanish for
trajectories along the line connecting the solar center and the center of the Earth. For
neutrinos at a transverse distance b from the line connecting the Earth and Sun centers,
and at a radial distance r from the center of the Sun, the potential is

_gYgy b dNg(r,my)
QEVm?5 r dr

Vip(r,b) = : (5.56)

In Fig. 5.2 we plot the value of this potential (for different values of my) at a given
position (b, z), where b is the transverse distance to the line connecting the Sun and
Earth centers, and z = v/r? — b? is the distance along the Sun-Earth direction (which, as
we will see below, is the variable parametrizing the neutrino trajectory). For the sake of

concreteness we show the results for gProton = gneutron = ¢V,
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Figure 5.2: Isocontours of the potential V, sourced by nucleons with coupling gN to ¢ felt by v with
coupling g, to ¢ as a function of b (its transverse distance to the line connecting the Sun and Earth
centers) and z (the distance along the Sun-Earth direction characterizing its trajectory to the Earth) for
several values of mg. For reference the black full and dashed lines represent the position of the edge of

the Sun, vb% + 22 = R, and the outer edge of the solar core, Vb2 4 22 = 0.3 R, respectively.

From the figure we see that, as expected, the potential decreases as b — 0. However,
it increases very rapidly with b and it reaches its maximum for values of b well within the
neutrino production region b < 0.3 Rg. Quantitatively we see that for the m, considered
here the characteristic values of the potential inside the solar core are comparable with
the inverse of the oscillation length of solar neutrinos with energy E,, E,/\ ~ Am3, ~
107 eV for gl g% ~ 107% within the range of values of the coupling to muons proposed
to account for the (¢ — 2), anomaly [234, 235].

To account for the effect of this potential in the solar neutrino observables we need
to solve the evolution equation for the neutrino ensemble. Since the potential flips the
helicity of the neutrino, such equation is different for Dirac and Majorana neutrinos. For
a Dirac neutrino the evolution equation for its flavour components v = (v, v, v;)" reads

dt \Vr(t) Vp(r,0)' Heae ) \Tg(t) )’
where, given the large distance between the Sun and the Earth, we can assume with
high precision that the neutrino travels along a trajectory which runs parallel to the
line connecting the Sun and Earth centers, so that its distance b from such line remains

constant during propagation. Denoting by z the longitudinal position of the neutrino
along its trajectory, we have that at a given time ¢ the distance from the neutrino location

to the center of the Sun is given by r = /0% + (2 — 2¢)? with z = 2z + ct.
For a Majorana neutrino the evolution equation is

i (en) = (2 00) (o) 658
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where

HY(r) = Hyae + Hyat(r) and  H”(1) = [Hyae — Humat (1)) (5.59)

Here H,,. is the vacuum part which in the flavour basis is defined in Chapter 2. H ()
is the matter potential due to the SM weak interactions, which in the flavour basis takes
the diagonal form

Hipat (1) = Gr diag |2N.(r) — N,(r), —=Nu(r), —Nyu(r) (5.60)
V2
and N,(r) and N, (r) are the electron and neutron number density at distance r from the
solar center.

We numerically solve the evolution equation from the production point of the v, in
the Sun to the Earth. With our choice of variables we can characterize the production
point by its radial distance ry from the center of the Sun, its transverse distance b from the
line connecting the Sun-Earth centers, and the angle ¢ in that transverse plane, and we
are left with two discrete possibilities 75 = (£4/r¢ — b2, bcos ¢y, bsin @) where positive
(negative) sign corresponds to neutrinos produced in the hemisphere of the Sun which is
closer (further) from the Earth. In this way we obtain the oscillation probability into v,
(here denoting generically either a left-handed neutrino state, or a right-handed neutrino
for Dirac and a right-handed antineutrino for Majorana), P.. (73, F,). In the Standard
Solar Models the probability distribution of the neutrino production point only depends
on the radial distance to the center of the Sun, ry (with different distributions for the
different neutrino production reactions) so it is convenient to define

1 1 0 b 27
P.o(ro. B, E—/dQPw 2. E, :7/ dbi/ A6 S Po(7E E,).
(TO ) A (x(] ) 47”,0 0 \/ﬂ 0 ¢§ (‘rO )
(5.61)

As mentioned above each of the eight reactions producing solar neutrinos — labeled by
i = 1...8 for pp, "Be, pep, N, 0, F, ®B, and hep — generates neutrinos with
characteristic distributions R;(r¢) (normalized to one) which are energy independent.
Thus we can obtain the mean survival probability for a neutrino of energy FE, produced
in reaction 7 as

. R
P (Ey) = /O " droRi(ro) Paa(ro, E) (5.62)

and with those, obtain the predictions for the solar observables in our analysis.

In what follows, for the sake of concreteness, we are going to focus on four cases: three
in which ¢ couples to a specific flavour v and a fourth in which the coupling is universal
in flavour space

[g;]o‘ﬁ =g, 597677 for v € {e,u, 7}, and [g;]o‘ﬁ =g’ 5% for universal.  (5.63)

As illustration we plot in Fig. 5.3 the relevant oscillation probabilities for Dirac and
Majorana cases as a function of the neutrino energy. The figure is shown for the case
of coupling to vy but the behaviour is qualitatively the same for couplings to v., v, or
vt We assume fixed oscillation parameters Am32, = 7.4 x 107° eV?, sin? 615, = 0.303,
sin? 13 = 0.02203, Am2, = 2.5 x 1073 eV?, sin?fy; = 0.5, and dcp = 0, and display
different values for the two model parameters (mg, gV gy7). As seen in the figure the
relevant probabilities are not very different for Dirac and Majorana neutrinos. Most

importantly the figure shows that for moderate values of the model parameters the new

4For concreteness the probabilities shown here have been generated integrating over the production point distribution
Rsp(ro), but the corresponding plots obtained with the distribution probabilities for the other solar fluxes are very similar.
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Figure 5.3: Relevant oscillation probabilities at the Earth surface of solar vy, into left and right neutrinos
(antineutrinos) of flavour « divided by P(v., — var)o (the probability for zero coupling to the ¢ field)
as a function of the neutrino energy for different values of model parameters as labeled in the figure.
Oscillation parameters have been fixed to Am3; = 7.4 x 1075 V2, sin? 015 = 0.303, sin? 615 = 0.02203,
Am3; = 2.5 x 1072 V2, sin? fy3 = 0.5, and dcp = 0.

interaction has the largest effect on the disappearance of v.; and the appearance of
Vasge,, a0d Vog (Tor) for Dirac (Majorana) neutrinos with the lowest energies. This is
expected as the potential in Eq. (5.53) is inversely proportional to the neutrino energy,
as characteristic of interactions with spin-zero mediators [223]. This is at a difference
with the helicity-conserving MSW potential of Eq. (5.60) (or with any vector interaction
in general [192]), and with the helicity-flip potential generated by a neutrino magnetic
moment [227, 228] which are independent of the neutrino energy. We also see that for
these cases the relative effect on the disappearance of v, with ~ O(10-100) KeV energy is
larger than the 7. g appearance at MeV. These two facts are of relevance in the derivation
of the bounds from the analysis of the solar neutrino and antineutrino data as we describe
next.

5.4 Summary

To begin, Section 5.1 started by describing the formalism of NSIs within the framework
of neutrino oscillations and interactions for different neutrino sources. After introducing
NSIs and exploring their impact on neutrino propagation by modifying matter effects in
various neutrino sources, we discussed the LMA-D degeneracy.

Following this, Section 5.2 examined how non-standard scenarios can influence neut-
rino detection in experiments and discussed the diverse origins of New Physics (NP)
scenarios. To finish, Section 5.3 established the formalism of how Monopole-Dipole in-
teractions mediated by a very light scalar field that interacts with neutrinos and SM
fermions can alter the propagation of neutrinos in the Sun.

Beyond NSI, we developed the formalism for several relevant scenarios involving in-
teractions between quarks/leptons and neutrinos through BSM interactions, focusing in
particular on the study of vector, scalar, and pseudoscalar mediators and the neutrino
magnetic moment. The last section was concentrated on an exotic BSM, a very light
scalar that affects the oscillation pattern of neutrinos crossing solar matter, and interacts
with charged fermions via monopole and with neutrinos via dipole interactions.

Now, we will utilize data from various experiments to analyse and determine the
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constraints that can be derived from a global fit for these different physical scenarios.
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Chapter 6

Three neutrino oscillations with new
interactions: Analysis

This chapter employs the experimental datasets outlined in Chapter 3 to impose bounds
over new interactions in the three-neutrino (3v) framework, as described theoretically in
Chapter 5. Section 6.1 initiates this investigation with a detailed analysis of Borexino
Phase-II solar neutrino spectral data, aiming to constrain new physics scenarios that alter
neutrino matter potential or modify elastic scattering processes. These include neutrino
magnetic moments, NC NSI, and simplified models with light scalar, pseudoscalar, or
vector mediators.

Section 6.2 extends this work through a global analysis of neutrino data, updating
and expanding upon previous studies. This analysis simultaneously accounts for NC
NSI couplings to up quarks, down quarks, and electrons, treating vector and axial-vector
couplings independently. The combined fit of solar, atmospheric, reactor and accelerator
neutrino data introduces computational challanges, particularly in modeling NSI effects
on all these experiments at the same time. Additionally, CE¥NS data—from COHER-
ENT (Csl and Ar targets) and the Dresden-II (both of them discussed in Section 3.5)
reactor experiment—are incorporated to resolve degeneracies in NSI parameter space,
particularly those linked to the LMA-D solution.

Finally, Section 6.3 derives constraints on an exotic scenario involving a very light
scalar field interacting with neutrinos via pseudoscalar couplings and with nucleons via
scalar couplings. Building on the discussion in Section 5.3, which outlines how such
interactions generate effective potentials altering solar neutrino oscillations, this section
presents a global analysis of solar neutrino data (including KamLAND) and solar anti-
neutrino flux bounds. The analysis distinguishes between Dirac and Majorana neutrino
mass mechanisms, leveraging their distinct helicity-dependent responses to the scalar-
mediated potential. Together, these studies demonstrate how multi-experiment synergies
and novel interaction frameworks refine the boundaries of BSM physics in neutrino sys-
tems.

6.1 Confronting new interactions with electrons with Borexino
data

We start by confronting the high statistics data from Borexino described in 3.1.1, with
several new physics scenarios: NSI, anomalous magnetic moment, vector, pseudoscalar
and scalar mediators. For illustration, we show in Fig. 6.1 the predicted event distri-
butions for each new physics scenario. We also include the Borexino data points, after
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Figure 6.1: Difference between the number of events with respect to the SM expectation, as a function of
Nj,. For reference, the black dots are obtained for the data in the “subtracted” sample, where the error
bars indicate statistical errors only. The coloured lines correspond to the predicted event rates (using the
same exposure as that of the “subtracted” sample) for different BSM scenarios and parameter values, as
indicated by the labels.

subtracting the best-fit background model and SM signal. For the sake of concreteness,
we show the results for the “subtracted” event sample.

6.1.1 Non-Standard Interactions with electrons - Results

First, let us discuss the case of NSI with electrons. In this scenario Borexino is sensitive
to a total of 12 operators: 6 involving left-handed electrons (with coefficients 555) and 6
involving right-handed electrons (with coefficients 1), see Eq. (5.2). In all generality, a
priori all operators should be considered at once in the analysis since all of them enter
at the same order in the effective theory. However, including such a large number of
parameters makes the problem numerically challenging, and the extraction of meaningful
conclusions is also jeopardized by the multiple interference effects between the different
coefficients. Thus, here we focus on four representative cases with a reduced set of
operators, depending on the type of interaction that could lead to the terms in Eq. (5.2):

« (1) the axial vector case, where both left-handed and right-handed NSI operators
are generated with equal strength but with opposite signs;

e (2) the purely vector case, where both types of operators are generated with equal
strength and equal sign;

e (3) the purely left-handed or purely right-handed cases, where only operators in-
volving electrons of a given chirality are considered.

For each of these three benchmarks we include all operators in neutrino flavour space
(both flavour-diagonal and off-diagonal operators) simultaneously in the analysis, allowing
for interference and correlation effects among them.

We start discussing the axial NSI case. For axial NSI, the effect cancels out in the
matter potential, rendering neutrino oscillations insensitive to the new interactions. How-
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Figure 6.2: Results for axial NSI with electrons (5% = fsfﬁ). The central panels show the two-
dimensional allowed confidence regions at 1o and 20 (for 2 d.o.f., using two-sided intervals Ayx? = 2.30,
6.18), while the remaining panels show the profile of the Ax? for each of the parameters individually. In
each panel, the results are obtained after minimization over the parameters not shown.

ever, Borexino can still constrain these operators since they affect the interaction cross
section in the detector. First, we notice that even allowing all 6 axial NSI coefficients to
vary freely we get animSM insia = 255.7, which is only one unit lower that the SM. So we
proceed to derive the bounds on the full parameter space.

The results are presented in Fig. 6.2 where we show one-dimensional and two-dimensional
projections of AxZ,, . ngra after minimization over the parameters not shown in each panel.
We notice that since the cross-section of flavour-conserving interactions receives contri-
butions from both SM and BSM terms, which could lead to cancellations among them,
the corresponding regions are generically larger than those involving only flavour-oft-
diagonal NSI, for which no SM term is present. From the figure we see that when all
the parameters are included in the fit, Borexino is able to constrain NSI roughly only
at the level of [¢/,| < O(2) for flavour-diagonal interactions, and |e45] < O(1) for the
flavour-off-diagonal ones (see also Tab. 6.1). The only exception to this is the parameter
g2 for which tighter constraints are obtained, roughly at the level |e| < O(0.5) as it
can be seen from the lowest row in the figure. The main reason behind this is that the 2
parameter enters the effective cross section in Eq. (5.2) multiplied by P.. ~ 0.5, while the
remaining NSI parameters are multiplied either by F,,,, P.r ~ 0.2—0.25 or by off-diagonal
elements in the density matrix (which are at most ~ 0.2).

Note also that the allowed regions for flavour-diagonal NSI are a bit asymmetric with
respect to zero. In general, given the large parameter space it is difficult to identify a single
reason for the specific shape of the allowed regions. Still, the origin of the asymmetry
can be qualitatively understood if the generalized cross section matrix in Eq. (5.34) is
written in terms of the axial and vector coefficients, defined (in analogy to Eq. (5.35)) as

C“)‘/ﬁ = CC[Y/ﬂ + Cfﬁ = Cvﬁéaﬁ + 6))4/,8 s

6.1
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Allowed regions at 90% CL (Ax? = 2.71)
Vector Axial Vector
1 Parameter Marginalized 1 Parameter Marginalized
€ee || [-0.09,40.14] | [-1.05,40.17] [—0.05,40.10] [—0.38,40.24]
€ || [-0.51,40.35] | [-2.38,4+1.54] || [-0.29,40.19] & [+0.68,+1.45] | [—1.47,+2.37]
err || [-0.66,40.52] | [—2.85,+42.04] || [—0.40,40.36] ® [+0.69, +1.44] | [—1.82,+42.81]
€ep || [—0.34,+0.61] | [—0.83,+40.84] [—0.30, +0.43] [—0.79,40.76]
€er || [-0.48,+0.47] | [—0.90,+0.85] [—0.40, 40.38] [—0.81,40.78]
eur || [—0.25,40.36] | [-2.07,+2.06] || [-1.10,—0.75] @ [-0.13,40.22] | [-1.95,+1.91]

Table 6.1: 90% CL bounds (1 d.o.f., 2-sided) on the coefficients of NSI operators with electrons, for the
vector (¢¥) and axial vector (¢4) scenarios. Results are provided separately for two cases: when only one
NSI operator is included at at time (“1 Parameter”) or when the remaining NSI coefficients are allowed
to float freely in the fit (“Marginalized”).

In this case, the differential cross section for axial NSI, setting @ = 3, depends on the
following combination of parameters:
A )2
; (o + Aa) + cancia + (6“2“) +O(y).
We notice that due to the interference between the SM and NSI parameters, a second
SM-like solution appears in Eq. (6.2) with €2 ~ —2cy4, (i.e., for which C2, = —ca,).
It can actually be shown that for a = p and o = 7 such SM-like solution holds also after
including the full y dependence of the cross section and so it provides a fit of similar
quality to the SM solution. When only one NSI parameter is considered at a time this
leads to the two disconnected allowed ranges seen for 512‘“ and €2 in Table 6.1. When
all NSI parameters are included both allowed regions merge in a unique range which is
asymmetric about zero. In the case of €7}, on the contrary, the y-dependent terms break
such degeneracy and the second SM-like solution gets lifted.
From Eq. (6.2) we also see that for 2 ~ —cy4, it is possible to reduce the cross section
with respect to the SM case. This leads to a slightly better fit to the data (albeit mildly,

(6.2)

at the level of Ax? = —1 as mentioned above) and results into the preferred solution to
be at e < 0 (since ca. ~ 0.5). Conversely, for &?;‘M and 2 the fit shows a mild preference

for positive values since ca, = car ~ —0.5.

Let us now turn to the analysis of vector NSI. In this case NSI affect the matter
potential felt by neutrinos in propagation and a relevant question is how sensitive the
analysis is to this effect, and whether the sensitivity to NSI is still dominated by the
impact on the neutrino detection cross section. We have numerically checked that the
results of the analysis are rather insensitive to NSI effects in propagation. This is partly
so because in the energy window relevant for Borexino the contribution from the higher-
energy components (mainly 8B, but also pep neutrinos) to the event rates is subdominant,
and moreover it is affected by relatively large backgrounds uncertainties. As a result we
find that the impact of the matter potential on the fit is very limited and the sensitivity
comes dominantly from NSI effects on the detection cross section.! We also find that, even
allowing all 6 vector NSI coefficients to vary freely in the analysis, Xfmn’SM NSV — anin?SM
is only —0.2.

Our allowed regions for vector NSI are presented in Fig. 6.3, where we see that the
potential of Borexino to test NSI with electrons is again limited in this multi-parameter
scenario: Borexino is only able to constrain NSI at the level of |€¥ | < O(2 — 3) for

LA similar finding was also reported in Ref. [236], although only on-diagonal operators were considered in that case.
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Figure 6.3: Same as Fig. 6.2, but for vector NSI with electrons (555 = 5(%).

flavour-diagonal interactions, and |e¥;| < O(1) for the off-diagonal parameters. Precise
values for the allowed regions at 90% CL are given in Tab. 6.1.

The features describing the allowed regions in the two-dimensional projections of the
Ax? are qualitatively similar to the results found for the axial case, albeit with some
differences. In particular the regions for 5}; and €Y_ are slightly more symmetric than the
axial case. Again, this can be qualitatively understood if the cross section in Eq. (5.34)
is rewritten in terms of the axial and vector couplings which results in Eq. (6.2) but
replacing ca, ¢ cyo and €2 «» ¥ . Thus, a similar interference as in the axial case
takes place here; however since ¢y, = cyr ~ —0.04 the quasi-degenerate SM-like solution
lies closer to the SM so the region is more symmetric about zero.

For completeness, we also provide our results for NSI involving only left-handed and
right-handed electrons in Tab. 6.2, where we again show the results obtained turning on
only one operator at a time, and allowing all NSI operators simultaneously in the fit.
We have numerically checked that, if only a single operator is included, we recover the
results of the Borexino collaboration for both left-handed and right-handed NSI (Fig. 5
in Ref. [236]) with a very good accuracy. The only difference is the secondary minimum
for €& ~ —1.3 which is outside of the range of parameters explored in Ref. [236].

6.1.2 Neutrino magnetic moment

For the analysis with neutrino magnetic moment we find animSM = 256.5. In other
words, the data do not show a statistically significant preference for a non-vanishing mag-
netic moment, which allows to set constraints on the parameter space for this scenario.
The corresponding results are summarized in Fig. 6.4, assuming three independent para-
meters for the v, v, and v, magnetic moments. In each panel, the Ax? is minimized
over the undisplayed parameters. From the one-dimensional projections we can read the
upper bounds at 90% CL (for 1 d.o.f., one-sided intervals, i.e., Ax? = 1.64)

fy, < 3.7x 10 M ug, fhy, < 5.0x 10" g, [y < 5.9x 107 Mg, (6.3)
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Allowed regions at 90% CL (Ax? = 2.71)
Left-handed Right-handed
1 Parameter Marginalized 1 Parameter Marginalized
€ee || [-1.37,-1.29] & [-0.03,40.06] | [-1.48,40.09] || [-0.23,40.07] | [-0.53,+0.09]
€ || [-0.20,40.13] @ [+0.58,40.81] | [-1.59,+2.21] || [-0.36,40.37] | [—1.26,40.77]
err || [—0.26,40.26] & [+0.45,40.86] | [—2.00,42.60] || [—0.58,40.47] | [—1.45, +1.04]
Eep [—0.17,+0.29] [—0.78,+0.75] || [—0.21,+0.41] | [—0.43,+0.42
Eer [—0.26, 40.23] [—0.81,40.79] || [-0.35,40.31] | [—0.39,40.43]
eur || [—0.62,-0.52] @ [-0.09,+40.14] | [-1.95,4+1.91] || [-0.26,40.23] | [-1.10,+1.03]

Table 6.2: Constraints at 90% CL (for 1 d.o.f., 2-sided) on the coefficients of NSI operators involving only
left-handed () or right-handed (%) electrons. Results are provided separately for two cases: when
only one NSI operator is included at at time (“1 Parameter”) or when the remaining NSI coefficients are
allowed to float freely in the fit (“Marginalized”).

