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Resumo

Neste trabalho, apresentamos uma analise fenomenolégica de novas interagoes
em experimentos com neutrinos. Dividimos este trabalho em dois resultados
principais, o primeiro considerando novas interagoes de corrente carregada e o
segundo para novas interagoes de corrente neutra.

Para novas interacoes carregadas, procuramos experimentos de oscilacao de
neutrinos no sabor do elétron. Neste trabalho utilizamos o formalismo da Teo-
ria Quantica de Campos que nao é comumente utilizado na fenomenologia dos
neutrinos. Assim, experimentos com neutrinos de elétrons foram considerados,
incluindo reatores e experimentos solares. Realizamos a analise estatistica do
ajuste de oscilacao e dos parametros permitidos.

Para novas interacoes de corrente neutra usamos o experimento COHERENT e
resultados de analise global de dados de oscilagao. Nossos principais resultados
foram focados na solucao LMA-D, que foi excluida por 3o neste trabalho.
Também realizamos uma analise de sensibilidade para resultados experimentais
futuros como em reatores e deteccao de neutrinos na European Spallation

Source.



Abstract

In this work, we present a phenomenological analysis of new interactions in
neutrino experiments. We divide this work into in two main results, the former
considering new charged current interactions and the latter for new neutral
current interactions.

For new charged current interactions we look to neutrino oscillation experi-
ments in the electron flavor. In this work, we use the formalism of Quantum
Field Theory which is not commonly used in neutrino phenomenology. Hence,
electron neutrino disappearance experiments were considered, including reac-
tors and solar experiments. We perform the statistical analysis of the oscilla-
tion fit and of the allowed parameters.

For new neutral current interactions we use the COHERENT experiment and
the results of a global analysis of oscillation data. Our main results were
focused on the LMA-D solution, which was (the LMA-D) excluded by 3¢ in this
work. We also perform a sensitivity analysis for future experimental results,

as in reactors and neutrino detection in the European Spallation Source.
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Chapter

Introduction

The development of Physics in the last century led to the Standard Model of
Particle Physics [9], [10], [11] and [12]. The Standard Model is a theory of particles and
their interactions in the Universe. The first building block begins with the discovery of
tiny particles like the electron and the photon and goes to the Higgs boson discovery in
the last decade [13].

At the beginning of the twentieth century, Max Planck and Einstein created
the theory of quanta, which quantized light in packages of energy. His theory solves the
ultraviolet divergence of the black body light spectrum. A few year later, Einstein used
that idea to propose the photoelectric effect, and Compton proposed the Compton effect
in which light could scatter with electrons like a particle. In the meantime, many contri-
butions appeared involving the electron, the proton, and the neutron. The description of
particles and their interactions were enough to describe the atom, that is, the matter we
see.

At the beginning of the 1930s, in an attempt to explain the missing electron
energy in the beta decay process, Pauli proposed the existence of a new particle, the
neutrino. Later, Enrico Fermi described the interactions involving neutrinos in his theory
of the beta decay. Fermi’s theory was a four-point interaction between neutrinos, electrons,
protons and neutrons. The neutrino should always appear in a beta decay process carrying
away part of the energy of the particles. A conceptual problem at that time was that this
particle was supposed to be massless and the intensity of the interaction to be low; hence,
the process was very challenging to be detected. However, in 1956, the neutrino was
detected in an underground reactor for the first time [14].

At that time, many other particles were already discovered, like the pion, the
muon and antiparticles as the positron. In addition, many others were found with time,

among them the second neutrino. The rising number of particles discovered led to the
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creation of an organizing theory that explains all the particles and their interactions using
symmetries between them. This theory was called the Standard Model.

The standard model was built on two essential symmetries, the SUx(3) and
the SU;(2) x Uy(1). The former appears in the strong interaction Lagrangian, and the
latter is the weak interaction Lagrangian. The strong interaction happens between color-
charged particles, such as quarks and gluons. The quarks are building blocks of barions
(as protons and neutrons) and mesons (as the pion and kaons). In turn, the gluons are
massless particles that mediate this interaction.

The second symmetry is more critical for this thesis. It leads to the weak
interaction between W and Z bosons, leptons (electron, muon, tau, and neutrinos) and
quarks. The weak interaction can be classified as a neutral current or a charged current
interaction, depending on whether the boson mediator is the charged W or the neutral Z
boson. It is the generalization of the four-point theory of Fermi interactions.