Our results are fully compatible with those in Ref. [237], considering the different choice
of oscillation parameters assumed. If we assume that all flavours carry the same value of
the neutrino magnetic moment then the dependence on the oscillation parameters cancels
out and we obtain the following bound (at 90 % CL for 1 d.o.f., one-sided)

ty < 2.8 x 107 up. (6.4)

This coincides precisely with the result obtained by the collaboration in Ref. [237], and
serves as validation for the y? implementation and the choice of systematic uncertainties
adopted in our analysis.

We notice that the Borexino bounds are stronger than those obtained by other ex-
periments under the same flavour assumptions and CL. This is the case for the (over
a decade old) experimental results of GEMMA [238, 239] (u, < 2.9 x 107" up) and
TEXONO [240] (u,, < 7.4 x 107" 1), as well as the bounds derived from recent results
such as CONUS [241] (u, < 7.5 x 107 u5) and the combined analysis of Dresden-IT and
COHERENT [242] (1, < 1.8 x 107" up).

6.1.3 Light vector mediators

The potential of Borexino to probe simplified models with light vector mediators has
been demonstrated in the literature for the B — L case [243, 244], and the bound has
been later recast to other U(1)’ models in Refs. [245, 246]. However, Refs. [243, 244]
date from 2012 and 2015 and therefore did not include Phase-II data. Furthermore, their
bound was only approximate: it was derived requiring that the new physics contribution
to the event rates should not exceed the SM expectation. Here we report our limits for
simplified models, for our data analysis which includes full spectral information for the
Phase II data and a careful implementation of systematic uncertainties.

Our results for vector mediators are shown in Fig. 6.5 for three anomaly-free models
with couplings to B — L, L, — Ly, or L, — L. The similarity between constraints arises
from the dominant interference term in Eq. (5.51), where the event rate modification

AA]\/vev X Pee qée’ qu/ Cve (65)
dominates due to cye > cyyur) and Pee > Poyry. Identical gqy = 1 values yield

comparable bounds across models.
We compare Borexino constraints with previous limits from neutrino-electron scatter-

ing (GEMMA Phase-I [238], TEXONO [247]), CEvNS measurements (COHERENT [248,
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Figure 6.4: Results for the magnetic moment scenario, assuming three independent parameters (one for
each of the SM neutrino flavours). Since the neutrino magnetic moment is positive definite, the cuts
have been taken according to a one-sided y? distribution. In the central panels, we show the allowed
confidence regions (at lo and 20, for 2 d.o.f. using one-sided intervals) while in the right-most panels
we show the profile of the Ax? for each of the parameters individually. In each panel, the results are
obtained after minimization over the undisplayed parameters.

249], Dresden-II [250]), oscillation data [192], and CEvNS/ES searches (CONNIE [251],
CONUS [252]). For B — L, pre-2015 “Rate only” Borexino estimates [243, 244] are in-
cluded. Technical details follow established methodologies for quenching factors [242] and
confidence levels [253].

Our Borexino Phase-II analysis improves constraints by ~60% for light mediators
and ~30% on gz /My in contact-interaction regimes. While surpassing most scattering
experiment bounds, oscillation data remain dominant for L. — L, /- models.

6.1.4 Light scalar and pseudoscalar mediators

Next let us discuss our results for a scalar (pseudoscalar) mediator coupled universally
to the SM fermions, shown in the left (right) panel of Fig. 6.6. For comparison, we also
show the bounds derived from neutrino scattering measurements, computed following (or
obtained from) the same references as in Sec. 6.1.3.0ur results for scalar (pseudoscalar)
mediators with universal SM couplings are shown in Fig. 6.6 left (right) panel. Unlike vec-
tor mediators, scalar/pseudoscalar scenarios evade oscillation constraints. Following the
methodology from Sec. 6.1.3, we compare neutrino scattering bounds which are generally
weaker than vector counterparts due to: (1) quartic coupling dependence (no SM inter-
ference) versus quadratic for vectors, and (2) cross-section suppression factors T.m,/E>
(scalar) and T??/E? (pseudoscalar) relative to vector interactions in Eqs. (5.47)-(5.51).
For scalar mediators (left panel), Borexino Phase IT improves over reactor experiments
(GEMMA /TEXONO) but Dresden-II provides dominant constraints except at M, ~
0.5 MeV. This stems from enhanced CEvNS sensitivity via scalar-quark couplings [242].
Conversely for pseudoscalars (right panel), Borexino leads for M, < 5 MeV as CEvNS
contributions become negligible (spin-dependent coupling). Dresden-II limits here con-
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Figure 6.5: Bounds from our analysis of Borexino Phase II spectral data (at 90% CL for 1 d.o.f., using
two-sided intervals, i.e., Ax? = 2.71) on the vector mediators associated to a new U(1)" symmetry,

as indicated in the top label for each panel. Our results are compared to our derived bounds from
GEMMA [192, 238], TEXONO [192, 247], COHERENT [242, 248, 249], and Dresden-II reactor experi-
ment [242, 250], as well as those derived from a global fit to oscillation data [192], all of them obtained
with the same statistical criterion. We also show the bounds from CONNIE [251] (95% CL) and CO-
NUS [252] (90% CL) which we have obtained applying an overall rescaling factor to their published
bounds on a universally coupled vector (see text for details). For the B — L model, the line labelled
“Borexino Rate Only” shows the approximate bound derived (at 95% CL, 1 d.o.f., for one-sided intervals)
in Ref. [244] (see also Ref. [243]).

sider only ES contributions, while missing CONUS pseudoscalar bounds (not studied
experimentally) would likely remain weaker than Borexino due to T,/m, ~ 2 x 1073
suppression.

TEXONO provides comparable pseudoscalar constraints, though all scattering limits
weaken significantly compared to vector case. The distinct suppression mechanisms and
interaction topologies underscore the importance of combined spectral analyses across
multiple interaction types.

6.2 Constraining NSI with electrons and quarks with global
oscillation data

This section summarizes the main results of our study using global analysis to constrain
NCNSIs. In Sec. 6.2.1 we first review the data included in the fit, introduce our y? defin-
ition, and outline the details related to the sampling of the multi-dimensional parameter
space. We then proceed to present our results for NSI with electrons (Sec. 6.2.2), with
quarks (Sec. 6.2.3), and for simultaneous NSI with electrons and quarks (Sec. 6.2.4). The
status of the LMA-D solution in this general case is discussed in Sec. 6.2.5.

6.2.1 Simulation details

The data samples included in our oscillation analysis mostly coincide with those in
NuFIT-5.2 [254]*. When combining with CEvNS we include the results from COHER-

2In brief, in the analysis of solar neutrino data we consider the total rates from the radiochemical experiments Chlor-
ine [147], Gallex/GNO [56], and SAGE [55], the spectral data (including day-night information) from the four phases of
Super-Kamiokande in Refs. [60-62, 255], the results of the three phases of SNO in the form of the day-night spectrum data
of SNO-I [256], and SNO-II [257] and the three total rates of SNO-III [258], and the spectra from Borexino Phase-I [67, 148],
and Phase-II [68]. For reactor neutrinos we include the separate DS1, DS2, DS3 spectra from KamLAND [97] with Daya
Bay reactor v fluxes [259], the FD/ND spectral ratio, with 1276-day (FD), 587-day (ND) exposures of Double-Chooz [152],
the 3158-day separate EH1, EH2, EH3 spectra [93] of Daya-Bay, and the 2908-day FD/ND spectral ratio of RENO [153].
For atmospheric neutrinos we use the four phases of Super-Kamiokande (up to 1775 days of SK4 [260]), the complete set
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Figure 6.6: Bounds from our analysis of Borexino Phase-II spectral data on a scalar (left panel) and
pseudoscalar (right panel) mediator (at 90% CL for 1 d.o.f., using two-sided intervals, d.e., Ax? = 2.71)
which couples universally to all fermions in the SM. Our results are compared to our derived bounds
from GEMMA [192, 238], TEXONO [192, 247], COHERENT [242, 248, 249], and Dresden-II reactor
experiment [242, 250], obtained using the same statistical criterion. For comparison we also show the
bounds from CONNIE [251] (95 %CL) and CONUS [252] (90% CL).

ENT data on CsI [248, 265] and Ar targets [249, 266] (see Refs. [122, 242] for details). In
particular, for the analysis of COHERENT Csl data we use the quenching factor from
Ref. [267] and the nuclear form factor from Ref. [268]. For the analysis of COHER-
ENT Ar data we use the quenching factor provided by the COHERENT collaboration in
Ref. [266] and Helm [269] nuclear form factor (the values of the parameters employed are
the same as in Ref. [242]). For CEvNS searches using reactor neutrinos at Dresden-II re-
actor experiment [250] we follow the analysis presented in Ref. [242] with YBe quenching
factor [270] (the characteristic momentum-transfer in this experiment is very low so the
nuclear form factor can be taken to be 1). With all this we construct the corresponding
X%OH,CSI(g)a X%OH,Ar(g)a and X2D-11,Ge(5)-

Our goal is to find the global minimum of the total x? which, unless otherwise stated,

is obtained adding the contributions from our global analysis of oscillation data (« GLOB-
OSC w NSI in ES») and CEvNS data:

X (@,8) = xosc(@,€) + Xemuns(€) (6.6)

where we have defined
2 2 2 2 6.7
XCEuNS = XCOH,CsT T XCOH,Ar T XD-I1,Ge - (6.7)

The minimum of the total y? is obtained after minimization over all the nuisance para-
meters, which are included as pull terms in our fit.> Vector NSI effects in detection can
be suppressed while maintaining oscillation impacts depending on mediator mass [182].

of DeepCore 3-year p-like events presented in Ref. [261] and publicly released in Ref. [262], and the results on v-induced
upgoing muons reported by IceCube [263] based on one year of data taking. Finally, for LBL experiments we include the
final neutrino and antineutrino spectral data on ve-appearance and vy-disappearance in MINOS [103], the 19.7 x 1020
pot v, -disappearance and 16.3 X 1020 pot Dy -disappearance data in T2K [264], and the 13.6 x 1020 pot vy -disappearance
and 12.5 x 1029 pot vy -disappearance data in NOvA [99]. Notice that to ensure full consistency with our CP-conserving
parametrization we have chosen not to include in the present study the data from the v and U appearance channels in
NOvA and T2K. With this data we construct X(Z)SC (a3, €) where we denote by & the 3v oscillation parameters and £ the
NSI parameters considered in the analysis.
3For details on the numerical implementation of systematic uncertainties see Refs. [2, 242, 254].
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Figure 6.7: Constraints on the coefficients for vector NSI with electrons from the global analysis of
oscillation data without including the effect of NSI in the detection cross section. Each panel shows a
two-dimensional projection of the allowed multi-dimensional parameter space after minimization with
respect to the undisplayed parameters. The regions correspond to 1o and 20 (2 d.o.f.).

For oscillations, light mediators require My,eq = O(10712) eV [192, 271]. Detection effects
require momentum transfer ¢:

o Elastic scattering (ES): Borexino (¢ ~ 500 keV) constrains Mpeq < 500 keV (« GLOB-
OSC w/o NSI in ES»), while SNO/SK (¢ ~ 5 — 10 MeV) require Myeq = 10 MeV
(«GLOB-OSC w NSI in ES»). Intermediate masses (0.5 — 10 MeV) primarily affect
Borexino.

o CEvNS: COHERENT (¢ ~ 30 — 50 MeV) and Dresden-II (¢ ~ 5 MeV) constrain
Mnea 2 50 MeV («GLOB-OSC+CEvNS») versus Meq < 5 MeV («GLOB-OSCy).
Intermediate 5 — 50 MeV ranges require case-by-case analysis.

Axial-vector NSI exclusively affect detection: ES bounds follow mediator thresholds
(e.g., Myeqa = 3 MeV for SNO NC interactions).
Our global fit scans parameters are:

012, 023, Am%p Amil, g, P12, P23, 5%7 n, ¢ (6.8)

with dcp € {0,7}. Since the determination of 6,3 is dominated by reactor data which
are mostly insensitive to NSI (see Sec. 5.1.1), we fix sin?6;3 = 0.022. Atmospheric
analyses are perfomed in the limit Am2, — 0. Parameter space exploration uses Mul-
tiNest [272, 273] and Diver [274], accounting for detection-induced breaking of diagonal
NSI degeneracies through 5??“.

6.2.2 New constraints on NSI with electrons

The global analysis of neutrino data reveals significant improvements in constraining
NC NSI with electrons compared to the Borexino Phase-II spectral analysis presented
in Sec. 6.1. We plot in Fig. 6.7 and 6.8 the constraints on the different coefficients for
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Allowed ranges at 90% CL (marginalized)
GLOB-0OSC w/o NSI in ES

LMA LMA & LMA-D
eqV —eoy || [-0.21,+1.0] [—3.0,—1.8] & [-0.21, +1.0]
eeV — eV || [-0.015,+0.048] [—0.040, +0.047]
ey [~0.15,+0.035] [—0.15,+0.14]
esV [—0.21,+0.31] [—0.29, +0.31]
ey [—0.020, +0.012] [—0.020, +0.017]

Table 6.3: 90% CL bounds (1 d.o.f., 2-sided) on the coefficients of NSI operators with electrons after
marginalizing over all other NSI and oscillation parameters. The bounds are derived from the global
analysis of oscillation data without including the effect of NSI in the ES cross section (NSI induced
by mediators with mass Mpeq < 500 keV, see Sec. 6.2.1). The ranges in the first column (labeled
«LMA») correspond to an analysis in which we restrict 612 < 45°. In the second column (labeled
«LMA & LMA-D»), both 615 < 45° and 612 > 45° are allowed. The same bounds hold for vector NSI
with protons.

Allowed ranges at 90% CL (marginalized)
Vector (X =V) Axial-vector (X = A)
Borexino GLOB-0OSC w NSI in ES Borexino GLOB-0OSC w NSI in ES
eeX [-1.1,40.17] [—0.13,+0.10] [—0.38,40.24] [—0.13,+40.11]
eqX | [-24,+1.5] [—0.20, +0.10] [—1.5,+2.4] [—0.70, +1.2]
e X || [-2.8,+2.1] [—0.17,40.093] [—1.8,+2.8] [—0.53,+1.0]
52;5( [—0.83,40.84] [—0.097,+0.011] [—0.79,40.76] [—0.41, 40.40]
e%X |l [-0.90, +0.85] [—0.18, 4+0.080] [—0.81,40.78] [—0.36, 4-0.36]
EZ;X [—2.1,+2.1] [—0.0063, +0.016] [—1.9,+1.9] [—0.79,4-0.81]

Table 6.4: 90% CL bounds (1 d.o.f., 2-sided) on the coefficients of vector NSI operators with electrons
after marginalizing over all other NSI and oscillation parameters. The bounds are derived from the
global analysis of oscillation data including the effect of NSI in the ES cross section. For comparison, the
results obtained from the analysis of Borexino Phase-II data in Ref. [2] are also shown for comparison.
Note that these bounds apply to interactions induced by mediators with masses Myeq = 10 MeV, see
Sec. 6.2.1.

the two scenarios outlined in the previous section, without and with NSI effects in the
detection cross section, respectively.* The corresponding 90% CL allowed ranges are
listed in Table 6.3 and on the left columns in Table 6.4 respectively.

The first thing to notice is that in the scenario « GLOB-OSC w/o NSI in ES», for
the flavour diagonal coefficients, only the combinations €5, — %} and €Y — %Y can be
constrained, and two separate allowed ranges appear (see bottom row in Fig. 6.7): one
around %" — %Y ~ 0 and another around € — £%! ~ —2. This is nothing else than
the result of the generalized mass-ordering degeneracy of Eq. (5.18). The two disjoint
allowed solutions correspond to regions of oscillation parameters with 615 < 45° (with
ranges labeled «LMA» in Table 6.3) and with 6,5 > 45° (with ranges labeled «LMA-D»
in Table 6.3) respectively. As discussed in Sec. 5.1.1, the degeneracy is partly broken by
the variation of chemical composition of the matter along the neutrino trajectory when
NSI coupling to neutrons are involved. But in this case, with only coupling to electrons,
the degeneracy is perfect as can be seen by the fact that Ayx? = 0 in both minima
of &V — 52;/ . From the panels on the lower row we observe that the projection of the

allowed regions corresponding to each of the two solutions partly overlap for €&V —527;/ and

4Notice that from the point of view of the data analysis the results from the « GLOB-OSC w/o NSI in ES» are totally
equivalent to those obtained for vector NSI which couple only to protons.
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Figure 6.8: Constraints on the coefficients for vector NSI with electrons from the global analysis of
oscillation data including the effect of NSI in the ES cross section. Each panel shows a two-dimensional
projection of the allowed multi-dimensional parameter space after minimization with respect to the
undisplayed parameters. The contours correspond to lo and 20 (2 d.o.f.). The closed red regions
correspond to the global oscillation analysis which involves the six NSI plus five oscillation parameters.
For the sake of comparison we also show as green regions the constraints obtained from the analysis of
full Borexino Phase-11 spectrum in Figure 6.3.

52’;25, which leads to the non-trivial shapes of some of the corresponding two-dimensional
regions for some pairs of those paremeters.

The results for the scenario « GLOB-OSC w NSI in ES» in Fig. 6.8, and on the left
columns in Table 6.4, show that the inclusion of the effect of the vector NSI in the ES
cross sections in Borexino, SNO, and SK totally lifts the degeneracy. In this scenario only
the LMA solution is allowed, and 5", %, and €%} can be independently constrained.
Notice also that in this case, the lifting of the LMA-D solution leads to allowed regions
with more standard (close-to-elliptical) shapes. For the sake of comparison we show for
this scenario the corresponding bounds derived from the analysis of Borexino spectra
in Section 6.1. The comparison shows that for vector NSI with electrons the global
analysis of the oscillation data reduces the allowed ranges of the NSI coefficients by
factors ~ 4-200 with respect to those derived with Borexino spectrum only. In other
words, the NSI contribution to ES is important to break the LMA-D degeneracy and to
impose independent bounds on the three flavour-diagonal NSI coefficients, but within the
LMA solution the effect of the vector NSI on the matter potential also leads to stronger
constraints. This is further illustrated by the results obtained for the analysis with axial-
vector NSI which are shown in Fig. 6.9 and right columns in Table 6.4. Axial-vector NSI
do not contribute to the matter potential and therefore the difference between the results
of the global oscillation and the Borexino-only analysis in this case arises solely from the
effect of the axial-vector NSI on the ES cross section in SNO and SK. Comparing the
red and green regions in Fig. 6.9 and the two left columns in Table 6.4 we see that for
axial-vector NSI the improvement over the bounds derived with Borexino-only analysis
is just a factor ~ 2-3.

95



Chapter 6. Three neutrino oscillations with new interactions: Analysis 96

6.0

;:: Borex Ay? = 2.30
307 Borex Ay? = 6.18 ==
20 GLOB-OSC w NSI in ES Ax? = 2.30 =
0 GLOB-0SC w NSI in ES Ax2 = 6.18 =

0 [:: NSI induced by mediators M,oq 2 10 MeV

6.0

40
3.0 =<

s
(RIOTAOA Y

b Q

6.0
5.0
10~
30 =<
20 <
10

0.0

@

-1.0 1.0
0.0

321012
>, A

2101 2 2101 2 105005 1 105005 1 050 05 1
€./ e,A e A e A e, A e A

l = e =

Eur Epupt Eer cep Cee

Figure 6.9: Same as Fig. 6.8 but for Axial-vector NSI, compared with Fig. 6.2.

6.2.3 Updated constraints on NSI with quarks

Next we briefly summarize the results of the analysis for the scenarios of NSI with either
up or down quarks (more general combinations of couplings to quarks and electrons will be
presented in the next section). For vector NSI this updates and complements the results
presented in Refs. [122, 196] by accounting for the effects of increased statistics in the
oscillation experiments, including the addition of new data from Borexino Phase-II. Notice
also that in the present analysis, as mentioned above, the treatment of the SNO data is
different than in Refs. [122, 196]. Furthermore when combining with CEvNS we include
here the results from COHERENT both on Csl [248, 265] and Ar targets [249, 266],
together with the recent results from CEvNS searches using reactor neutrinos at Dresden-
IT reactor experiment [242, 250].

Let us start discussing the complementary sensitivity to vector-NSI from the combined
CEvNS results with that from present oscillation data, for general models leading to NSI
with quarks. With this aim we have first performed an analysis including only the effect
of vector NSI on the matter potential in the neutrino oscillation experiments. The results
of such analysis are given in the left column of Table 6.7 in terms of the allowed ranges of
the effective NSI couplings to the Earth matter, Sfﬁ, defined in Eq. (5.19) (see Sec. 6.2.4
for details). Comparison with the constraints from all available CEvNS data is illustrated
in Fig. 6.10 where we plot the allowed regions in the plane (e, £%,). The figure shows
the results obtained by the analysis of each of the two sets of data independently, after
marginalization over the all other (including off-diagonal) NSI parameters.” As discussed
in Sec. 5.1.2, even when considering NSI coupling only to quarks, there is always a value
of n for which the contribution of NSI to the CEvNS cross section cancels. Consequently
CEvNS data with a single nucleus does not lead to any constraint on the efﬁ parameters.
However, the cancellation occurs at different values of n for the three nucleus considered

5Technically the regions for oscillations in Fig. 6.10 are obtained by performing each of the two analysis in terms of the 9
(out of the 10) basic parameters (fixing ¢ = 0) including the corresponding value of Y, to each data sample. Therefore the
output of each analysis is a x? function of the basic 9 parameters, which is then marginalized with respect to all parameters
except for the two combinations shown in the figure.
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Figure 6.10: Allowed regions in the plane of €& and sf‘fu for vector NSI with quarks from the combinations
of CEvNS data compared with the allowed regions from the global oscillation analysis which are the two
diagonal shaded bands corresponding to the LMA and LMA-D solutions. Both the green and blue
regions are obtained after independently marginalizing over all other relevant parameters: NSI couplings
(including 7) for the CEvNS region, and NSI couplings,  and oscillation parameters for the « GLOB-
OSC» regions. So the values of other NSI and #n in the blue and green regions are not forced to be the
same.

(CsI, Ar, and Ge), and consequently, as seen in the figure, the combination of CEvNS
data with the three nuclear targets does constrain the full space of effective 5%, even
after marginalization over 7. The constraints derived from the combined CErvNS data
are independent (and complementary) to those provided by the oscillation analysis and,
as seen in the figure, they are fully consistent.

The allowed ranges for vector NSI with up or down quarks are compiled in Table 6.5
and show good qualitative agreement with those of Refs. [122, 196], with the expected
small deviations due to the differences in the analysis, quoted CL, and included data.

Finally for completeness we have also performed a new dedicated analysis including
axial-vector NSI with up or down quarks. Axial-vector NSI with quarks do not contribute
to matter effects nor to CEvNS. They only enter the global analysis via their modifica-
tion of the NC event rate in the SNO experiment (see Sec. 5.1.2), which is not able to
constrain the NSI coefficients if all of them are included simultaneously due to possible
cancellations between their respective contributions to the NC rate. Thus in this case we
derive the bounds assuming that only one NSI coupling is different from zero at a time.
The corresponding allowed ranges can be found in Table 6.6.

As seen in the table, for all the coefficients, the allowed range is composed of several
disjoint intervals. They correspond to values of the NSI couplings for which the SNO-
NC event rate is approximately the SM prediction. This can occur for either flavour
diagonal or flavour non-diagonal coeficients because solar neutrinos reach the Earth as
mass eigenstates, so the density matrix describing the neutrino state at the detector is
diagonal in the mass basis, but not in the flavor basis. The presence of non-vanishing off-
diagonal p,.p elements is responsible for the sensitivity to off-diagonal ,.4 coefficients.
More quantitatively, the ranges correspond to coefficients verifying:

2
2 SNO A A
pSNO <G4) ] 1= Paa {(Ega> + 25305} ) (6 9)
SNO | ,SNO A2 SNO\ a4 '
ga (PENC +P33°) (chis) £ 4Re(p3)3) et
where the upper line holds when the NSI coefficient included is flavour diagonal, and the

lower one when it is flavour-changing and the 4+ sign correspond to ¢ = v and ¢ = d
respectively. Thus the allowed range for flavour diagonal NSI is formed by two solutions

0~Tr
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Allowed ranges at 90% CL (marginalized) Allowed ranges at 90% CL (marginalized)
GLOB-0SC GLOB-OSC+CEvNS
LMA LMA ¢ LMA-D LMA = LMA @ LMA-D
u,V
enV —ewV | [20.063,10.36] | [~1.1,-0.79] @ [~0.063,+0.36] | "¢, [-0.038,+0.034] © [+0.34, +0.42
v -0.0053, +0.017] 0,021, +0.018] e [—0.046, +0.031] & [+0.35, +0.42]
T pp Rt R gxV [—0.046, +0.033] & [+0.35, +0.42]
eny [~0.057,40.013] [—0.057,+0.061] gV [—0.044, +0.0049]
eV [—0.076, +0.11] [-0.12,+0.11] mm\% [—0.079,40.11]
euV [—0.0077, 4+0.0042] [—0.0077, +0.0083] enV [—0.0064, 0.0053]
a4,V
eV — eV | [20.069,+0.38] [~1.3,-0.91] & [-0.072, +0.38] || %, [~0.036,+0.031] & [+0.30, +0.39]
eV cdV | 20,0058, +0.018] [-0.029, +0.019] “pu [~0.040, +0.038] & [+0.31, +0.39]
T Tha edV [—0.041, +0.043] & [+0.31, 4+0.39]
eV [—0.058, +0.014] [—0.058, +0.098] eV [—0.054, +0.0045]
edV [—0.079, +0.11] [-0.16,+0.11] edV [—0.051, +0.11]
o [—0.0087, +0.0051] [—0.0087, +0.015] Gl [—0.0075, +0.0046]

Table 6.5: 90% allowed ranges for the vector NSI couplings mm% and mmm\ as obtained from the global analysis of oscillation data (left columns, applicable to

NSI induced by mediators with My,e.q < 5 MeV) and also including data from CEvNS experiments (right columns, applicable to NSI induced by mediators with
Miea 2 50 MeV). The results are obtained after marginalizing over oscillation and the other matter potential parameters either within the LMA only (612 < 45°)
and within both LMA (612 < 45°) and LMA-D (12 > 45°) subspaces respectively (this second case is denoted as LMA @ LMA-D). Notice that once CEvNS
data is included the two columns become identical, since for NSI couplings with f = u, d the LMA-D solution is only allowed well above 90% CL.
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Allowed ranges at 90% CL (1-parameter)
GLOB-0SC

—2.1,-1.8] @ [-0.19, +0.13] —edA

—2.2,-1.7) @ [-0.26, 40.18] —edA

866 [
€ [
ey [-2.1, -1.8] & [-0.20, +0.15] _edA
ebA | [-1.5,—1.2] © [-0.16,4+0.12] @ [+1.4, +1.7] || —eLA
3
3

wA 1.5, -1.3] & [-0.13,+0.10] & [+1.4,+1.7] || —e&4
u,A [—0.085,4+0.11] & [+1.6, +1.9] —ehA

Table 6.6: 90% CL bounds (1 d.o.f., 2-sided) on the effective axial-vector NSI couplings with quarks.
The bounds are derived from the global analysis of oscillation data including the effect of NSI in the
SNO NC cross section and assuming only one NSI coupling different from zero at a time. As explained
in Sec. 6.2.1, these bounds apply to models with Myeq = 3 MeV.

around 5‘1’ = 0 and €%/ = —2. For flavour off-diagonal NSI it is formed by solutions

around 5%& 5 = 0and EZ’Q 5 = T4Re(p339) / (P5nC+p35°). For e (and similarly for %)

this last condition corresponds, in fact, to two distinct solutlons both around |5‘1’ | #0
and two possible signs, due to the two different signs of peNO for the two CP-conserving
values of dcp € {0,7}. On the contrary, pix© takes very similar values for dcp € {0, 7},
and consequently for eijA the two non-zero solutions closely overlap around 5“‘4 ~ 1.7

(bt ~ —1.7).

6.2.4 Constraints on NSI with quarks and electrons: effective NSI in the
Earth

Let us now discuss the most general case in which NSI with quarks and electrons are
considered, parametrized by the angles n and ¢ introduced in Eqs. (5.7) and (5.8). We
focus on vector NSI because in this case the interplay between matter and scattering
effects, and therefore the dependence on the couplings to charged fermions involved, is
expected to play a most relevant role.

In this framework, it is useful to quantify the results of our analysis in terms of the
effective NSI parameters which describe the generalized Earth matter potential, which are
in fact the relevant quantities for the study of long-baseline and atmospheric oscillation
experiments. The results are displayed in Fig. 6.11 and on the right column in Table 6.7
where we show the allowed two-dimensional regions and one-dimensional ranges of the
effective NSI coefficients for the global analysis of oscillation and CEvNS data, after
marginalizing over all other parameters. Therefore what we quantify in Fig. 6.11 and the
right column in Table 6.7 is our present knowledge of the matter potential for neutrino
propagation in the Earth, for NSI induced by mediators heavier than Mp.q = 50 MeV
(as discussed in Sec. 6.2.1) and for any unknown value of n and (. Technically this is
obtained by marginalizing the results of the global x? with respect to n and ¢ as well, and
the Ax? functions plotted in the figure are defined with respect to the absolute minimum
for any 1 and ¢ which lies close to n ~ —45° and ¢ ~ 10°.

From these results we see that the allowed ranges for the diagonal ¢® parameters are
composed of two disjoint regions. However let us stress that they both correspond to
the LMA solution since neither of them falls within the LMA-D region (which requires
ed—el, = —2). In fact, the LMA-D solution is ruled out beyond the CL shown in Fig. 6.11
and, as will be discussed in Sec. 6.2.5 in more detail, the combination of oscillation data
with CEvNS results for different nuclear targets is required to reach this sensitivity.
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90% CL

Allowed ranges at Awwﬁ Ohv marginalized

GLOB-0OSC w/o NSI in ES

GLOB-OSC w NSI in ES + CEvNS

[—3.1, \wm_w_ 1,

—1.88 0.1 0.17
(N A s anthi ey e

20.40, 4-2.6]

002 a#o.osg
[—0.075, +0.080))

[-0.11,—0.02 w [40.045, +0.135]
[—0.32,+0.40])
—0.22, 4+-0.088
[—0.49, +0.45]
—0.0063, +0.013
[—0.043,+0.039]

£® —0.19,+0.20] @ [+0.95, +1.3
ce || ([-0.23,40.25] & [+0.81,41.3])
o0 —0.43,40.14] ® [+0.91,+1.3
e | ([-0.29,40.20] & [+0.83,41.4])
£® —0.43,40.14] ® [+0.91, +1.3
|| ([~0.29,40.20] & [+0.83, 4+1.4])
c® —0.12,4-0.011

e [~0.18, +0.08]

£ —0. 9+o 083

er [—0.25, +0.33]

£® —0.0047,+0.012

T [—0.020, +0.021]

Table 6.7: 90% and 99% CL bounds (1 d.o.f., 2-sided) on the effective NSI parameters relevant for matter effects in LBL experiments with arbitrary values of
n and (, obtained after marginalizing over all other NSI and oscillation parameters. The bounds on the left (right) column are applicable to NSI induced by

mediators with masses Mpeq < 500 keV (M,

med <, > 50 zg\v

100



Jodo Paulo Pinheiro. Testing the three massive neutrino paradigm

101

0.04
0.02
[t
W
-0.02
-0.04

Eur

1.20
0.80
3040
W 0
-0.40
-0.80

GLOB-OSC w NSI in ES+CEvNS Ay? = 2.30 ==
GLOB-0SC w NSI in ES+CEvNS Ay? = 6.18 ==
NSI from mediators with M,,q 2 50 MeV

-0.40 0 0.40 1.20

-0.02 0 0.02

-0.40 0 (/];)(] 120 -04-02 0 02 04 -04-02 0 0204 -06 0 06 12

0.40 '::
5
o0 e
éﬁ;‘v 0 30 =<
-0.20 20 <
040 10
0.0
0.40 ":j
0.20 N
- 10y
ﬁ: o - . . 30 =<
" 020 209
-0.40 1.0
0.0
% 6.0
080 L ‘ 9 ‘ :E:
. ~
apon 0%
2.
040 TE:
080 o
@

=B - =B

Err Spr Epp Ser Eep “ee

Figure 6.11: Constraints on the effective generalized NSI in the Earth matter (relevant for matter effects
in LBL experiments) with arbitrary values of n and ¢. Each panel shows a two-dimensional projection
of the allowed multi-dimensional parameter space after minimization with respect to the undisplayed
parameters. The contours correspond to 1o and 20 (2 d.o.f.).

Conversely, for mediators with masses M,.q < 500 keV, effects on ES and CEvNS
experiments would be suppressed even if NSI involve couplings to both quarks and elec-
trons, and the only effect of NSI will be the modification of the matter potential in
neutrino oscillations. The same holds for NSI with quarks only (i.e., for ( = 0) induced
by mediators with masses M,.q < 10 MeV. Since in the matter potential the effects for
protons or electrons are indistinguishable, the allowed ranges of the effective 52‘35 are the
same in both scenarios, which are given on the left column in Table 6.7 (and included
in Fig. 6.10). As discused in Sec. 5.1.1, in this case the analysis can only constrain the
differences between flavour-diagonal NSI coefficients. Furthermore, the allowed range of
e® — 5??“ contains a disjoint interval around —2 (which at 90% CL further splits into two
sub-intervals as seen in the table) corresponding to the LMA-D solution, which is well
allowed in these scenarios. We will discuss this in more detail in Sec. 6.2.5.

We finish this section by discussing the impact of NSI in this general framework (where
we allow couplings to quarks and electrons simultaneously) on the determination of the
oscillation parameters in the solar sector. This is shown in Fig. 6.12, where we see that
the determination of the oscillation parameters within the LMA region, which is the
region favored by the fit, is rather robust even after the inclusion of NSI couplings to
both quarks and electrons. Comparing the blue and red regions in the figure we see that
the inclusion of data from atmospheric and LBL experiments is important to reach such
robustness. This had been previously shown in Refs. [195, 196] for NSI with quarks only;
here we conclude that the same conclusions hold also in presence of NSI with electrons,
as long as their impact on ES is accounted for in the fit. Also, the allowed LMA regions
are not very much affected by the addition of the CEvNS data and it is very close to that
of the oscillation analysis without NSI. As also shown in the figure, the LMA-D is only
allowed at 97% CL or above (for 2 d.o.f.). The current status of the LMA-D region is
discussed in more detail in the next section.
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Figure 6.12: Two-dimensional projections of the allowed regions (at 90% and 30 CL) onto Am?2, and ;2

parameters, after marginalizing over all other oscillation parameters and over NSI couplings to quarks

and electrons. Red regions correspond to the analysis of KamLAND and Solar data; blue regions include

all oscillation data; and green regions include all oscillation and CEvNS data. In all cases, NSI effects

on ES are fully accounted for in the fit. For comparison, the empty contours (solid black lines) show the
corresponding regions for the global oscillation analysis without NSI.

6.2.5 Present status of the LMA-D solution

In this section, we discuss in more detail the present status of the LMA-D region in light
of all available data, for models leading to NSI couplings to quarks and electrons simul-
taneously. We start by exploring the dependence of the presence of the LMA-D solution
on the specific combination of couplings to the charged fermions considered. In order to
do so it is convenient to introduce the functions x?,4 (7, ¢) and xZyiap (1, ¢) which are
obtained by marginalizing the x? for a given value of 1 and ¢ over both the oscillation and
the matter potential parameters within the regions #,5 < 45° and 615 > 45°, respectively.
With this, in the left (central) panels of Fig. 6.13 we plot isocontours of the differences
XEata (1, €)= Xio-nst (XFara-p(7: €) — Xfonst) Where X7, g is the minimum x* for standard
3v oscillations (i.e., without NSI). In the right panels we plot xZyap (7, C) — XZaa (1, €)
which quantifies the relative quality of the LMA and LMA-D solutions. In each row in
this figure we include only a subset of the data as indicated by the labels.

The upper panels of Fig. 6.13 show the results when only oscillation data is analyzed
accounting for the effects of NSI on the matter potential, but without including the effect
of NSI in the ES cross sections in Borexino, SNO, and SK. As outlined in Sec. 6.2.1, these
results would therefore apply to NSI models with very light mediators, My,.q < 500 keV.
In this scenario (as shown in Sec. 5.1.1) only the combination of NSI couplings to electrons,
protons and neutrons, parametrized by the effective angle " in Eq. (5.17), is relevant.
Therefore the Ax? isocontours are curves along tann’ = tann / (cos ( +sin () = constant.
From the upper left panel we see that for most of (n, () values, the inclusion of NSI leads
only to a mild improvement of the global fit to oscillation data (xZya(17,¢) — X2ons1 >
—4). As discussed in Ref. [196] (Addendum), with the updated SK4 solar data the
determination of AmZ, in solar and in KamLAND experiments are fully compatible at
< 20 level. The inclusion of NSI only leads to an overall better fit at a CL above
20 (but still not statistically significant in any of the different data samples) for ((,n)
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Figure 6.13: Isocontours of x{ npa (7€) = Xio-nsts XEara-p (7€) = Xoo-nst and XEara-p (7€) = XEnan (1)
of the global analysis of oscillation data without including NSI in the ES cross sections at Borexino,

SNO, and SK (upper panels), and including the NSI in the ES cross sections at Borexino, SNO, and
SK (middle panels). The lower panels shows of the result adding the data from CEvNS experiments.
We show projections in the plane of angles ((, 1) (after marginalization of all other parameters) which
parametrize the relative strength of the NSI couplings to up-quarks, down-quark, and electrons. The
levels corresponding to the different colours are given on the color bar on the right. Contours beyond
20 are white. In each panel the best-fit point is marked with a star (middle and bottom rows) or by a
solid black line (upper row). Results in the upper row are applicable to NSI induced by mediators with
Mined < 500 keV; in the middle row, for models with My,eq 2 10 MeV; and in the lower row, for models
with Mpyeq 2 50 MeV, see Sec. 6.2.1 for details.

along the darker band. In particular the best fit lies along tann’ ~ —1 / Y =~ —0.95

(7' &~ —43.6°) for which NSI effects in the Earth matter cancel, so there is no constraint
from Atmospheric and LBL experiments on the NSI which can lead to that slightly better
fit to Solar + KamLAND data within the LMA solution. The central and right panels
show the status of the LMA-D solution in this scenario. We find that LMA-D provides a
good solution in most of the (7, ¢) plane. The LMA-D is only very disfavoured for (¢, )
along the band with 2.75 < tann’ < —1.75. For these values the NSI contribution to the
matter potential in the Sun cancels in some point inside the neutrino production area
and therefore the degeneracy between NSI and the octant of 615 cannot be realized.

The impact of including NSI in the ES cross section in Borexino, SNO, and SK can
be seen in the middle row panels in Fig. 6.13. Since these panels include the effect of
NSI in ES, they apply to NSI models with mediator masses 10 MeV < Mpyeq S 50 MeV.
The main effect is that the  values for which the LMA-D solution is allowed become
very restricted (in fact the best fit point for all panels are always close to ( = 0) as long
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Figure 6.14: Dependence of xZya.p(m,¢) — XZpa(7,¢) on 7 after marginalizing over ¢ for different
combination of experiments as labeled in the figure.

as 1 does not approach 90°; and consequently the dependence of ( is heavily suppressed.
Thus, once the effect of NSI in the ES cross section is included, the results are not very
different from those obtained for ¢ = 0 (no coupling to electrons) in Refs. [122, 196]. The
middle and right panels in this row also illustrate how, as long as only oscillation data
is included, the LMA-D solution is still allowed with a CL comparable and even slightly
better than LMA.

The lower panels in Fig. 6.13 include the combination of all data available and are
therefore applicable to NSI with mediators above M,.q = 50 MeV. When comparing the
LMA (LMA-D) to the SM hypothesis (i.e., no NSI) we find that the global minimum of
the fit is better (comparable) to that obtained in absence of NSI, as shown in the middle
and left panels. However, we also see that the inclusion of the CEvNS data in the analysis
severely constrains the LMA-D solution. Quantitatively we find that LMA-D becomes
disfavoured with respect to LMA with Ax? > 4.7 for any value of (1, () (right panel) and
it is only allowed® below Ax? = 9 for very specific combinations of couplings to quarks
and electrons, —2.5° < ( < 1.5° and —29° < n < —13°.