The Standard Model (SM) formalism is the Quantum Field Theory, an ap-
proach based on fields instead of particles. The SM has a field Lagrangian, which contains
all particles and interaction. The terms generated by the SM symmetries can be used to
compute observable quantities as decay rates and cross-sections. The Quantum Field
Theory (QFT) is a mathematical framework that mixes Quantum Mechanics and special
relativity concepts, hence it mixes the description of small with high energy particles.
In addition, the ordinary Quantum Mechanics can not be used to describe the photon
because it has zero mass and travels at the velocity of light. Hence, QFT is a necessary
theory for the correct description of the photon [15]. In this context, the quantization of
the electromagnetic field was the first Quantum Field Theory and was developed in the
first 30 years of the last century. The inception of Quantum Field Theory arose mixed
with Quantum Mechanics, with Einstein’s photoelectric effect theory and other contribu-
tions between 1910 and 1930. Later, many issues (ultraviolet and infrared divergence)
appeared in the formalism that were solved by the renormalization concept.

The last building block to be discovery in the Standard Model was the Higgs
boson. The Higgs boson appears in the SM after a process called symmetry breaking,
used to generate renormalizable mass for all massive particles of the theory [11], [16] and
[17]. The discovery of the Higgs boson was possible only in 2012 [I8] and [13].

In the Standard Model, the neutrino is described as a massless particle. How-
ever, in 1998, the Super-Kamiokande collaboration confirmed the neutrino mass using
atmospheric neutrino oscillations [19]. This is in contradiction with the Standard Model,

in which no mechanism for neutrino mass is described. The neutrino oscillation was pro-
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posed in 1958 by Bruno Pontecorvo [20] and has received the contributions of several
authors up to now. The mathematical approach for neutrino oscillation begins with the 6
puzzle and the proposal of flavor mixing by Gell-Man and Pais [2I]. Later, Pais and Pic-
cioni [22] suggested a coherent superposition of the mass eigenstates in the propagation.
For neutrinos, the first hypothesis made by Pontecorvo was neutrino-antineutrino oscilla-
tion [20]. The flavor mixing was proposed in 1962 by Maki Nakagawa and Sakata [23], and
in 1968 Pontecorvo, together with Gribov [24] proposed the neutrino flavor oscillations.

The Quantum Mechanics formalism of neutrino oscillation began to receive
contributions around the 90s. One of the pioneer works in this context was that of Kayser
[25], who showed that neutrino plane wave assumptions are in contradiction with some
important physical concepts. Later on, Giunt and Kim showed that flavor states are ill-
defined in Quantum Field Theory [26] and then proposed a Quantum Field Theory Wave
Packet treatment of neutrino oscillations [27]. Discussions of the formalism of neutrino
oscillations in Quantum Mechanics and Quantum Field Theory still exist today, and we
can cite [28] as a recent review on this subject.

The neutrino oscillation formalism is based on the existence of three mas-
sive neutrinos. The massive neutrino field mix into flavor interaction fields through the
Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix. The PMNS matrix has four degrees
of freedom, in the standard parametrization it can be fully described by 6,5, 613, 23 and
a complex phase dop. In the final expression for neutrino oscillations in vacuum, two
kinematic quantities also appear, Am2, = m2 — m?(i = 1,2) and Am3, = m3 — m?.
Hence, neutrino oscillation brings the opportunity to achieve neutrino mass information
from neutrino oscillations.

As a result, in the current scenario, we have a well-structured theory of neu-
trino oscillation whose parameters are measured with increasing precision each decade.
However, only CP violation measurements and the ordering of neutrino masses remain,
which should be measured in the next generation of neutrino experiments.

In this sense, the neutrino mass is a subject related to new physics since it is
not present in the Standard Model. There are several extensions to the neutrino oscillation
formula based on extensions of the Standard Model: new interactions in the production
and detection, new interactions in the propagation, neutrino decay, neutrino decoherence,
extra dimensions, and many others. Until the mystery of the origin of neutrino masses is
not solved, the neutrino oscillation is seen with enthusiasm as an opportunity to detect
new Physics.

One example, that is one of the subjects of this work, is the Large Mixing Angle
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- Dark solution [29]. For several years, non-standard neutrino interactions were a subject
of uncertainties for the neutrino oscillations when describing solar neutrino disappearance
experiments. Solar experiments are used to measure with the most considerable precision
the mixing angle 615. However, the possible presence of new interactions shadows the
solution parameter space, leading to discussions that remain up today.