To further illustrate the role of the different experiments in this conclusion we show
in Fig. 6.14 the projection of x%,ia.p(1,¢) — X4 (1, ¢) on 7 after marginalizing over ¢
(which, as discussed above, it is effectively not very different from fixing ¢ = 0). The figure
illustrates the complementarity of the CEvNS data with different targets. As discussed
in Sec. 5.1.2, the effects of NSI in CEvNS on a given target, characterized by a value of
Y,,, cancel for " = arctan(—1/Y},) (with tann” = tann/ cos( ~ tann). This corresponds
to n ~ —35.4° (V%! ~ 1.407), —39.3° (Y,A* &~ 1.222), and —38.4° (Y, ~ 1.263) for CslI,
Ar, and Ge respectively. Thus, as seen in the figure, the combination of the constraints
from CEvNS with the different targets is important to disfavour the LMA-D solution.

6Notice than this is different than what we show in Fig. 6.13, where marginalization over 7, ¢ has been performed.
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6.3 Constraining Monopole-Dipole interactions with global os-
cillation data

This section summarizes our results from the global fit to solar neutrino oscillation data
in the framework of three massive neutrinos including the new neutrino-matter interac-
tions generated by the Lagrangian in Eq. (5.52) with the four choices of pseudoscalar
couplings to neutrinos in Eq. (5.63). 7 In what respect the relevant parameter space,
Egs. (5.57) and (5.58) are a set of six coupled linear differential equations whose solution
depends on the two model parameters (mgy, glgs*) (for a = e, u, 7 or U) and the six os-
cillation parameters, 01, 03, 023, Am3,, Am2,, and dcp. However, as it is well-know, the
present determination of Am32, — derived dominantly from atmospheric, long-baseline
accelerator, and medium-baseline reactor neutrino experiments — implies that the solar
neutrino oscillations driven by Am3,/E, are averaged out. Thus in our numerical eval-
uations we fix it to its present best-fit value, but any other value would yield the same
result as long as we remain in the regime of averaged Ams3, oscillations.® In the standard
3v oscillation scenario v, and v, are totally indistinguishable at the energy scale of solar
and reactor experiments, hence also the dependence on 693 and dcp drops out in the
evaluation of the solar observables. Including the flavour dependent scalar-pseudoscalar
potential reintroduces a mild dependence on 6,3 and dcp (except for the flavour-universal
case a = U), but quantitatively the phenomenology of solar neutrino data is still domin-
ated by Am3, and 6. The dependence on 63 is much weaker than its present precision
from medium-baseline reactor experiments (in particular from Daya-Bay [93]), while the
impact of the CP phase is very marginal. So we can safely fix 6,3 to its current best-fit
value from NuFIT sin? 6,5 = 0.02203 and set dcp = 0. In what respects a3, for coupling
to specific flavours a = e, u, 7 we marginalize it within the allowed range from the global
oscillation analysis by adding a prior for sin?fy3 from NuFIT [1] to the x? function of
the solar and KamLAND experiments.” Altogether the parameter space to be explored
is five-dimensional.

We perform the analysis for both Dirac and Majorana neutrinos. Besides the different
ver, oscillation probabilities resulting from the evolution equations Eqs. (5.57) and (5.58),
there are also differences in the evaluation of the neutrino-electron elastic scattering
event rates in Borexino, SNO and SK: while for the Dirac case the produced v,z does
not interact in the detector, for Majorana neutrinos the 7,z do interact (albeit with
a different cross section than the corresponding v,; neutrinos) and such interactions
must be included in the evaluation of the event rates. Furthermore the CC event rate
at SNO can also be different for Dirac and Majorana because the 7.g interaction will
produce a positron and two neutrons which may or may not be discriminated. Lacking
the details for a proper estimation, we have performed the analysis under two extreme
hypothesis: either assuming that the e* is recognized and the whole event is rejected, or

"For the detailed description of the methodology we refer to our published global analysis NuFIT-5.0 [275] to which
we have included the data additions in NuFIT [1]; some technical aspects of our treatment of neutrino propagation in
the solar matter can be found in Sec. 2.4 of Ref. [276]. For solar neutrinos the analysis includes the total rates from the
radiochemical experiments Chlorine [147], Gallex/GNO [56], and SAGE [55], the spectral and zenith data from the four
phases of Super-Kamiokande (SK) in Refs. [60-62] including the latest SK4 2970-day energy and day/night spectrum [63],
the results of the three phases of SNO in the form of the day-night spectrum data of SNO-I [256] and SNO-II [257] and
the three total rates of SNO-III [258], and the spectra from Borexino Phase-I [67, 148] (BX1), Phase-II [68] (BX2), and
Phase-III [70] (BX3). In the framework of three-neutrino mixing the oscillation probabilities for solar neutrinos dominantly
depend on 612 and Am%l, for which relevant constraints arise from the analysis of the KamLAND reactor data, hence we
include in our fit the separate DS1, DS2, DS3 spectra from KamLAND [97].

8In fact this would allow for a reduction of the evolution equations to an effective 4 x 4 system. However from the
computational point of view the reduction from a 6 X 6 to a 4 X 4 set of equations is not substantial, so in our calculations
we stick to the complete 6 X 6 system.

90ur results, however, show that the difference in the bounds obtained marginalizing over 23 with this prior or fixing
023 to its best-fit value is very small.
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Figure 6.15: Excluded region at 90% CL in the (mg, g¥ g;U) planeby the global analysis of solar neutrino
data after marginalization over the relevant oscillation parameters (Am3;, 612) while keeping the other
oscillation parameters fixed as described in the text. Left (right) panel corresponds to Dirac (Majorana)
neutrinos. For comparison we show as yellow region the bounds on the product of couplings from the
product of the bound on g¥ from violation of weak equivalent (VEP) principle and the bounds on 9y
from either kinematic and rare effects in weak decays in laboratory experiments (LAB) or cosmology
bounds from cosmic microwave background (CMB).

that the positron is misidentified as an electron and it contributes as a CC event plus two
additional NC events because of the generated neutrons. We have verified that the final
bounds obtained under the two assumptions are the same.

Altogether we find that the inclusion of the new interaction does not lead to any
significant improvement on the description of the data, and in fact the overall best-fit
x? in the five-dimensional parameter space is the same as in the standard 3v oscillation
scenario. Consequently the statistical analysis results into bounds on the allowed range
of the scalar-pseudoscalar model parameters.

We show in Fig. 6.15 the excluded region on the parameter space for the case of
flavour-universal coupling (mg, gV gyV) derived from the global analysis of solar neutrino
and KamLAND data for Dirac and Majorana cases after marginalization over the relevant
oscillation parameters (Am3,, 01) while keeping the other oscillation parameters fixed
to their best-fit values as discussed above. We show the regions at 90% CL (2 dof, two-
sided). Notice that when reporting the bounds on the model parameters one has a choice
on the statistical criteria to derive the constraints. The reason is that the experiment is
in fact only sensitive to |gV ggU|: since the potential is helicity-flipping its effect does not
interfere with the helicity-conserving vacuum oscillation and MSW matter potential, so
the probabilities only depend on the absolute value of the couplings and on the square
of the mediator mass. Therefore, accounting for the physical boundary, it is possible to
report the limit on the absolute value of the coupling (and mass) as a one-sided limit,
which at 90% CL for 1 dof (2 dof) corresponds to Ax? = 1.64 (3.22). Conversely, if
this restriction is not imposed, the result obtained is what is denoted as a two-sided
limit, which at 90%CL for 1 dof (2 dof) corresponds to Ax? = 2.71 (4.61) and results
into weaker constraints. In what follows we list the bounds obtained with the least
constraining two-sided criterion.

As seen in Fig. 6.15 the results are quantitatively similar for Dirac or Majorana neut-
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Figure 6.16: Ax? = x*(gNgyv) — x*(92 g5v = 0) as a function of g2 gV for mg < 107 ¢V fixing all
oscillation parameters (in particular Am3,, 612 and 623) to their best-fit values. The left (central) panel
show Ax? for each of the individual solar neutrino experiments for Dirac (Majorana) neutrinos and for
the case of coupling to vy. In the central panel SNO and SNO’ label the two variants of the SNO CC
analysis for Majorana neutrinos (see text for details). The right panel show the global Ay? for four
choices of the flavour dependence of the pseudoscalar-neutrino couplings; in particular, the black lines
(coupling to vy) for Dirac and Majorana cases coincide with the corresponding “Glob” ones in left and
central panels, respectively.

rinos. In the figure we observe a change in the slope of the exclusion region for masses
mgy ~ 1071 éV. For smaller mediator masses, the interaction length is larger than the Sun
radius and the corresponding potential becomes saturated. Conversely for my > 10714 eV
the interaction range is short enough for the contact interaction approximation to hold,
in which case the analysis only depends on the combination |g gZU| / mi and the region
boundary becomes a straight line of slope two in the log-log plane.

To illustrate the relevance of the different solar neutrino experiments on these results
we plot in the left (central) panels in Fig. 6.16 the value of Ax?* = x*(g) g5V ) —x* (g gV =
0) as a function of g g,V for the Dirac (Majorana) case in the effective infinite-range in-
teraction limit for each of the individual solar neutrino experiments, fixing all oscillation
parameters (in particular Am3,, 612 and y3) to their best-fit values. We see from the
figure that the constraints are driven by the experiments sensitive to the lowest energy
part of the solar neutrino spectrum (i.e., to the pp flux), which correspond to the spec-
tral data of phase-II of Borexino (BX2 in the figure) and the event rates in Gallium
experiments (Ga). Conversely, those most sensitive to the higher energy part of the solar
spectrum (i.e., the ®B flux), such as the spectral information of Super-Kamiokande and
SNO and the total rate in Chlorine (Cl), yield weaker sensitivity to the new interaction.
As a consequence the combined constraints for Majorana neutrinos are the same for both
variants of the SNO CC analysis (labeled as SNO and SNO’ in the figure). Furthermore,
since the oscillation parameters Am3, and 0}, are dominantly determined by KamLAND
reactor data as well as SNO and SK solar neutrino data, their determination is very little
affected by the inclusion of the new interaction, and the allowed ranges that we found in
this five-parameter analysis are exactly the same as in the standard 3v oscillation.

The right panel illustrates the dependence of the combined bounds on the assumption
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Global Solar v Solar 7,

Dirac Majorana Majorana
a=ec || 15x1073 [ 1.7 x 1073 || 1.1 x 10733
lgY gy = 3.6 x 1073* | 4.3 x 1073+ || 7.6 x 10734
for my <1070 eV | a = 3.6 x1073 | 6.3x 1073 | 7.9 x 1073
a=U || 7.6 x1073% | 9.6 x 1073% || 3.2 x 10734
a=e || 1.3x10731 [ 25 x 10731 || 1.9 x 10731

N vq

Ww'/";o—m'evg || 2.0x 1073 | 5.0 x 10731 || 2.5 x 1073
for mg > 10714 eV | a = 2.0 x 10731 | 7.9 x 10731 || 2.5 x 10731
a=U || 6.3x10732 | 1.3 x 1073 || 7.0 x 1032

Table 6.8: Bounds from the different analysis in the two asymptotic regimes, effective infinite interaction
range and contact range respectively, and for the four choices of flavour dependence. For the global solar
analysis the bounds shown are obtained at 90% CL (1 dof, two-sided), Ax? = 2.71. The bounds from
the antineutrino flux constraint are obtained from the 90% CL experimental constraints in Eq. (6.12).
See text for details.

for the neutrino flavour of the pseudoscalar coupling for the four choices in Eq. (5.63).
As seen the variation in the bounds is below O(10). As expected the difference is larger
between coupling to v, and to v, (or ;) because the coupling to v, has larger effect on P,
which gives the dominant contribution to the event rates in solar neutrino experiments.
We notice in passing that the small variation between the bounds for couplings to v, and
v, is dominantly due to the non-zero value of 6;3.1°

Finally we list in table 6.8 the 90% CL (1 dof) bounds obtained from the global analysis
of solar data in the two asymptotic regimes and for the four choices of flavour dependence
after marginalization over the three relevant oscillation parameters Am32,, 015 and 0as.

6.3.1 Bounds from solar antineutrino constraints

Turning now to the bounds derived from the non observation of a flux of solar antineut-
rinos, we plot in the left panel in Fig. 6.17 a compilation of the model-independent limits
on v, flux of astrophysical origin as reported by KamLAND [277], Borexino [278] and
Super-Kamiokande [279-281]. In the same panel we also show the predicted flux in the
presence of the helicity-flip potential for several model parameters. From the figure we
see that the most stringent upper bounds on 7, come KamLAND [277] and Borexino [278]
which constraint the 7, flux from the 8B reaction by

KamLAND: @.% < 60 cm™2s7! at 90% CL for E, > 8.3 MeV,
Borexino: ®.P <138 em™?s7! at 90% CL for B, > 7.8 MeV

(6.10)
(6.11)

which the experiments translated into a bound on the corresponding integrated oscillation
probabilities

fEthres ®8B(EV) O-(EV) PVeL*)DeR (EV> dEV

Plv.—7.) =
( ) Je, $sp(E,) o(E,) dE,
-5 _
< 4.1 x 10 for Finres = 8.3 MeV (6.12)
7.4 x107° for Fies = 7.8 MeV

where we have used the normalization of the ®sg(E, ) of the latest version of the SSM [146,
167] which results in the slight difference in the bounds on the probabilities in Eq. (6.12)

101n fact, it can be shown that in the limit 813 = 0 the x2 function depends on gévg;”, gé\]g;'T and 623 only through the

effective combination gévgz‘” cos? 023 Jrgé\’gzT sin? f23. In the general case 013 # 0 such relation becomes only approximate.
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Figure 6.17: Left: Limits on 7, flux of astrophysical origin, as reported by KamLAND [277],
Borexino [278] and Super-Kamiokande [279-281]. For comparison, we show the expected solar 7, flux
for several values of the model parameters as labeled in the figure. Right: Excluded region on the
(myg, gy gZU) plane obtained for Majorana neutrinos obtained from the 90% CL constraint reported by
KamLAND [277] and Borexino [278], Egs. (6.10) and (6.11) (see text for details). For comparison we
show as yellow region the bounds on the product of couplings from the product of the bound on g
from violation of weak equivalent (VEP) principle and the bounds on g; from either kinematic and rare
effects in weak decays in laboratory experiments (LAB) or cosmology bounds from cosmic microwave
background (CMB).

with respect to those quoted by the experimental collaborations.

We show in the right panel of Fig. 6.17 the constraints on the model parameters
obtained by the projection of the bounds in Eq. (6.12). For concreteness, in this case,
we fix the oscillation parameters to their best-fit values; however, as already noted, the
dependence of the bounds on the oscillation parameters is very mild within their allowed
ranges from global oscillation analysis [1, 275]. We show the results for pseudoscalar
coupling to vy, but similar bounds apply to the other cases (see Table 6.8 for the results
obtained with the different flavour assumptions in Eq. (5.63)). As seen from the figure, the
bounds imposed with KamLAND and Borexino constraints are very similar. In addition,
we notice the expected mass independent asymptotic behaviour for effectively infinite
range interactions when my < 10719, as well as the dependence on |gNgsv| /m3 in the
contact interaction regime for my > 107 eV.

6.4 Summary

Using Borexino Phase II data (Section 6.1), we derived constraints on non-standard in-
teractions (NSI), neutrino magnetic moments (NMM), and light mediators. For NSI, we
accounted for flavor-diagonal and off-diagonal couplings using a density matrix formalism
(Eq. (5.9)), resolving degeneracies between oscillation and interaction effects. Simultan-
eous inclusion of all vector/axial couplings relaxed bounds compared to single-parameter
analyses (Figs. 6.2, 6.3; Tables 6.1, 6.2). Vector NSI with electrons eliminated the LMA-D
solution, enabling independent determlnatlon of e,V

NMM bounds (Egs. (6.3), (6.4)) aligned with prior results, validating our x? imple-
mentation. Light mediators (M < 0.1 MeV) yielded mass-independent 90% CL limits:

195751 <63x 1077, |grs M| < 5.8 x 1077,

6.13
g™ < 1.4 x 10~ 6, g™ < 2.2 x 1076 (6.13)
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For heavy mediators (M 2 MeV), contact-interaction bounds scaled as (g/M)™:
l92/|/Mz < 1.4 x 107 MeV ™', |gs,|/M < 2.5 x 107 °MeV . (6.14)

In Section 6.2, we combined neutrino oscillation data (excluding T2K/NOvA CPV
results) with CEvNS datasets (COHERENT, Dresden-II) and constrained vector/axial
NSI couplings to e, u,d quarks. From this study, the main results can be resumed as:

e Vector NSI in matter potential allowed LMA-D solutions unless ES detection effects
(Borexino, SK, SNO) were included (Fig. 6.13). CEvNS data disfavored LMA-D
beyond 20 for quark-coupled mediators (Fig. 6.14).

« Oscillation parameters remained robust under NSI inclusion (Fig. 6.12).
« Axial NSI bounds were weaker than vector counterparts (Fig. 6.9; Table 6.4).

Earth matter potential projections for atmospheric and LBL experiments are shown in
Fig. 6.11 and Table 6.7.

In Section 6.3, we discussed how global solar neutrino data provide stringent con-
straints on spin-zero mediators with pseudoscalar neutrino couplings (g, ) and scalar nuc-
leon couplings (¢Y). The induced SFP potential, dominant at low neutrino energies, is
constrained by global solar+KamLAND analyses (Dirac/Majorana cases) and solar 7,
flux limits (Majorana). Our bounds (Figs. 6.15, 6.17) surpass previous constraints for
ultralight mediators (mg < 10712 eV):

« For my < 107" eV: Solar bounds exceed CMB limits (gi <7 x 1077 [282]).

« For 107" < my/eV < 107%: Exceed laboratory limits (gre < 3 x 1072 [283, 284])
and equivalence principle tests [285, 286].
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Chapter 7

Determination of the Solar Neutrino
Fluxes and addressing Gallium
Anomaly

In Chapter 3, we discussed briefly solar neutrinos and what their main mechanisms of
production are, pp-chain and CNO cycle. In this chapter, we will dig deep into the
understanding of solar neutrino fluxes and how we can use neutrino data to determine
them and incorporate the latest results from both solar and non-solar neutrino experi-
ments. Specifically, in Sec. 7.1 we work in the context of three-neutrino oscillations and
present the results of a SSM independent analysis where the normalization of the various
neutrino-producing nuclear reactions is determined solely from experimental data, with
no other theoretical input than the imposition of the luminosity constraint which links
together the neutrino fluxes and the thermal energy produced by each nuclear reaction in
the Sun (and accounts for the fact that the overall amount of generated thermal energy
must match the observed solar radiated luminosity). We then relax also such constraint
and check it against neutrino data, finding that there is indeed excellent experimental
agreement between the observed luminosity and its neutrino-inferred value. In Sec. 7.2
we extend our analysis to sterile neutrino models and address the issue of the Gallium
anomaly as described in Section 3.6, performing consistency tests to assess the level of
incompatibility between the 3+1 neutrino scenario invoked to explain the results from
Gallium source experiments and the strong constraints for light-sterile neutrinos that
come from solar data. In the end of such section we also comment on the implications
that assuming at face value the sterile solution of the Gallium anomaly would have on
the mechanism for energy production in the Sun.

7.1 Determination of solar neutrino fluxes

7.1.1 Solar Neutrino Fluxes: State of the Art

Following the discussion in Section 3.1, the pp-chain five fusion reactions among elements
lighter than A = 8 produce neutrinos which are labeled by the parent reaction as pp,
"Be, pep, ®B, and hep neutrinos. In the CNO-cycle the abundance of C and N acts as
a catalyst, and the N and O beta decays provide the primary source of neutrinos,
while !"F beta decay produces a subdominant flux. For each of these eight processes the
spectral energy shapes of the produced neutrinos is known, but the calculation of the
rate of neutrinos produced in each reaction requires dedicated modeling of the Sun.
The detection of solar neutrinos, with their extremely small interaction cross sections,
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enables us to see into the solar interior and verify directly our understanding of the
Sun [287] — provided, of course, that one counts with an established model of the physics
effects relevant to their production, interaction, and propagation. The SM was thought
to be such an established framework, but it badly failed at the first attempt of this task
giving rise to the so-called “solar neutrino problem” [288, 289]. Fortunately, we stand
here, almost fifty years after that first realization of the problem, with a different but well
established framework for the relevant effects in solar neutrino propagation. A framework
in which the three flavour neutrinos (v., v,, v,) of the Standard Model are mixed quantum
superpositions of three massive states v; (i = 1,2, 3) with different masses. This allows for
the flavour of the neutrino to oscillate from production to detection [290, 291], and for non-
trivial effects (the so-called LMA-MSW [193, 194] flavour transitions) to take place when
crossing dense regions of matter. Furthermore, due to the wealth of experiments exploring
neutrino oscillations, the value of the neutrino properties governing the propagation of
solar neutrinos, mass differences, and mixing angles, are now precisely and independently
known.

Armed with this robust particle physics framework for neutrino production, propaga-
tion, and detection, it is possible to turn to the observation of solar neutrino experiments
to test and refine the SSM. Unfortunately soon after the particle physics side of the ex-
ercise was clarified, the construction of the SSM run into a new puzzle: the so called
“solar composition problem”. In brief, SSMs built in the 1990’s using the abundances
of heavy elements on the surface of the Sun from Ref. [163] (GS98) had notable suc-
cesses in predicting other observations, in particular helioseismology measurements such
as the radial distributions of sound speed and density [43, 48-50]. But in the 2000’s new
determinations of these abundances became available and pointed towards substantially
lower values, as summarized in Ref. [164] (AGSS09). The SSMs built incorporating such
lower metallicities failed at explaining the helioseismic observations [292]. For almost two
decades there was no successful solution of this puzzle as changes in the modeling of the
Sun did not seem able to account for this discrepancy [52, 293, 294]. Consequently two
different sets of SSMs were built, each based on the corresponding set of solar abund-
ances [52, 53, 165].

With this in mind, in Refs. [69, 295] we performed solar model independent analysis
of the solar and terrestrial neutrino data available at the time, in the framework of three-
neutrino masses and mixing, where the flavour parameters and all the solar neutrino fluxes
were simultaneously determined with a minimum set of theoretical priors. The results
were compared with the two variants of the SSM, but they were not precise enough to
provide a significant discrimination.

Since then there have been a number of developments. First of all, a substantial
amount of relevant data has been accumulated, in particular the full spectral informa-
tion of the Phase-II [68] and Phase-III [70] of Borexino and their results based on the
correlated integrated directionality (CID) method [73]. All of them have resulted into
the first positive observation of the neutrino fluxes produced in the CNO-cycle which are
particularly relevant for discrimination among the SSMs.

On the model front, an update of the AGSS09 results was recently presented by the
same group (AAG21) [166], though leading only to a slight revision upwards of the solar
metallicity. Most interestingly, almost simultaneously a new set of results (MB22) [167],
based on similar methodologies and techniques but with different atomic input data for
the critical oxygen lines among other differences, led to a substantial change in solar ele-
mental abundances with respect to AGSS09 (see the original reference for details). The
outcome is a set of solar abundances based on three-dimensional radiation hydrodynamic
solar atmosphere models and line formation treated under non-local thermodynamic equi-
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librium that yields a total solar metallicity comparable to those of the “high-metallicity”
results by GS98.

Another issue which has come up in the interpretation of the solar neutrino results
is the appearance of the so-called “gallium anomaly”. In brief, it accounts for the de-
ficit of the rate of events observed in Gallium source experiments with respect to the
expectation. It was originally observed in the calibration of the gallium solar-neutrino
detectors GALLEX [56, 128] and SAGE [129, 130] with radioactive > Cr and 37 Ar sources,
and it has been recently confirmed by the BEST collaboration with a dedicated source
experiment using a °'Cr source with high statistical significance [132, 133].

The solution of this puzzle is an open question in neutrino physics (see Ref. [140)]
and reference therein for a recent discussion of — mostly unsuccessful — attempts at
explanations in terms of standard and non-standard physics scenarios). In particular,
in the framework of 3v oscillations, the attempts at explanation (or at least alleviation)
of the anomaly invoke the uncertainties of the capture cross section [134, 135, 137]. With
this motivation, in this work we have studied the (in)sensitivity of our results to the
intrinsic uncertainty on the observed neutrino rates in the Gallium source experiments
posed by possible modification of the capture cross section in Gallium, or equivalently,
of the detection efficiency of the Gallium solar neutrino experiments.

All these developments motivate the new analysis which we present in this section
with the following outline. In Sec. 7.1.2 we describe the assumptions and methodology
followed in our study of the neutrino data. As mentioned above, this work builds upon
our previous solar flux determination in Refs. [69, 295]. Thus in Sec. 7.1.2, for conveni-
ence, we summarize the most prominent elements common to those analyses, but most
importantly, we detail the relevant points in which the present analysis method deviates
from them. The new determination of the solar fluxes is presented in Sec. 7.1.3 where we
also discuss and quantify the role of the Gallium source experiments and address their
robustness with respect to the Gallium anomaly. In Sec. 7.1.4 we have a closer look at
the determination of the neutrino fluxes from the CNO-cycle and its dependence on the
assumptions on the relative normalization of the fluxes produced in the three relevant
reactions. In Sec. 7.1.5 we compare our determined fluxes with the predictions of the
SSMs in the form of a parameter goodness of fit test, and quantify the output of the test
for the assumptions in the analysis.

7.1.2 Analysis framework

In the analysis of solar neutrino experiments we include the total rates from the ra-
diochemical experiments Chlorine [147], Gallex/GNO [56], and SAGE [55], the spectral
and day-night data from the four phases of Super-Kamiokande [60-62, 255], the results
of the three phases of SNO in terms of the parametrization given in their combined
analysis [64], and the full spectra from Borexino Phase-1 [67], Phase-II [68], and Phase-
[T [70], together with their latest results based on the correlated integrated directionality
(CID) method [73]. In the framework of three neutrino masses and mixing the expected
values for these solar neutrino observables depend on the parameters Am3,, 012, and 63
as well as on the normalizations of the eight solar fluxes. Thus besides solar experiments,
we also include in the analysis the separate DS1, DS2, DS3 spectra from KamLAND [97]
which in the framework of three neutrino mixing also yield information on the parameters
Amgl, ‘912, and 913.

In what follows we will use as normalization parameters for the solar fluxes the reduced
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Flux et [em 2571 a; [MeV] Bi
PP 5.960 x 1010 13.099 0.1864 x 1071
"Be 4.854 x 10° 12.552 7.1693 x 1072
pep 1.425 x 108 11.920 1.9987 x 1073
BN 2.795 x 108 12.658 4.1630 x 1073
50 2.067 x 108 12.368 3.0082 x 10~3
7R 5.350 x 108 12.365 7.7841 x 1072
B 5.025 x 106 6.6305 3.9205 x 10~°
hep 7.950 x 10° 3.7355 3.4944 x 10~8

Table 7.1: The reference neutrino fluxes ®*! used for normalization (from Ref. [146, 167]), the energy
a; provided to the star by nuclear fusion reactions associated with the i*" neutrino flux (taken from
Ref. [296]), and the fractional contribution §; of the i*" nuclear reaction to the total solar luminosity.

quantities:
P,
fi = FHrof
@

with i = pp, "Be, pep, *N, 0, '"F, 8B, and hep. In this work the numerical values of
dref are set to the predictions of the latest GS98 solar model, described in Ref. [146, 167].
They are listed in Table 7.1. The methodology of the analysis presented in this work
builds upon our previous solar flux determination in Refs. [69, 295], which we briefly
summarize here for convenience, but it also exhibits a number of differences besides the
additional data included as described next.

The theoretical predictions for the solar and KamLLAND observables depend on eleven
parameters: the eight reduced solar fluxes fyp, ..., fhep, and the three relevant oscilla-
tion parameters Am2,, 65, 613. In our analysis we include as well the complementary
information on 63 obtained after marginalizing over Am3,, 023 and dcp the results of all
the other oscillation experiments considered in NuFIT-5.2 [254]. This results into a prior
sin? 613 = 0.0223 £ 0.0006, i.e., 613 = 8.59° (1 £ 0.014). Given the weak dependence of
the solar and KamLAND observables on 6,3, including such prior yields results which are
indistinguishable from just fixing the value of 63 = 8.59°.

Throughout this work, we follow a frequentist approach in order to determine the
allowed confidence regions for these parameters (unlike in our former works [69, 295] where
we used instead a Bayesian analysis to reconstruct their posterior probability distribution
function). To this end we make use of the experimental data from the various solar and
KamLAND samples (Dgoar and Dgampanp, respectively) as well as the corresponding
theoretical predictions (which depends on ten free parameters, as explained above) to
build the x? statistical function

(7.1)

X;lobal ((-'Uﬂum Qosc) = Xzolar(Dsolar | (f_‘jﬂuxa C:;osc) + X%{amLAND(DKamLAND ‘ (-:josc) ) (72)

with Gaux = (fopy - -+ frep) aNd Gose = (Am3,, 01, 013). In order to scan this multi-
dimensional parameter space efficiently, we make use of the MultiNest [272, 273] and
Diver [274] algorithms.

The allowed range for the solar fluxes is further reduced when imposing the so-called
“luminosity constraint”, i.e., the requirement that the overall sum of the thermal energy
generated together with each solar neutrino flux coincides with the solar luminosity [297]:

Lo <
E@ﬁﬁ_z%@' (7.3)

i=1

Here the constant «; is the energy released into the star by the nuclear fusion reactions
associated with the i*" neutrino flux; its numerical value is independent of details of the
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solar model to an accuracy of one part in 10* or better [298]. A detailed derivation of
this equation and the numerical values of the coefficients «; is presented in Ref. [298],
with some refinement and correction following in [296].! The coefficients employed in this
work are listed in Table 7.1. In terms of the reduced fluxes Eq. (7.3) can be written as:

Q; (I)gef

Lo /[47 (A.U.)?]

8
i=1
where [3; is the fractional contribution to the total solar luminosity of the nuclear reactions
responsible for the production of the ®*f neutrino flux. In Refs. [69, 295] we adopted the
best-estimate value for the solar luminosity L@/[47r (A.U.)?] = 8.5272x 10" MeV cm 2571
given in Ref. [298], which was obtained from all the available satellite data [299]. This
value was revised in Ref. [300] using an updated catalog and calibration methodology
(see Ref. [301] for a detailed comparative discussion), yielding a slightly lower result
which is now the reference value listed by the PDG [302] and leads to L / [4m (A.U.)?] =

8.4984 x 10" MeV em=2s™!. In this work we adopt this new value when evaluating the
B; coefficients listed in Table 7.1. Furthermore, in order to account for the systematics
in the extraction of the solar luminosity we now assign an uncertainty of 0.34% to the
constraint in Eq. (7.4), which we conservatively derive from the range of variation of the
estimates of L. In what follows we will present results with and without imposing the
luminosity constraint. For the analysis including the luminosity constraint we add a prior

8 2
(1-x )
(0.0034)?

Besides the imposition of the luminosity constraint in some of the analysis, the flux
normalizations are allowed to vary freely within a set of physical constraints. In particular:

Xt o (@) = (7.5)

e The fluxes must be positive:
o, >0 = f,>0. (7.6)

o Consistency in the pp-chain implies that the number of nuclear reactions terminating
the pp-chain should not exceed the number of nuclear reactions which initiate it [298,
303]:

Prpe + Psp < Dy, + Ppep
=  812x 1072 frp, +8.42 x 107" fap < fop +2.38 X 10 fpep . (7.7)

e The ratio of the pep neutrino flux to the pp neutrino flux is fixed to high accuracy

because they have the same nuclear matrix element. We have constrained this ratio

to match the average of the values in the five B23 SSMs (Sec. 7.1.5), with 1o Gaussian
uncertainty given by the difference between the values in the five models

Joep = 1.004 £ 0.018. (7.8)
fpp
Technically we implement this constraint by adding a Gaussian prior
2
Foep/ Fop — 1.004
XI%GP/PI)(fPP’ fpep) = ( 0.018 . (79)

1We have explicitly verified that the numerical differences between the results of the analysis performed using the original
o coefficients in Ref. [298] and those in Ref. [296] are below the quoted precision.
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o For the CNO fluxes (f®isy, Pis5g, and $i7p) a minimum set of assumptions required
by consistency are:

— The *N(p, v)'®0 reaction must be the slowest process in the main branch of the
CNO-cycle [303]:
D150 < Pusy = fiso < 1.35 fuay (7.10)

— the CNO-II branch must be subdominant:
Girp < Pisg = firp <40 fisg. (7.11)

The conditions quoted above are all dictated by solar physics. However, more practical
reasons require that the CNO fluxes are treated with a special care. As discussed in
detail in Appendix B, the analysis of the Borexino Phase-1II spectra in Ref. [66] (which
we closely reproduce) has been optimized by the collaboration to maximize the sensitivity
to the overall CNO production rate, and therefore it may not be directly applicable to
a situation where the three ¥N, O and '"F flux normalizations are left totally free,
subject only to the conditions in Egs. (7.10) and (7.11). Hence, following the approach of
the Borexino collaboration in Ref. [66], we first perform an analysis where the three CNO
components are all scaled simultaneously by a unique normalization parameter while their
ratios are kept fixed as predicted by the SSMs. In order to avoid a bias towards one of
the different versions of the SSM we have constrained the two ratios to match the average
of the five B23 SSMs values
Jrre

D150 Pirp fis0
—0.73 and 0016 = —0.98 and 2% = 0.85. 7.12
Doy M Doy Fin M (7.12)

In these analysis, which we label « CNO-Rfixed», the conditions in Eq. (7.12) effectively
reduces the number of free parameters from ten to eight, namely the two oscillation
parameters in Wy and six flux normalizations in

ngll\)T(O-Rﬁxed = (fpp7 f7B67 fpep7 f13N7 f150 =0.98 f13Na f17F = 0.85 f13Na fBBa fhep) .

In Sec. 7.1.4 we will discuss and quantify the effect of relaxing the condition of fixed CNO
ratios.

7.1.3 New determination of solar neutrino fluxes

We present first the results of our analysis with the luminosity constraint and the ratios
of the CNO fluxes fixed by the relations in Eq. (7.12), so that altogether for this case we
construct the y? function

2 — 2 — —CNO-Rfixed 2 2 ¢ —=CNO-Rfixed
XWLC,CNO-Rﬁxed - Xglobal<wOSC7 Wiux ¢ ) + Xpep/pp(fpp7 fpep) + XLC (wﬂux e ) : (713)

The results of this analysis are displayed in Fig. 7.1, where we show the two- and one-
dimensional projections of AfoLC,CNO_RﬁXQd. From these results one reads that the ranges

at 1o (and at the 99% CL in square brackets) for the two oscillation parameters are:
Amg, = 743505 [£539]) x 107%eV?,

in2 6., — +0.020 [+0.031 (7.14)

sin” 015 = 0.30070,017 [T0.007]

which are very similar to the results of NuFIT-5.2 [254] with the expected slight enlarge-
ment of the allowed ranges. In other words, within the 3v scenario the data is precise
enough to simultaneously constraint the oscillation parameters and the normalizations of
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Figure 7.1: Constraints from our global analysis on the solar neutrino fluxes for the analysis with
luminosity constraint and fixed ratios of the CNO fluxes (see Eq. (7.13)). Each panel shows a two-
dimensional projection of the allowed multidimensional parameter space after minimization with respect
to the undisplayed parameters. The regions correspond to 90% and 99% CL (2 d.o.f.). The curves in the
rightmost panels show the marginalized one-dimensional AvaLQCNO_Rﬁxed for each of the parameters.

the solar flux components without resulting into a substantial degradation of the former.
As for the solar fluxes, the corresponding ranges read:

fop = 0.996975:0655 [ 76,0005 - @y, = 5.94170:053 [T005) % 10" em™ 71,

free = 101970677 [£00i1) » P = 4.935005 [Fo20] x 107 em™ 571,

Foep = 100055015 [F0642] » Bpep = 142170655 [To060) X 10% em™ 57+,

fran = 1.25759F [£040) Dy = 3.487070 [F130) x 10° em™ 571 (7.15)
fiso = 1.22701] [15:35] D5 = 2.537095 [[0:30) x 10° em™ 571, ‘
fire = 1035550 [£038] Qg = 5.51708 [F175] x 10" em™ 571

fsp = 1.03610 050 [T0:044] » ®sp = 5207010 [F037] x 10° em™2 571,

frep = 3.8713 [137], Ppep = 3.0775 [’% 2l x 10* em ™2 571,

Notice that in Fig. 7.1 we separately plot the ranges for the three CNO flux normalization
parameters, however they are fully correlated since their ratios are fixed, which explains
the thin straight-line shape of the regions as seen in the three corresponding panels.
Compared to the results from our previous analysis we now find that all the fluxes are
clearly determined to be non-zero, while in Refs. [69, 295] only an upper bound for the
CNO fluxes was found. This is a direct consequence of the positive evidence of neutrinos
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produced in the CNO cycle provided by Borexino Phase-III spectral data, which is here
confirmed in a fully consistent global analysis. We will discuss this point in more detail
in Sec. 7.1.4. We also observe that the inclusion of the full statistics of Borexino has
improved the determination of frg, by a factor O(3).

Figure 7.1 exhibits the expected correlation between the allowed ranges of the pp and
pep fluxes, which is a consequence of the relation (7.8). This correlation is somewhat
weaker than what observed in the corresponding analysis in Ref. [295] because the spec-
tral information from Borexino Phase-II and Phase-III provides now some independent
information on f,e,. We also observe the presence of anticorrelation between the allowed
ranges of the two most intense fluxes, pp and "Be, as dictated by the luminosity con-
straint (see comparison with Fig. 7.2). Finally we notice that the allowed ranges of frp,
and fsg — the two most precise directly determined flux normalizations irrespective of
the luminosity constraint (see Fig. 7.2) — are anticorrelated. This is a direct consequence
of the different dependence of the survival probability with sin? 6, in their respective
energy ranges. °B neutrinos have energies of the order of several MeV for which the
flavour transition occurs in the MSW regime and the survival probability P,. o sin?#5.
Hence an increase in sin? 6, must be compensated by a decrease of fsg to get the cor-
rect number of events, which leads to the anticorrelation between the sin? 6, and fsg
seen in the corresponding panel in Fig. 7.1. On the contrary, most ‘Be neutrinos have
0.86 MeV (some have 0.38 MeV) and for that energy the flavour transition occurs in the
transition regime between MSW and vacuum average oscillations for which P.. decreases
with sin?615. Hence the correlation between sin? 615 and frg. seen in the corresponding
panel. Altogether, this leads to the anticorrelation observed between frp, and fsg. This
was already mildly present in the results in Ref. [295] but it is now a more prominent
feature because of the most precise determination of frg..

All these results imply the following share of the energy production between the pp-
chain and the CNO-cycle

men 00010 SR > 0 - 00BN (10

in perfect agreement with the SSMs which predict Leno / Lo < 1% at the 30 level. Once
again we notice that in the present analysis the evidence for Lono # 0 clearly stands well
above 99% CL.

We next show in Fig. 7.2 the results of the analysis performed without imposing the
luminosity constraint — but still with the ratios of the CNO fluxes fixed by the relations
in Eq. (7.12) — for which we employ

2 — —CNO-Rfixed 2
XWOLC,CNO—RﬁXed = Xglobal(wosm Whux * ) + Xpep/pp(fpp7 fpep) : (717)

The allowed ranges for the fluxes in this case are:

fop = 10380078 [+0-18] ®,p, = 6191055 [T10] x 10" em ™2 57,

fre = 1.022750%% [F0:032) B = 4.95% 0559 [T0:20) x 107 em™ 57,

foep = 1.039T0082 10197 Dpep = 1.48FLL[H0207 5 108 cm ™2 571,

fisn = 1167549 [F0-29] | Pisy = 3.327023 [F149 108 ecm 2 57!, (718
fiso = 1167015 [141) Biso = 2.417735 [Fg0) x 10° em™ 571, '
frrp = 1015048 1033, Prrp = 5.257082 1221 % 10 ecm ™2 571,

fsp = 103470030 (00311 ®sp = 51927717 [F735] x 10° em™ 571,

frep = 36117 [150], Prep = 29750 [134] x 10* em ™2 571,
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Figure 7.2: Same as Fig. 7.1 but without imposing the luminosity constraint (see Eq. (7.17)).

As expected, the pp flux is the most affected by the release of the luminosity constraint as
it is this reaction which gives the largest contribution to the solar energy production and
therefore its associated neutrino flux is the one more strongly bounded when imposing
the luminosity constraint. The pep flux is also affected due to its strong correlation with
the pp flux, Eq. (7.8). The CNO fluxes are mildly affected in an indirect way due to the
modified contribution of the pep fluxes to the Borexino spectra.