In this work, we investigate implications of new interactions in neutrino oscil-
lations. In chaptei2] we introduce the neutrino oscillation formalism used in the following
chapters. We show the derivation of neutrino oscillation in Quantum Mechanics and the
Quantum Field Theory formalism that will be used in chapter 8] We divide the work
into two main results: for charged current (CC) contact interactions in the production
and detection, discussed in chapter [3| Then, in chapter |4, we present our findings related
to new interactions in the neutrino propagation and the solution of the so-called Large

Mixing Angle Dark Solution. In chapter [3], we review the main conclusions of this thesis.
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Chapter

The Neutrino Oscillation Theory

This chapter will explore the theoretical and analytical development of the
neutrino oscillation description. This was a subject of theoretical discussions over the
last 30 years. We can highlight some reviews of the subject used to develop this chapter:
[30], [27], [31], [28] and, more recently, [32]. At the first 20 years of neutrino oscillation
proposal, the oscillation probability was based on a plane-wave quantum mechanics [24]
and later, a wave packet treatment was also included [25]. At the beginning of the '90s, a
quantum field theory emerged, discussing some issues when defining flavor eigenstates [26].
In terms of neutrino phenomenology, this is not well known, since all those approaches
agree in the final expression of the oscillation probability.

In the 2000’s, the Quantum Field Theory formalism of neutrino oscillation
was already well established [31], [33]. In the 2010s, the connection between quantum
mechanics and quantum field theory was developed and discussed [2§], and also new
physics was included in the formalism of quantum field theory [34].

In this chapter, we begin with the description of quantum mechanics plane
wave and wave packets. We then introduce the quantum field theory formalism and its

connection to quantum mechanics. We follow closely to [2§].

2.1 Quantum Mechanics

2.1.1 Basis vectors

The basis of the quantum mechanics formalism of neutrino oscillation is to
assume that there is a vector basis for the Hilbert space, Hy, which is somehow related
to the flavor observable. Every neutrino is created in one of the flavor base vectors that

is characterized by the lepton generated together. However, for a neutrino to appear or
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disappear, it must be assumed that flavor eigenstates are not free Hamiltonian eigenstates.

The first postulate for the oscillation mechanism is:

Postulate 1: There is a basis belonging to the Hilbert space, whose vectors are mon-

degenerate eigenstates of the operator O, associated with the measure of weak interaction

flavors: (e, p, 7).

The second postulate is based on the fact that flavor eigenstates are not diag-

onal in a mass basis. We can formally express it as follows:

Postulate 2: Let the free Hamiltonian of a neutrino o produced in a weak interaction be
H. Then we have:
[H,0,] # 0. (2.1)

With these two postulates, it is possible to build both the theory of plane
waves and the theory of wave packets. To understand how the Hamiltonian eigenstates
relate to the flavor base: let the set of all flavor eigenstates be {|v,)}. Through these
postulates, it is possible to show that there will always be a set of vectors, {|v;)} with

well-defined mass, which diagonalizes H , such that:

va) = > Uil 22

where U}, are components of the unit matrix U that diagonalizes the Hamiltonian H. Tt
should be noted that postulate 1 is valid only if all eigenstates of the Hamiltonian are
kinematically independent. For example, if at least one of the neutrinos is heavier enough
to cause suppression of its production or detection, the mass state will no longer be part
of the mixing. In this case, we need to redefine flavor states, which will be no longer
orthogonal, and will depend on the energy regime in question. This is one of the first

indications of problems in the QM formalism.

2.1.2 Plane wave formalism

The plane wave formalism is very important to obtain the standard form of
the oscillation probability. To arrive at the plane wave treatment, suppose an initial state
|Va). The probability of finding the state 5 at time ¢ and distance z, can be found through
the amplitude:

Aasss(t,1) = (v5] exp (—z’ﬁ]t P r> V), (2.3)

here P is the momentum operator.
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Hypothesis 1 (Plane wave): The mass states |v;(0)) are momentum eigenstates.

Through hypothesis 1, when calculating the probability with the usual procedures of

quantum mechanics, we find:

P(t,r) = [Aassp(t,r)] =Y Uail3Us Ugje' 4= (2.4)
ij

with:

Here, E; = \/M is the energy of the massive neutrino ¢, p; is its momentum and
m; is the neutrino mass. This is a widely used unrealistic hypothesis, the hypothesis
of equal moments. It has the consequence of €T as a global phase, however it is not
necessary to find the usual formula, as we will see. Since oscillation experiments are not
time dependent, a number of works were carried out in an attempt to remove the time
dependence of Equation ([2.4)).