Thus we find that the energy production in the pp-chain and the CNO-cycle without
imposing the luminosity constraint are given by:

Lyp-chain _ 1.0301H0070 [+0.0T g Lowo _ 0.0075F9-0013 [+0.00801 (7.19)

— _ 11 — —
L@ 0.061 1-0.15 L@ 0.0013 [—-0.0029

Comparing Eqs. (7.16) and (7.19) we see that while the amount of energy produced in
the CNO cycle is about the same in both analysis, releasing the luminosity constraint
allows for larger production of energy in the pp-chain. So in this case we find that the
present value of the ratio of the neutrino-inferred solar luminosity, L (neutrino-inferred),
to the photon measured luminosity L is:

L (neutrino-inferred)
Lo

= 1.03875, 660 [10.15] - (7.20)

The neutrino-inferred luminosity is in good agreement with the one measured in photons,
with a 1o uncertainty of ~ 6%. This represents only a very small variation with respect to
the previous best determination [295]. Such result is expected because the determination
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Figure 7.3: Dependence of the determination of the pp and pep fluxes on the assumptions about the
Gallium source experiments included in the analysis. The upper (lower) panels show the results of
different variants of the analysis « CNO-Rfixed» with (without) luminosity constraint. See text for
details.

of the pp flux, which, as mentioned above gives the largest contribution to the neutrino-
inferred solar luminosity, has not improved sensibly with the inclusion of the full statistics
of the phases II and III of Borexino.

We finish this section by discussing the role of the Gallium experiments in these results
with the aim of addressing the possible impact of the Gallium anomaly [127, 304, 305].
As described in Section 3.6, this anomaly consists in a deficit of the event rate observed in
Gallium source experiments with respect to the expectation, which represents an obvious
puzzle for the interpretation of the results of the solar neutrino Gallium measurements.
In this work we assume the well established standard 3v oscillation scenario and in this
context the attempts at explanation (or at least alleviation) of the anomaly invoke the
uncertainties of the capture cross section [134, 135, 137]. Thus the open question posed
by the Gallium anomaly is the possible impact of such modification of the cross section
in the results of our fit.

In order to quantify this we performed two additional variants of our analysis. In the
first one we introduce an additional parameter, fqa, which multiplies the predicted event
rates from all solar fluxes in the Gallium source experiments. This parameter is left free
to vary in the fits and would mimic an energy independent modification of the capture
cross section (or equivalently of the detection efficiency). In the second variant we simply
drop Gallium source experiments from our global fit.

The results of these explorations are shown in Fig. 7.3 where we plot the most relev-
ant marginalized one-dimensional projections of Ax? for these two variants. The upper
(lower) panels correspond to analysis performed with (without) the luminosity constraint.
The left panel shows the projection over the normalization parameter fga obtained in
the variant of the analysis which makes use of this parameter. As seen from the figure,
the results of the fit favour fga close to one, or, in other words, the global analysis of
the solar experiments do not support a modification of the neutrino capture cross section
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in Gallium (or any other effect inducing an energy-independent reduction of the detec-
tion efficiency in the Gallium source experiments). This is so because, within the 3v
oscillation scenario, the global fit implies a rate of pp and "Be neutrinos in the Gallium
experiment which is in good agreement with the luminosity constraint as well as with the
rates observed in Borexino.

On the central and right panel of the figure we show the corresponding modification of
marginalized one-dimensional projections of Ax? on the pp and pep flux normalizations
which are those mostly affected in these variants. For the sake of comparison, in the
upper and lower panels we also plot the results for the fga = 1 analysis (also visible
in the corresponding windows in Figs. 7.1 and 7.2, respectively). The figure illustrates
that once the luminosity constraint is imposed, the determination of the solar fluxes is
totally unaffected by the assumptions about the capture rate in Gallium. As seen in
the lower panels, even without the luminosity constraint the impact on the pp and pep
determination is marginal, which emphasizes the robustness of the flux determination in
Egs. (7.15) and (7.18). This is the case thanks to the independent precise determination
of the pp flux in the phases I and II in Borexino. Furthermore, the small modification
is the same irrespective of whether the Gallium capture rate is left free or completely
removed from the analysis; this is due to the lack of spectral and day-night capabilities
in Gallium experiments, which prevents them from providing further information beyond
the overall normalization scale of the signal.

7.1.4 Examination of the determination of the CNO fluxes

As mentioned above, one of the most important developments in the experimental determ-
ination of the solar neutrino fluxes in the last years have been the evidence of neutrinos
produced in the CNO cycle reported by Borexino [66, 70, 73]. The detection was made
possible thanks to a novel method to constrain the rate of the 2!°Bi background. In
Ref. [66], using a partial sample of their Phase-IIT data, the collaboration found a 5.1c
significance of the CNO flux observation, which increased to 7o with the full Phase-III
statistics [70], and to about 8¢ when combined with the CID method [73].

Key ingredients in the analysis performed by the collaboration in Refs. [66, 70, 73]
(and therefore in the derivation of these results) are the assumptions about the relative
contribution of the three reactions producing neutrinos in the CNO cycle, as well as
those about other solar fluxes in the same energy range, in particular the pep neutrinos.
In a nutshell, as mentioned above, the collaboration assumes a common shift of the
normalization of the CNO fluxes with respect to that of the SSM, and it is the evidence
of a non-zero value of such normalization which is quantified in Refs. [66, 70, 73]. In
what respects the rate from the pep flux, the SSM expectation was assumed because the
Phase-III data by itself does not allow to constraint simultaneously the CNO and pep
flux normalizations.

In this respect, the global analysis presented in the previous section are performed
under the same paradigm of a common shift normalization of the CNO fluxes, but being
global, the pep flux normalization is also simultaneously fitted. For the sake of comparison
we reproduce in Fig. 7.4 the projection of the marginalized Ax}c cno-Raxea (7-13) and
AXoLc.CNO-Rfixed (7-13) on the normalization parameters for the three CNO fluxes. For
convenience we also show the projections as a function of the total neutrino flux produced
in the CNO cycle. As seen in the figure the results of the analysis (either with or without
luminosity constraint) yield a value of Ax? well beyond 30 for ®ano = 0. A dedicated
run for this no-CNO scenario case gives Ax? = 54 (33) for the analysis with (without)
luminosity constraints, and it is therefore excluded at 7.30 (5.70) CL.
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In order to study the dependence of the results on the assumption of a unique common
shift of the normalization of three CNO fluxes we explored the possibility of making a
global analysis in which the three normalization parameters are varied independently. As
mentioned above, a priori the three normalizations only have to be subject to a minimum
set of consistency relations in Eqgs. (7.10) and (7.11). However, as discussed in detail in
Sec. B, the background model in Refs. [66, 70, 73] only assumes an upper bound on the
amount of 21%Bi and cannot be reliably employed to such general analysis because of the
larger degeneracy between the 219Bi background and the *N flux spectra.

With this limitation in mind, we proceed to perform two alternative analysis (with
and without imposing the luminosity constraints) in which the normalization of the three
CNO fluxes are left free to vary independently but with ratios constrained within a range
broad enough to generously account for all variants of the B23 SSM, but not to extend
into regions of the parameter space where the assumptions on the background model
may not be applicable. Conservatively neglecting correlations between their theoretical
uncertainties, the neutrino fluxes of SSMs presented in Ref. [167] and available publicly
through a public repository [146] verify

1.00 (1 £ 0.24) 1.00 (14 0.25) B23-GS98

0.95 (1 & 0.22) 0.84(140.23) B23-AGSS09-met
J50 _ 100601 +0.21) fre _ J080(14020) B23-AAG21 (7.21)
I P (140.23) Jan 179 (1£0.22) B23-MB22-met

1.00 (1 % 0.23) 0.79 (1 4 0.22) B23-MB22-phot

Thus in these analyses, here onward labeled « CNO-Rbound», we introduce two pulls &
and & for these two ratios. Notice, however, that we could have equally defined the
priors with respect to the reciprocal of the ratios in Eq. (7.21). Hence, in order to avoid a
bias towards larger fluxes in the numerator versus the denominator introduced by either
choice, we resort instead to logarithmic priors for the ratios:

—-CNO-Rbound __
Wihux — (fppa f7Bea fpep> f13Na
flso =0.98 exp(&) flsN, f17F =0.85 exp(fg) f13N, fsB, fhep) (7.22)

and add two Gaussian penalty factors for these pulls, so that the corresponding x? func-
tion without the luminosity constraint is:
2 — .2 - —CNO-Rbound 2 5% 6%
XWOLC,CNO—Rbound = Xglobal(woscv Wiux ) + Xpep/pp(fpp7 fpep) + O'T + JT (723)
&1 &2
with ¢, = 0.26 and o¢, = 0.48, chosen to cover the ranges in Eq. (7.21). In addition fisy,
fis0, and firp are required to verify the consistency relations in Egs. (7.10) and (7.11).
The x? function with the luminosity constraint is obtained by further including the x?
prior of Eq. (7.5):
_ —CNO-Rboun
X%vLC,CNO-Rbound = X\QNOLC,CNO-Rbound + X (@ o) (7.24)
We plot in Fig. 7.4 the projection of the marginalized Ax%1c cno-Rbound (7-24) and
AX2oLC.CNO-Rbound (7-24) on the normalization parameters for the three CNO fluxes as
well as on the total neutrino flux produced in the CNO cycle. As seen in the figure,
allowing for the ratios of the CNO normalizations to vary within the intervals (7.21)
has little impact on the allowed range of the °O flux and on the lower limit of the *N
and F fluxes. As a consequence, the CL at which the no-CNO scenario can be ruled
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Figure 7.4: One dimensional projections of the global Ax? of the for the three neutrino fluxes produced
in the CNO-cycle for different assumptions as labeled in the figure. See text for details.

out is unaffected. On the contrary, we see in Fig. 7.4 that the upper bound on the *N
and '"F fluxes, and therefore of the total neutrino flux produced in the CNO-cycle, is
relaxed.? This is a consequence of the strong degeneracy between the spectrum of events
from these fluxes and those from the 2'°Bi background mentioned above, see Fig. B.3 and
discussion in Appendix B. Conversely the fact that the range of the *O flux is robust
under the relaxation of the constraints on the CNO flux ratios, means that the high
statistics spectral data of the Phase-IIT of Borexino holds the potential to differentiate
the event rates from ?O v’s from those from *N and '"F v’s. The reliable quantification
of this possibility, however, requires the knowledge of the minimum allowed value of the
210Bi background which so far has not been presented by the collaboration.

So, let us emphasize that our « CNO-Rbound» analysis have been performed with the
aim of testing the effect of relaxing the severe constrains on the CNO fluxes in the studies
of the Borexino collaboration. Our conclusion is that the statistical significance of the
evidence of detection of events produced by neutrinos from the CNO-cycle is affected very
little by the relaxation of the constraint on their relative ratios. However, their allowed
range is, and this can have an impact when confronting the results of the fit with the
predictions of the SSM as we discuss next.

7.1.5 Comparison with Standard Solar Models

Next we compare the results of our determination of the solar fluxes with the expectations
from the five B23 solar models: SSMs computed with the abundances compiled in table 5
of [167] based on the photospheric and meteoritic solar mixtures (MB22-phot and MB22-
met models, respectively), and with the [166] (AAG21), the meteoritic scale from [164]

2The allowed ranges for the fluxes produced in the pp-chain are not substantially modified with respect to the ones
obtained from the « CNO-Rfixed» fits, Egs. (7.15) and (7.18).
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Figure 7.5: Marginalized one-dimensional probability distributions for the best determined solar fluxes
in our analysis as compared to the predictions for the five SSMs in Ref. [146, 167].

(AGSS09-met), and [163] (GS98) compositions. We use both MB22-phot and MB22-met
for completeness, although the abundances are very similar in both scales, as clearly
reflected by the results in this section. A similar agreement would be found using both
the meteoritic and photospheric scales from AAG21, and therefore we use only one scale
in this case.?

SSMs predict that nuclear energy accounts for all the solar luminosity (barred about
a few parts in 10* that are of gravothermal origin) so for all practical matters the neut-
rino fluxes predicted by SSMs satisfy the luminosity constraint. Therefore we compare
the expectations of the various SSM models with the results of our analysis performed
with such constraint. In what respects the assumptions on the CNO fluxes, in order to
explore the dependence of our conclusions on the specific choice of flux ratios we quantify
the results obtained in both the « FIT=CNO-Rfixed» analysis (with y%p in Eq. (7.13))
and the « FIT=CNO-Rbounded» one (with 3 in Eq. (7.24)). For illustration we plot
in Fig. 7.5 the marginalized one-dimensional probability distributions for the best de-
termined solar fluxes in such two cases as compared to the predictions for the five B23
SSMs. The probability distributions for our fits are obtained from the one-dimensional
marginalized Axp(f;) of the corresponding analysis as Perr(fi) o< exp[—Axzm(fi)/2]
normalized to unity. To construct the analogous distributions for each of the SSMs we
use the predictions {f>M) for the fluxes, the relative uncertainties o™ and their cor-
SSM

relations p7>" as obtained from Refs. [146], and also assume gaussianity so to build the

corresponding 2y (Gaiux)
X (@) = D (Fi = [ONCGH(fi = 22 with Cup = 03 o3™pay, (7.25)
,J

from which it is trivial to obtain the marginalized one-dimensional Ax2q(f;) and con-

3The structures of these models, as well as the total neutrino fluxes and internal distributions are available at [146].
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FIT | B23-SSM FULL Be+B+CNO CNO
- n=>6 n=3 n=1
:ﬁ Ax*> par CLJo] | Ax* por  CLJo] | Ax*  pgr  CL[o]
© | AGSS09-met 145 0.024 2.3 9.8 0.020 23 7.2 0.0073 2.7
o | GS98 8.1 0.24 1.2 3.0 0.39 0.86 24  0.12 1.5
(Z) AAG21 12.5  0.052 1.9 7.8 0.05 2.0 6.2  0.013 2.5
MB22-met/phot | 7.1  0.31 1.0 22 053 0.62 2.0 0.16 1.4
"g n==8 n=>5 n=3
2 Ax* per  CL[o] | Ax*> por  CL[o] [ AX*  per _ CL[d]
£ | AGSS09-met 41 0079 1.8 9.3 0.098 1.7 72 0.066 1.8
S | GS98 6.7 057 0.57 1.7 0.88 0.14 1.6  0.66 0.44
Z | AAG21 11.7  0.16 1.4 6.8  0.24 1.2 57 0.3 1.5
© | MB22-met/phot | 5.9 0.66 0.44 1.1 0.95 0.06 1.0 0.80 0.25

Table 7.2: Results of the PG test for the different models and data samples considered. Within the given
accuracy the results for MB22-met and MB22-phot models are the same.

struct the probability Pssm(/f;) oc exp[—AxEen(fi)/2]-

In the frequentist statistical approach, quantitative comparison of a model prediction
for a set of fluxes with the results from the data analysis can be obtained using the para-
meter goodness of fit (PG) criterion introduced in Ref. [158], by comparing the minimum
value of x? function for the analysis of the data with that obtained for the same analysis
adding the prior imposed by the model.* Thus, following Ref. [158], we construct the test
statistics

2 _[2 (- —FIT 2 —FIT
AXFIT,SSM,SET = | XFrr (Woses Dhux ) + XSSM,SET(WﬂuX) .
min
—»FIT)

2 /- —SFIT
- XFIT(Wosc, Wihux

_ 2
min XSSM,SET(Wﬂux)

(7.26)

where g\ spr(@aux) is obtained as Eq. (7.25) with 4,7 (and a,b) fluxes restricted to a
specific subset as specified by “SET”. The minimization of each of the terms in Eq. (7.26)
is performed independently in the corresponding parameter space. Ax%ITSSM’SET follows
a x? distribution with n degrees of freedom, which, in the present case, coincides with
the number of free parameters in common between Xy (Gose, Wy ) and Xy s (G )-
Notice that, by construction, the result of the test depends on the number of fluxes to be
compared, i.e., on the fluxes in “SET”, both because of the actual comparison between
the measured and predicted values for those specific fluxes, and because of the change in
n with which the p-value of the model is to be computed. This is illustrated in Table 7.2
where we list the values of Axgipgoyspr for different choices of “SET” which we have
labeled as:

SET constrained fluxes

FULL (fppv f7Be7 fpep7 f13N7 f1507 f”Fv fSBa fhep) (727)
B6+B+CNO (f7Be7 f13N7 f1507 f”Fa ng)

CNO (f13N7 f1507 f”F)

Upon analyzing the data in the Table 7.2, it becomes evident that the B23-MB22
models (both the meteoritic and photospheric variations) exhibit a significantly higher
level of compatibility with the observed data, even slightly better the B23-GS98 model.
On the contrary the B23-AGSS09met and B23-AAG21 models exhibits a lower level of
compatibility with observations, with B23-AAG21 model slightly better aligned with the
data. Maximum discrimination is provided by comparing mainly the CNO fluxes for
which the prediction of both models is mostly different. On the other hand, including all

4In this respect it is important to notice that, in order to avoid any bias towards one of the models in the data analysis, in
both « CNO-Rfixed» and « CNO-Rbound» cases the assumptions on the ratios of the three CNO fluxes have been chosen to
be “model-democratic”, i.e., centered at the average of the predictions of the models (and, in the case of «CNO-Rbound»,
with 1o uncertainties covering the 1o range allowed by all SSM models).

125



Chapter 7. Determination of the Solar Neutrino Fluxes and addressing Gallium Anomaly 126

the fluxes from the pp-chain in the comparison tends to dilute the discriminating power of
the test. The table also illustrates how allowing for the three CNO fluxes normalizations
to vary in the fit tends to relax the CL at which the models are compatible with the
observations.

Let us remember that our previously determined fluxes in Ref [295] when confronted
with the GS98 and AGSS09 models of the time [52] showed absolutely no preference for
either model. This was driven by the fact that the most precisely measured ®B flux
(and also of “Be) laid right in the middle of the prediction of both models. The new
B16-GS98 model in Ref. [53] predicted a slightly lower value for ®B flux in slightly better
agreement with the extracted fluxes of Ref [295], but the conclusion was still that there
was no significant preference for either model. Compared to those results, both the most
precisely determined “Be flux and, most importantly, the newly observed rate of CNO
events in Borexino have consistently moved towards the prediction of the models with
higher metallicity abundances.

Let us finish commenting on the relative weight of the experimental precision versus
the theoretical model uncertainties in the results in Table 7.2. To this end one can envi-
sion an ideal experiment which measures f; to match precisely the values predicted by one
of the models with infinite accuracy. Assuming the measurements to coincide with the
predictions of B23-GS98, one gets Axggy sgr = 17.1 and 16.7 for SSM=B23-AGSS09-met
and SSM=B23-AAG21 with SET=FULL, which means that the maximum CL at which
these two SSM can be disfavoured is 2.20 and 2.10. Choosing instead SET=CNO these
numbers become Axggygpr = 15.0 and 14.1 for SSM=B23-AGSS09-met and SSM=B23-
AAG21, respectively, corresponding to a 3.1¢ and 3.0c maximum rejection. This stresses
the importance of reducing the uncertainties in the model predictions to boost the dis-
crimination between the models.

7.2 Confronting the gallium anomaly with solar neutrino data

The analysis presented in Section 7.1 was performed in the framework of 3v oscillations,
but the same methodology can be applied in the presence of mixing with a fourth sterile
neutrino state, thus determining the constraints on the sterile interpretation of the Gal-
lium anomaly in a way which is completely independent of the modeling of the Sun.

As mentioned in Section 3.6, an attempt to alleviate the Gallium anomaly invokes
the uncertainties of the capture cross section [134, 135, 137]. This raises the issue of
whether the estimated rate of solar neutrino events in Gallium source experiments is
really robust. To quantify the impact of such possibility, we performed two variants
of our solar neutrino data analysis. In the first one we include the results of the solar
Gallium source experiments at their nominal values as provided by the collaboration. In
the second one we introduce an additional parameter, fg,, which is varied freely in the fits
and accounts for an overall scaling of the predicted event rates in the solar Gallium source
experiments. Statistically this is equivalent to removing the Gallium source experiments
from the solar analysis, but done in this way it allows us to quantify the range of fg,
favoured by the solar data. We will return to this point in the next section.

Concerning KamLAND, we include in the analysis the separate DS1, DS2, DS3 spec-
tral data [97] (69 data points). Since KamLAND has no near detector, the theoretical
uncertainties in the calculations of the reactor neutrino spectra should be carefully taken
into account. Here we will consider two limiting cases. In the first one we will assume
some theoretically calculated reactor fluxes which will be used as input in the analysis
of the KamLAND data. We will label this analysis as «reactor flux constrained», or
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«KamLAND-RFC» in short. For concreteness we use as theoretical reactor flures those
predicted by an ad-hoc model adjusted to perfectly reproduce the spectrum observed in
Daya-Bay experiment [94] (and their uncertainties) in the absence of sterile oscillations.
Similar results would be obtained with any of the reactor flux models in the literature
as long as they are consistent with the Daya-Bay measurements in the framework of 3v
mixing. By construction this is the most limiting scenario. Alternatively one can use the
Daya-Bay reactor spectra as a truly experimental input, taking into account that at the
moment of their detection the suppression induced by the Am? ~ O(e\/2) oscillations
has already taken place (so that the neutrino flux generated by the reactor cores must be
proportionally larger). This is a more conservative scenario in which nothing is assumed
about the theoretical prediction of the reactor flux normalization. We label this analysis
as «reactor flux free», or «k KamLAND-RFF» in short.

In what respects the relevant survival probabilities, we focus here on a 341 scenario
where {vy, vy, 13} (with mass-squared splittings Am3, and Am2, as determined by the
standard 3v oscillation analysis) are dominantly admixtures of the left-handed states
{Ve, v, 17}, and a fourth massive state vy (with a mass-squared splitting Am3, ~ Am3, ~
Am?; ~ O(eV?)) is mostly sterile (i.e., not coupled to the weak currents) but has some
non-vanishing projection over the left-handed states (see appendix C of Ref. [306] for
details). We obtain the oscillation probabilities for solar neutrinos by numerically solving
the evolution equation for the neutrino ensemble from the neutrino production point to
the detector including matter effects both in the Sun and in the Earth, with no other
approximation than the assumption that the evolution in the Sun is adiabatic. We
parametrize the mixing matrix as in Ref. [306, 307]:

U = VayVas Via Va3 VisVia (7.28)

where V;; is a rotation in the ij plane by an angle 6;;, which in general can also contain a
complex phase (see appendix A of [306] for a discussion). Following Ref. [138] we make
use of the fact that that bounds from v, disappearance in atmospheric and long-baseline
neutral-current measurements render the solar neutrino data effectively insensitive to 034
and 054, hence in what follows we set 03, = 05, = 0 and obtain:

C14C13C12 C14C13512 C14513  S14

. . . 0
U= ' _ o (7.29)

—S514C13C12  —S14C13512  —S14513  C14

Under these approximations and taking into account that for the distance and energies of
solar and KamLAND neutrinos the oscillations driven by Am2, and Am3, are averaged
out, the relevant probabilities depend only on the three angles 6,5, 013, 614 as well as
Amj3,. Furthermore in [306] it has been shown that the determination of 6,3 is basically
unaffected by the presence of a sterile neutrino, so we can fix it to the best fit value
s?, = 0.02224 obtained in the 3v scenario and safely neglect its current uncertainty.
Altogether the relevant probabilities depend on three parameters: Am3,, sin®#6;,, and
sin2 914.

Finally, in the analysis of the Gallium source experiments one can set Am3, = Am2, =
0, so that the corresponding v, survival probability reduces to the well-known 2v vacuum
oscillation formula and involves only two parameters, namely the large mass-squared
splitting Am3, = Am?3, = Am?, and the mixing angle 6,:

Am? L
4E )

PGasource — 1 4in?(26,4) sin® ( (7.30)
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Figure 7.6: One-dimensional projection of the global Ax? on the mixing angle #;4 after marginaliz-
ation over the undisplayed parameters, for different assumptions on the solar neutrino fluxes as la-
belled in the legend. The first (second) [third] column corresponds to the analysis including solar-only
(solar+KamLAND-RFC) [solar+ KamLAND-RFF] data. The upper (lower) panels show the results with
fca = 1 (free fga). In all panels the black parabola is AxZ, .urce(f14) as inferred from the combined
analysis of the Gallium source experiments presented in Ref. [133]. In the rightmost lower panel we show
the dependence of Ax? on the normalization parameter fga.

Hence the only common parameter between the Gallium-source experiments and the solar
and KamLAND experiments is #;4. In what follows we will perform several compatibility
tests of the oscillation parameters allowed by solar data (both alone and in combination
with KamLAND) and those implied by the analysis of the Gallium source experiments.
To this aim we will make use of a AxZ, curce(f14) function inferred from the combined
fit of the Gallium source experiments presented in Ref. [133].

7.2.1 Results

Updated bounds with SSM fluxes

In the first round of analyses we present the results of our fits to solar data in the
framework of four different versions of the B23 standard solar models. Concretely, we
consider the SSMs computed with the abundances compiled in table 5 of [167] based
on the photospheric solar mixtures (MB-phot; the results obtained with meteoritic solar
mixtures are totally equivalent), as well as models with the solar composition taken from
Ref. [166] (AAG21), from the meteoritic scale of Ref. [164] (AGSS09-met), and from
Ref. [163] (GS98).

The results of the SSM constrained analysis are presented in Fig. 7.6 where we plot
Ax?(6y4) for different choices of the solar fluxes and of the KamLAND analysis. For
sake of comparison we also show Ax2, . .co(f14) as inferred from the combined fit of the
Gallium source experiments presented in Ref. [133]. As can be seen all variants of the
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fea=1 fca free

SSM Xog/n  p-value (x1073)  #o | xpg/n  p-value (x107%)  #o

MB-phot/GS98 14.9 0.11 3.9 13.1 0.3 3.6

Solar AAG21/AGSS09 18.7 0.2 4.3 17.3 0.03 4.2
SSM indep (wLC) 9.1 2.6 3.0 4.9 27 2.2

Solar -+ MB-phot/GS98 15.9 0.07 4.0 15.1 0.1 3.9
AAG21/AGSS09 19.4 0.1 4.4 18.7 0.01 4.3

RL-RFC | goM indep (wLC) | 135 0.23 37| 105 1.2 3.2
Solar + MB-phot/GS98 13.2 0.28 3.6 11.7 0.64 3.4
AAG21/AGSS09 17.3 0.03 4.2 16.0 0.06 4.0

RL-REE | aon indep (wLC) | 8.7 3.1 29 | 48 29 2.2

Table 7.3: Results of the PG test for the different solar flux model assumptions and the different analysis
variants.

solar (+KamLAND) data analysis favour 64 = 0, so that the fit always results into an
upper bound on the allowed range of sin? 64 which is in clear tension with the values
required to explain the Gallium anomaly. Comparing the upper and lower panels we
also see that relaxing the constraint on the normalization parameter fg, does not lead
to any significant difference in the outcome. Let us notice that fg, is a factor introduced
only in the fit of solar neutrinos, without affecting the analysis of the Gallium source
experiments, because in here we are interested in testing if relaxing some assumptions in
the solar and KamLAND analysis can lead to a better agreement with the sterile neutrino
interpretation of the results of Gallium source experiments. Studies of correlated effects
affecting the Gallium capture rate in both solar and source experiments, such as varitions
of the capture cross sections, have been presented in various works (see, e.g., Refs. [131,
134, 135, 308-311]). Statistically, allowing fg. to be free in the solar and KamLAND
analysis is equivalent to removing the solar Gallium source experiments from the fit,
as clearly visible in Fig. 7.3 where both approches have been explicitly implemented.
As explained at the end of Sec. 7.1.3, this is due to the lack of spectral and day-night
capabilities in Gallium data, which prevents them from providing further information
beyond the overall normalization scale of the signal. The advantage of performing the
analysis introducing the unconstrainted fg, factor, is that one can quantify the range
of faa favoured by the fit. Interestingly from the bottom-right panel we see that the
solar and KamLAND data always favours fg, close to one with 1o uncertainty of about
7%. In comparison, the prediction of the neutrino capture cross section in Gallium in
the different models can vary up to about 15% [131, 134, 135, 308-311]. This means
that the global analyses of solar experiments do not support a significant modification
of the neutrino capture cross section in Gallium, or any other effect inducing an energy
independent reduction of the detection efficiency in the solar experiments.

The quantitative question to address is the level of (in)compatibility of these results
from the solar (+KamLAND) analysis with those from the Gallium source experiments in
the context of the 3+1 scenario. Consistency among different data sets can be quantified
with the parameter goodness-of-fit (PG) test [158]. For a number N of uncorrelated data
sets 4, each one depending on n; model parameters and collectively depending on ngior
parameters, it can be shown that the test statistic

N N
26 = o — 3 s — min [z xf] S min (7.31)

)
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follows a x? distribution with npg = Y_; n; — ngiop degrees of freedom [158]. In this section
we have N = 2, and the relevant number of parameters are ngar(+KamrLAND) = 3 (or 4
for analysis with fg, free), ngasource = 2 and ngiopa = 4 (or 5 for analysis with fq, free).
So for all tests npg = 1, reflecting the fact that the only parameter in common between
the solar (+KamLAND) and the Gallium-source data sets is 614. We list in table 7.3 the
results of applying the PG test to the different variants of the analysis. As can be seen,
from the results in the lines labeled MB-phot/GS98 (AAG21/AGSS09) in the “Solar”
case, the analysis of the solar neutrino data performed in the framework of the SSM’s
with higher (lower) metallicity are incompatible with the Gallium source experiments at
the 3.60 (4.20) level even when allowing for a free fg,. Looking at the corresponding
lines for the “Solar+KL-RFC” and “Solar+KL-RFF” fits we see that combination with
KamLAND data results into a slight improvement or weakening of the incompatibility
depending on the assumption on the reactor fluxes.

To further illustrate the interplay between solar and KamLAND data we show in
Fig. 7.7 the two-dimensional projection of the global Ax? for the separate analysis of
solar-only and KamLAND-only results under different assumptions for the corresponding
input fluxes. From the upper left panel, as expected, we see that the determination
of Am3, in KamLAND is robust irrespective of the presence of sterile neutrinos or the
assumptions on the reactor flux normalization, since both occurrences only affect the
overall scale of the signal whereas Am3, is determined by the distortions of the energy
spectral shape. As it is well known from the results of the 3v analysis, the Am3, values
favoured by KamLAND lie in the upper 20 allowed range of the solar neutrino fit. From
the upper right panel we see that the dependence of Ax2,  on 64 within the Ams3,
interval favoured by KamLAND is flatter than at the lower Am3, values preferred by the
solar-only analysis, which means that the solar-only bound on 6,4 becomes weaker when
Amj, is constrained to the KamLAND range. In addition, the lower panel shows that in
the «KamLAND-RFF» analysis (for which no information on the absolute reactor flux
normalization is included) there is a degeneracy between 615 and 614. Such degeneracy is
expected as the KamLAND survival probability in vacuum reads

PelzamLAND ~ cos® f14(cos* 05 + sin* 03) + sin* 014

— cos* Oy cos® O3 sin?(20y,) sin®(Am3,L/E) (7.32)

so the spectral shape of the signal only provides information on the ratio of the energy-
dependent and energy-independent pieces

cos? 014 cos? 013 sin?(2015)
cost 014(cos? O3 + sin? 013) + sin? 64

(7.33)

whose isocontours precisely trace the magenta lines in the (sin2 012, sin? 6014) plane ob-
served in the lower panel. As a consequence of all this, the combination of solar+KamLAND-
RFF data leads to a slight weakening of the bounds on 6,4 compared to the solar-only
analysis, as can be seen comparing the left and right panels in Fig. 7.6 as well as the cor-
responding values of the PG test in Table 7.3. On the contrary the analysis of KamLAND
with constrained reactor fluxes can independently bound both the numerator and denom-
inator in Eq. (7.33) and therefore provides an additional constraint on 6,4, as illustrated
by the filled green regions in the lower panel of Fig. 7.7. In the end when combining
solar and KamLAND-RFC this second effect overcompensates the weakening of the solar
bound associated with the larger Am3, value, so that the solar+KamLAND-RFC analysis
results in a stronger #14 bound than the solar-only fit.
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Figure 7.7: Two-dimensional projection of the global Ax? (for fga = 1) on the relevant oscillation
parameters at 1o, 20 and 3o after marginalization over the undisplayed parameters. The full red regions

(void black contours) correspond to the analysis of solar data with MB-phot (free) fluxes, while the full
green regions (void magenta contours) correspond to the KamLAND-RFC (KamLAND-RFF) fit.

Bounds from solar model independent analysis

Let us now discuss the results of fits performed without the assumption of standard solar
model fluxes (but still retaining the condition of consistency with the observed solar lu-
minosity). As mentioned in Section 7.1, the combined analysis of present solar neutrino
experiments and KamLAND reactor data allows for the simultaneous determination of the
relevant oscillation parameters together with the normalizations ®; of the eight solar neut-

rino fluxes — five produced in the reactions of the pp-chain, 7 € {pp, "Be, pep, ®B, hep},

and three originating from the CNO-cycle, i € {ISN, 150, 17F}. In Section 7.1 we presen-
ted such determination in the framework of 3v oscillations (Eqgs. (7.3-7.12) ).

In Fig. 7.7 we show as void black contours the constraints on the oscillation parameters
from our SSM independent analysis of solar data (labeled as “SSM indep (wLC)” in
short), as obtained after marginalization over the various flux normalizations. Comparing
these contours with the full red regions (corresponding to the analysis with solar fluxes
as predicted by the MB-phot SSM) we see that the determination of the oscillation
parameters is only slightly loosened in the SSM independent fit, and in particular the
analysis still yields a strong bound on #14. The corresponding one-dimensional projections
Ax?(014) (both for solar-only and in combination with the two variants of the KamLAND
fit) are shown as dotted lines in the various panels of Fig. 7.6, and the values of the PG
tests are given in Table 7.3. From the table we read that, as long as the normalization
parameter fg, is kept to its nominal value fg, = 1, the level of (in)compatibility between
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the solar (+KamLAND) data and the Gallium source experiments is at a level 2 30.
The tension can only be relaxed to the ~ 2.2¢0 level when allowing the value of fq, to
float freely.

Implications for the v-inferred Sun Luminosity

We finish by exploring the implications that assuming at face value the sterile solution
of the Gallium anomaly would have on the mechanism for energy production in the Sun
as inferred from neutrino data. As mentioned above, pp neutrinos yield the largest con-
tribution both to L (v-inferred) (2 90%) and to the event rate of the Gallium solar
experiments (2 55%), which poses the question of what should be the deviation from
the relation in Eq. (7.3) required for solar observations to be compatible with the Gal-
lium source experimental results. In order to quantitatively answer this question we have
performed a SSM independent analysis similar to the one described above, but without
imposing the prior in Eq. (7.5). This allows us to determine the level of compatibility
between solar+KamLAND data and Gallium source experiments as a function of the
v-inferred solar luminosity, by comparing the sin? #;, range preferred by each data set.
The results are shown in Fig. 7.8. In this analysis we have kept fg. = 1 because of the
strong correlation (induced by ®,,) between the solar luminosity and the event rate in
the Gallium source experiments, which results in an almost complete degeneracy if both
Lo (v-inferred) and fg, are left free to vary at the same time. In the left panel we plot the
lo, 20, 30 (1 dof) ranges for 64 (defined with respect to the global minimum) allowed
by the combined fit of solar and KamLAND data (for both variants of the KamLAND
analysis) as a function of the v-inferred solar luminosity in units of the directly observed
L. For comparison we show as horizontal grey bands the corresponding required ranges
to explain the Gallium anomaly. As seen in the figure, for either analysis, compatibility
requires a substantial deviation of the luminosity inferred from the solar neutrino obser-
vations with respect to its value as directly determined. This is further quantified in the
right panel, which shows the increase in y? when combining together solar+KamLAND
and Ga-source data (as a function of the aforesaid luminosity ratio) with respect to the
sum of the two separate best-fits (so that by construction the minimum of each curve
yields the x3q value defined in Eq. (7.31)). As seen in the figure, for the KamLAND-RFC
case the level of compatibility is always higher than 2.8¢, while in the KamLAND-RFF
case the compatibility only drops below the 2 level if one allows L (v-inferred) to de-
viate by more than 10% from the directly determined solar luminosity. In other words,
to accommodate the sterile neutrino interpretation of the Gallium anomaly within the
present observation of solar and KamLAND neutrinos at better than the 2o level, it is
necessary to (a) make no assumption on the normalization of the reactor antineutrino
fluxes, and (b) accept that more than 10% of the energy produced in the nuclear reactions
in the Sun does not result into observed radiation — despite the fact that, as mentioned
before, the solar radiated luminosity is directly determined with 0.34% precision.

7.3 Summary

In this chapter, we have updated our former determination of solar neutrino fluxes from
neutrino data as presented in Refs. [69, 295], by incorporating into the analysis the latest
results from both solar and non-solar neutrino experiments. In particular, this includes
the full data from the three phases of the Borexino experiments, which have provided us
with the first direct evidence of neutrinos produced in the CNO-cycle.
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Figure 7.8: Left: dependence of the 1o, 20, 30 ranges of sin? f1,4 from the analysis of solar+ KamLAND
without imposing the constraint in Eq. (7.5) on the resulting neutrino-inferred solar luminosity. Fill
(void) regions correspond to solar+KamLAND-RFC (solar+KamLAND-RFF) analysis. The horizontal
grey regions illustrate the 1o, 20, 30 ranges required to explain the Gallium source results. Right: value
of Ax? from the joint analysis of solar+KamLAND and Ga-source data, defined with respect to the sum
of the two separate best-fit x2,;, as a function of the neutrino-inferred solar luminosity. In these analysis
we keep faa =1 (see text for details).

In Section 7.1, we have derived the best neutrino oscillation parameters and solar fluxes
constraints using a frequentist analysis with and without imposing nuclear physics as the
only source of energy generation (luminosity constraint). Compared to the results from
previous analysis, we find that the determination of the “Be flux has improved by a factor
O(3), but most importantly, we now find that the three fluxes produced in the CNO-
cycle are clearly determined to be non-zero, with 1o precision ranges between 20% to
~ 100% depending on the assumptions in the analysis about their relative normalization.
Conversely, in Refs. [69, 295] only an upper bound for the CNO fluxes was found. This
also implies that it is solidly established that at 99% CL, the solar energy produced in
the CNO-cycle is between 0.46% and 1.05% of the total solar luminosity.

The observation of the CNO neutrinos is also paramount to discriminate among the
different versions of the SSMs built with different inputs for the solar abundances, since
the CNO fluxes are the most sensitive to the solar composition. In this work we confront
for the first time the neutrino fluxes determined on a purely experimental basis with the
predictions of the latest generation of SSM obtained in Ref. [146, 167]. Our results show
that the SSMs built incorporating lower metallicities are less compatible with the solar
neutrino observations.

In Section 7.2, we have applied our global analyses of solar neutrino data in the frame-
work of the 341 neutrino mixing scenario commonly invoked to explain the results from
Gallium source experiments. With these fits at hand, we have performed consistency
tests to assess the level of (in)compatibility between the range of the sterile neutrino
mixing preferred by each data set, and we have studied the dependence of the results
on the different assumptions entering in the analysis. All the fits considered here have
shown compatibility (as measured by the parameter goodness-of-fit) only at the 3o level
or higher. This conclusion holds for analyses assuming solar neutrino fluxes as predicted
by any of the last generation Standard Solar Models, and irrespective of the assumptions
on the KamLAND reactor flux normalization and on the gallium capture rate. Relaxing
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the SSM constraints on the solar fluxes — while still enforcing the relation between the
observed value of the solar radiated luminosity and the total amount of thermal energy
generated by the various neutrino-emitting nuclear reactions — only improves the com-
patibility to levels below 30 when no prior knowledge in either the gallium capture rate
or the normalization of reactor neutrino fluxes is assumed. If the luminosity constraint is
also dropped, then it is formally possible to achieve a compatibility level below 20 as long
as the flux of reactor antineutrinos is left free, but such solution unavoidably requires that
more than 10% of the energy produced together with neutrinos in the nuclear reactions
of the Sun does not result into observable radiation.
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Chapter 8

Conclusion

In the quest of understanding the fundamental nature of neutrinos, this thesis has ex-
plored multidirectional approaches to address some intriguing puzzles surrounding these
ghostly particles. Neutrinos represent one of the most compelling subjects in present
particle physics due to their observed properties diverging from SM predictions (at least
the original content of the SM). The established non-zero neutrino mass necessitates
modifications to the traditional particle physics framework, as evidenced by experimental
results discussed throughout this work. This requirement has stimulated extensive exper-
imental and theoretical research aimed at uncovering the mechanisms governing neutrino
behavior and nature, leading to significant insights into physics beyond the SM.

The experimental foundation of three-neutrino mixing has been robustly confirmed
through analyses of solar, atmospheric, reactor, and accelerator-based neutrino exper-
iments, as detailed in Chapter 3. Sections 3.1, 3.2, 3.3, and 3.4 presented compre-
hensive examinations of these experimental setups, solidifying the three-flavor oscillation
paradigm. However, persistent discrepancies in gallium-based experiments (Section 3.6)
and novel measurements of coherent elastic neutrino-nucleus scattering (CEvNS, Sec-
tion 3.5) challenge the standard formalism, prompting investigations into new physics
scenarios.

Chapter 4 presented an updated global analysis of neutrino oscillation data through
September 2024, employing two dataset variants: «IC19 w/o SK-atm» (independent de-
tailed fits) and «IC24 with SK-atm» (incorporating collaboration-provided x? tables).
Key parameters 619, 013, Am3,, and |Am3,| exhibit strong constraints with relative un-
certainties of 13%, 8%, 16%, and 5-6% at 30, respectively. The mixing angle #53 remains
least constrained (20% uncertainty at 3¢), maintaining persistent octant ambiguity with
Ax? < 4 between solutions. CP-violation analyses reveal dcp ~ 180° (NO) favoring CP
conservation, while 10 favors dcp &~ 270° with 3.60—40 rejection of CP conservation. Mass
ordering preferences show Axjo no = —0.6 (IC19) versus 6.1 (IC24), reflecting competing
experimental trends and atmospheric data impacts.

Theoretical extensions beyond the SM were systematically explored in Chapter 5. Sec-
tion 5.1 established Non-Standard Interaction (NSI) formalism for neutrino oscillations
and matter effects, including discussion of LMA-D degeneracy. Section 5.2 examined
detection-level modifications from new physics scenarios, while Section 5.3 developed
monopole-dipole interaction formalisms for light scalar mediators. These frameworks
enable comprehensive analysis of vector, scalar, and pseudoscalar mediators affecting
neutrino propagation and detection.

Experimental constraints on beyond-SM scenarios were rigorously derived in Chapter 6.
Borexino Phase II data (Section 6.1) yielded NC NSI wiht electrons bounds through
density matrix formalism (Eq. (5.9)), resolving oscillation-interaction degeneracies. In
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particular, the LMA-D solution arising in the presence of vector NSI was eliminated, en-
abling independent /' determination. Neutrino magnetic moment (NMM) constraints
(Egs. (6.3), (6.4)) aligned with prior results, while light mediator analyses produced
mass-dependent limits:

195751 <63 %1077, |grs M| < 5.8 x 1077,

. . 8.1
g™ < 1.4 x 107°, g™ < 2.2 x 107° 8.1)

for M < 0.1 MeV. Heavy mediator constraints scaled as (g/M)", with |gz/|/Mz < 1.4 x
10~ MeV~'. Global fits combining oscillation and CEvNS data (Section 6.2) excluded
LMA-D beyond 2¢ for quark-coupled mediators, while maintaining oscillation parameter
robustness. Axial NSI bounds proved weaker than vector counterparts (Fig. 6.9), with
Earth matter effects quantified for atmospheric/LBL experiments (Fig. 6.11). Solar neut-
rino analyses constrained spin-zero mediators (Section 6.3), surpassing previous limits for
my < 10712 eV through SFP potential constraints.

Chapter 7 advanced solar neutrino flux determinations by incorporating Borexino’s
CNO-cycle neutrino observations. Section 7.1 achieved O(3) improvement in “Be flux
precision, establishing non-zero CNO fluxes (20%—100% uncertainties) and constraining
CNO energy contribution to 0.46%-1.05% of solar luminosity at 99% CL. Confrontation
with SSM predictions revealed incompatibilities with low-metallicity models. Section 7.2
analyzed 341 neutrino mixing scenarios for gallium anomalies, finding > 3¢ incompatib-
ility across SSM assumptions, only reaching < 20 compatibility when relaxing luminosity
constraints and reactor flux normalizations.

In summary, this thesis has pursued a multidimensional investigation into the present
limits of the standard neutrino parameters, reinforcing the robustness of the three-flavor
oscillation framework and the investigation of BSM scenarios over the most up-to-date
experimental data. Starting with a rigorous analysis of the three-neutrino oscillation
framework, this work systematically probed current limits on beyond-SM physics while
utilizing neutrino flux data to test solar models and address the unresolved gallium anom-
aly. From Pauli’s hypothetical particle to current precision experiments, neutrino physics
continues to illuminate BSM phenomena while guiding our understanding of astronom-
ical objects. The field’s future promises continued surprises, building upon the rigorous
methodologies and insights presented throughout this work.
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Appendix A

A.1 Assumed true values for the MO test

As mentioned in Sec. 4.2.3, the values of 7§ — and therefore the distribution of 7" —
depend on the unknown true value of the oscillation parameters. In principle, one needs
to consider the distribution of T for all possible values of ™" and the final p-value of
a MO hypothesis will be given by the largest one among all choices of 8", i.e., by the
weakest rejection (see the discussion in Ref. [161]). In the main text, we have assumed
that the best fit of the real data is representative of the T-distribution at the unknown
true value of #. Indeed, given the allowed regions of the oscillation parameters, we do not
expect Tj to change significantly if we vary 679 within the allowed regions at reasonable
confidence level. The only exception may be the sensitivity of LBL data as a function
of dcp, which is known to affect the MO sensitivity, especially for NOvA as shown in
Fig. 4.4.

For 10, the global fit constrains dcp reasonably well, so that we do not expect strong
variations of TiO for true values of dcp in its allowed range for 10. However, for NO,
a significantly larger range of dcp is allowed, in particular in correlation with 6s3, see
Fig. 4.7. Therefore, the question arises, whether the MO test would give largely different
results when considering true values for dcp and 93 within the allowed region for NO.

From Fig. 4.4, we see that for dcp ~ 270° and NO, the number of v, events in NOvA
is maximal, and its value cannot be obtained by any parameter choice in 10. Therefore,
we expect best sensitivity to NO for this value of dcp. In contrast, values around 0 or
180° can be easily accommodated within 10, and we expect that the sensitivity to NO is
weakest around CP-conserving values. We have confirmed this expectation, as we obtain

Tp© (06 = 270°, sin” O™ = 0.46) = 12.38, (A1)

with all other oscillation parameters kept at their best-fit values. Actually, for the value
in Eq. (A.1) the observed value T,,s = —0.6 would imply a p-value for NO of 3.2%. Since
values of d¢p around 90° are significantly disfavored also for NO, we do not consider them
relevant for the MO test.

To summarize, for relevant choices of the oscillation parameters, the sensitivity to
the NO is weakest for values of dcp around 180°. In turn, for 10, dcp is sufficiently
constrained, and we expect only minor variations of Ty within the relevant range around
270°. Therefore, it is appropriate to consider the current best fit points to quote the final
p-values for both orderings.
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Appendix B

B.1 Allowing free normalizations for the three CNO fluxes

In their analysis of the different phases, the Borexino collaboration always considers a
common shift in the normalization for the three fluxes of neutrinos produced in the CNO
cycle with respect to their values in the SSM. On the contrary the normalization of the
fluxes produced in the pp-chain are fitted independently.

In principle, once one departs from the constraints imposed by the SSM, the nor-
malization of the three CNO fluxes could be shifted independently, subject only to the
minimum set of consistency relations in Eqgs. (7.10) and (7.11). In fact in our previous
works [69, 295] we could perform such general analysis. At the time there was no evidence
of CNO neutrinos and therefore those analysis resulted into a more general set of upper
bounds on their allowed values compared to those obtained assuming a common shift.
With this as motivation, one can attempt to perform an analysis of the present BXIII
spectra under the same assumption of free normalization. However, within the present
modelling of the backgrounds in the Borexino analysis, optimized to provide maximum
sensitivity to a positive evidence of CNO neutrinos, such generalized analysis runs into
trouble as we illustrate in Fig. B.2. As expected, allowing three free CNO flux normaliza-
tions results in a weaker constraints on each of the three parameters. This is particularly
the case for the smaller "F flux which is allowed to take values as large as ~ 40 times
the value predicted by the SSM without however yielding substantial x? improvements
over the standard firp = 1 value. In the same way fisg is compatible with the prediction
of the SSM, Ax?(fiso = 1) =~ 0, with an upper bound fiso < 2.! On the contrary the
fit results into a favoured range for N which, it taken at face value, would imply an
incompatibility with the SSM at large CL: Ax?(fisy = 1) 2 6. This large 3N flux comes
at a price of a very low value of the 2!°Bi normalization, which as seen in the figure is
more strongly correlated with N than with O and ''F.

To illustrate further this point we show in Fig. B.3 our best fitted spectra of the
“subtracted” sample for the analysis where one common normalization for the three
CNO fluxes is used (left, in what follows “CNO” fit) and the one where all the three
normalizations are varied independently (right, in what follows “N” fit). Thus the spectra
in the left panel of Fig. B.3 are the same as the right panel of Fig. B.1, except that now, for
convenience, we plot separately the events from each of the CNO fluxes. This highlights
clearly the different shape of the spectra of 0 and *N, with °0O extending to larger
energies. It is also evident that 3N is the one mostly affected by degeneracies with the
210Bj background. Comparing the two panels we see by naked eye that both spectra
describe well the data: in fact, the event rates for *O are comparable in both panels.

11t is interesting to notice that the Borexino bound on P17 is about one-half that on ®155. This is no surprise since
the energy spectra of 17F and 50 neutrinos are extremely similar hence neither Borexino nor any other experiment can
separate them and what is actually constrained is their sum. This is reflected in the clear anticorrelation visible in Fig. B.2,
while the factor of two stems from the consistency condition in Eq. (7.11).
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Figure B.1: Spectrum for the best-fit normalizations of the different components obtained from our fit
to the Borexino Phase-III data for TFC-tagged (left) and TFC-subtracted (right) events. In this figure
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Figure B.2: Same as Fig. 3.5 but but allowing independent variation of the normalizations of the three
CNO fluxes, only subject to the consistency conditions in Egs. (7.10) and (7.11).
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Figure B.3: Spectrum of events in the TFC-subtracted sample for the best-fit normalizations of the
different components obtained from two fits to the Borexino Phase-III data. In the left panel the fit is
performed assuming a common normalization shift for the 3 CNO fluxes, while on the right panel the
three normalizations are allowed to very free subject only the conditions Eqgs. (7.10) and (7.11).

But in the right panel the normalization of the *N events is considerably enhanced while
the 21°Bi background is suppressed: this is the option favoured by the fit.

Upon closer examination we find that in the range of N, spanning between 300 and
400 photon hits, an increase in the value of fisy better fits the data while driving feiop;
towards 0. In Fig. B.4 we show a blow-up of the spectra in this NV, window. To quantify
the difference in the quality of the fit for those two solutions and the relevant range of
Ny, we plot in the right panel the cumulative difference of xZxyyy e for the best fits of
the “CNO” and “N” fits as a function of the maximum /N}, bin included in the fit.

Clearly, this anomalously large *N solution is possible only because the sole inform-
ation included in the fit for the 2'“Bi background is the upper bound provided by the
collaboration. Such upper bound is enough to ensure a lower bound on the amount
of CNO neutrinos, and indeed it results in a positive evidence of CNO fluxes (in good
agreement with at least some of the SSMs) when a common normalization for the three
CNO fluxes is enforced, as reported by the collaboration in Refs. [66, 70] (and properly
reproduced by us, as described in the previous section). Our results show that this is the
case because the spectrum of 2°Bi and O are sufficiently different. However, once the
normalization of the three CNO fluxes are not linked together, the degeneracy between
the spectral shape of 3N and ?'°Bi — together with the lack of a proper estimate for
a lower bound on 29Bi which is not quantified in Refs. [66, 70] — pushes the best-fit
of BN towards unnaturally large values. In other words, the background model pro-
posed in Refs. [66, 70] cannot be reliably employed for fits with independent *N and O
normalizations.

We finish by noticing that this also implies that the high quality data of Borexino
Phase-III, besides having been able to yield the first evidence of the presence of the CNO
neutrinos, also holds the potential to discriminate between the contributions from *N
and %0, a potential which may be interesting to explore by the collaboration.
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Figure B.4: Left: Spectra of subtracted event rates from best fit CNO fluxes and 2'°Bi background in
the range of 300 < N;, < 400 for the “CNO” fit (fit with a common normalization factor for the three
CNO fluxes, full lines) and the “N” fit (fit with three independent normalizations, dashed lines). We also
show the best fit spectra for both fits compared to the data as labeled in the figure. Right: Difference
of the value of x2 in both fits as a function of the maximum N}, bin included in the fit.
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Appendix C

C.1 Derivation of the scalar-pseudoscalar potential

Our starting point is the well-known relation between the static potential generated by a
non-relativistic source particle — here a nucleon f located at p'— felt by a probe particle
— here a neutrino v at position ¥ — to the elastic scattering amplitude M of the process
v+ f — v+ f as computed in QFT in momentum space

3q o
F—7) = — T A C.1
== [ g ¢M@ (€.1)
with four-momentum transfer between the source particle and the neutrino given by
q = (0,4) = p' — p where p and p’ are the neutrino four-momenta before and after the
elastic scattering, which for a scalar-pseudoscalar interaction of a neutrino with mass m

V(r

= gloff +ig vy v (C.2)
reads
. Z(lgg)(_%) — —v (N5 VU
zszﬂ@[%wwmemme. (C.3)

In writing Eq. (C.1) we are implicitly assuming the normalization of the spinors to be
one particle per unit volume for both nucleons and neutrinos. Explicitly, in the Dirac
representation of the gamma matrices our choice for the spinor of fermion with four-
momentum (F,p) and spin state s is

E+m Xs
us(p) = 5E <E3.ﬁ X ) (C.4)
+mAS

where x; are 2-spinors normalized as XLXs = 0,¢. With this choice, for the non-relativistic
nucleons @/, (k)uf (k) = 6,/, while for the neutrinos we can write

@ ()7 \/E’+m\/E+m 3 ) I ) (C.5)
»\D 7 A Yol Xx X E+m E+m) .

Expanding to the lowest non-vanishing order in ¢ we find

u, (p")y°uX (p) = X%UEXA : {q“ (1 — )(n q) } (C.6)

where 72 denotes the neutrino direction. Introducing Eq. (C.6) in Eq. (C.3) and evaluating
the ¢ integral in Eq. (C.1) one finds

V(r) = gs Ui [SAA — <1 — E)<SAA/ - f) ﬁ] .§T<e—m¢’“> ; (C.7)

STtFE
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where we have defined S W= Xi/ 7 X as a spin-like vector quantity. In the non-relativistic

limit Sy, corresponds to the spin of the neutrino, and Eq. (C.7) reduces to the well-known
monopole-dipole potential [220)]

L Oy T |m Ly ...
Vi) =g 2 F [f n ] o (©3)

where &, is the direction of the neutrino spin. Conversely for relativistic neutrinos one
can identify A with the helicity of the neutrino and using the explicit form of the spinors:

Soy=-S _=a, S._=8,=a+iv, (witha La L) (C.9)
we get
f v —mer
gs 9 = m 6 = e 4
V(r)=— 87r£?7) [5A¢X(VT)¢ T+ O E(VT)”] < . ) (C.10)
where . B ) )
(Vo)y=a-V, and (V,) =(a+1i0)-V, (C.11)

are the gradient operators along and perpendicular to the neutrino direction respectively.
We notice that Eq. (C.10) displays the relativistic 1/y = m/FE factor suppression of
the helicity-conserving potential in analogy with the well-known results for the potential
generated by a magnetic field in the presence of a neutrino magnetic moment [312, 313].
Conversely the scalar-pseudoscalar interaction produces a helicity-flip potential which is
proportional to the variation of the potential in the direction perpendicular to that of the
neutrino propagation.

We are interested in taking the Sun as a source of the potential and for that we
integrate Eq. (C.10) with the number density of nucleon f at position p to obtain the
potential at neutrino position 7 to be

67m¢|ﬁ*f‘

(T 0 (O | [ 30 T (ca

|7 — 7

4l

Vo) =35

where we have replaced ﬁr with —ﬁp = 61 because the position of the neutrino is fixed
in the integral.
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using two-sided intervals Ax? = 2.30, 6.18), while the remaining panels
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Constraints on the coefficients for vector NSI with electrons from the global
analysis of oscillation data including the effect of NSI in the ES cross
section. Each panel shows a two-dimensional projection of the allowed
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Excluded region at 90% CL in the (mg, g~ giv) planeby the global ana-
lysis of solar neutrino data after marginalization over the relevant oscilla-
tion parameters (Am3,, 612) while keeping the other oscillation parameters
fixed as described in the text. Left (right) panel corresponds to Dirac (Ma-
jorana) neutrinos. For comparison we show as yellow region the bounds
on the product of couplings from the product of the bound on gV from
violation of weak equivalent (VEP) principle and the bounds on g, from
either kinematic and rare effects in weak decays in laboratory experiments
(LAB) or cosmology bounds from cosmic microwave background (CMB).
Ax? = X*(gYgv) — X*(gNgv = 0) as a function of gYgiv for my <
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Left: Limits on 7, flux of astrophysical origin, as reported by KamLAND [277],

Borexino [278] and Super-Kamiokande [279-281]. For comparison, we show
the expected solar v, flux for several values of the model parameters as
labeled in the figure. Right: Excluded region on the (mg, g~ g;U) plane
obtained for Majorana neutrinos obtained from the 90% CL constraint
reported by KamLAND [277] and Borexino [278], Egs. (6.10) and (6.11)
(see text for details). For comparison we show as yellow region the bounds
on the product of couplings from the product of the bound on ¢ from
violation of weak equivalent (VEP) principle and the bounds on g, from
either kinematic and rare effects in weak decays in laboratory experiments

(LAB) or cosmology bounds from cosmic microwave background (CMB).
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Eq. (7.13)). Each panel shows a two-dimensional projection of the allowed
multidimensional parameter space after minimization with respect to the
undisplayed parameters. The regions correspond to 90% and 99% CL (2
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Dependence of the determination of the pp and pep fluxes on the assump-
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upper (lower) panels show the results of different variants of the analysis
«CNO-Rfixed» with (without) luminosity constraint. See text for details.
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One-dimensional projection of the global Ax? on the mixing angle 64
after marginalization over the undisplayed parameters, for different as-
sumptions on the solar neutrino fluxes as labelled in the legend. The
first (second) [third] column corresponds to the analysis including solar-
only (solar+KamLAND-RFC) [solar+KamLAND-RFF| data. The upper
(lower) panels show the results with fg, = 1 (free fga). In all panels the
black parabola is AXZ, .ouee(P14) as inferred from the combined analysis
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most lower panel we show the dependence of Ay? on the normalization
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Two-dimensional projection of the global Ax? (for fga = 1) on the relev-
ant oscillation parameters at 1o, 20 and 30 after marginalization over the
undisplayed parameters. The full red regions (void black contours) corres-
pond to the analysis of solar data with MB-phot (free) fluxes, while the full
green regions (void magenta contours) correspond to the KamLAND-RFC
(KamLAND-RFF) fit. . . ... ...
Left: dependence of the 1o, 20, 30 ranges of sin?f4 from the analysis
of solar+KamLAND without imposing the constraint in Eq. (7.5) on the
resulting neutrino-inferred solar luminosity. Fill (void) regions correspond
to solar+KamLAND-RFC (solar+KamLAND-RFF) analysis. The hori-
zontal grey regions illustrate the 1o, 20, 30 ranges required to explain the
Gallium source results. Right: value of Ay? from the joint analysis of
solar+KamLAND and Ga-source data, defined with respect to the sum of
the two separate best-fit x2, , as a function of the neutrino-inferred solar
luminosity. In these analysis we keep foa = 1 (see text for details).

Spectrum for the best-fit normalizations of the different components ob-
tained from our fit to the Borexino Phase-III data for TFC-tagged (left)
and TFC-subtracted (right) events. In this figure “CNO” labels the events
produced by sum of the three fluxes produced in the CNO-cycle, @iy +
Diso+Puap. . .
Same as Fig. 3.5 but but allowing independent variation of the normaliz-
ations of the three CNO fluxes, only subject to the consistency conditions
in Eqs. (7.10) and (7.11). . . . . ... .o
Spectrum of events in the TFC-subtracted sample for the best-fit normal-
izations of the different components obtained from two fits to the Borexino
Phase-III data. In the left panel the fit is performed assuming a common
normalization shift for the 3 CNO fluxes, while on the right panel the
three normalizations are allowed to very free subject only the conditions
Egs. (7.10) and (7.11). . . . . . .. o
Left: Spectra of subtracted event rates from best fit CNO fluxes and 2'°Bi
background in the range of 300 < N, < 400 for the “CNO” fit (fit with a
common normalization factor for the three CNO fluxes, full lines) and the
“N” fit (fit with three independent normalizations, dashed lines). We also
show the best fit spectra for both fits compared to the data as labeled in
the figure. Right: Difference of the value of x? in both fits as a function
of the maximum N,, bin included in the fit. . . . . . . . . ... ... ...
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