In general, we can assume different detection times for massive neutrinos, that
ist=t;+dt,.

Since the massive neutrino is on-shell, it has energy F; related to momentum p;
and it is possible to expand the energy F; around an average momentum, p, which is not

very different between the different eigenstates of mass. Furthermore, we will also assume
2

that there is an average mass, m, such that dm? = m? — m?. With those assumptions, it

is possible to rewrite the phase as:

1
Gi =\/D? +mit; — pjx = (E + ﬁ(?m? + %5}),) t; — pxr — opx + Eot;. (2.6)

For simplicity, we assume in Eq. (2.6) the momentum in the z direction. At that mo-
mentum, using the relationship p/E = v and applying the so-called classical propagation

condition vt — x = 0 and the prescription of equal times 6t; =t; —t = 0, we find:

Amgx o
in which
AmZ, =mi —m3. (2.8)

It should be noted that the deduction made is valid only if the second order
term (dm?)? is negligible. For non-quasi-degenerate masses, the usual formula is no longer
valid.

Conceptual problems arise when we look more carefully at the real situation:
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e Classical propagation condition: As plane waves are delocalized in space-time, this
condition cannot be justified without a more sophisticated treatment, for example,

with wave packets[31].

e Prescription of equal times: Imposing equal times in the laboratory, also means
imposing equal proper times. It is inconsistent with relativity given neutrinos have

different velocities.

e [t is a fact that if the moments have zero uncertainty, the uncertainty in the initial
position of the neutrino would be infinite, so that it would be impossible to have a

well-defined oscillation length.

Some of those issues can be overcome in the quantum field theory wave packet
formalism. The subtleties of the wave packet formalism are covered in the quantum field

theory, hence, we will discuss them in the context of QFT.

2.2 Quantum Field Theory

In particle physics, we are mainly interested in the measurement of cross-
sections. Cross-section measurements reveal the conservation laws and symmetries of
the theory. One of the primary assumptions in cross-section calculations is that the
interactions are pointlike; that is, they occur in a definite small position in space and
time. The cross-section calculations for particle physics come mainly from Quantum
Field Theory.

However, when we talk about neutrino oscillations, the process occurs not in a
short position in space and time but on scales that can vary from kilometers to hundreds of
kilometers. Hence, if one wants to understand oscillations in the background of Quantum
Field Theory, it is necessary to consider that pointlike production and detection are unique
processes separated through space and time, see fig. [2.1]

A seminal article on neutrinos in QFT in 1993 showed that Fock space can not
well-define flavor states [26]. Hence, it is only possible to perform kinematic calculations
in Quantum Field Theory considering the neutrino mass states.

Moreover, in order to avoid problems of localization in space and time, all
the particles involved in the process of production and detection should be considered as
wave packets [27]. This is the external wave packet treatment, the core principle of the
following calculations. In this approach, the neutrino is not seen as an initial or final state

but as an intermediate virtual particle. The asymptotic states are, in reality, the particles
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Figure 2.1: Feynman diagram for a neutrino oscillation process, from production to detection.

Here, P means production, and D is detection. The time arrow is from the left to the right.

involved in neutrino detection; those can be mesons, protons, nucleons, and any particle

involved in a process that can produce or detect neutrinos.

2.2.1 External Wave Packet Treatment

In the external wave packet treatment, the neutrino is produced near to a
region Tp at a time tp and detected near to Zp at time tp. We label the production
particles as o and its momentum at production p, and at detection 8 and pg, we will
omit the spin information. The Feynman diagram for the oscillation process is shown in

figure 2.1} The amplitude for this process is given by:
iA(O/7 ﬁl — Oé, B? B//) = out<ﬁ”’ 57 @’&/7 B/>in' (29)

If the neutrino is produced and detected through charged current, we will always charac-
terize the neutrino by the production of two leptons, « in the neutrino production and [
in the neutrino detection. So, as we are interested in the flavored neutrino state, we will
denote the amplitude by A(c/, 8" — «, 3, 8") = A(/, 8" = 13,15, B").

We will consider that all the states are disentangled, thus allowing us to write
the state as |A, B) = |A)|B) and work with each individual particle state. Hence, the

wave packet states will be represented by a sum over the momentum states:
) = [[1081 x 000 B t0) < ). (2:10)

where tg is the initial time, Zy is the initial position, P is the momentum where the wave
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packet is distributed around and

dp] = (;l;]; \/;T,, (2.11)

In addition, it is also possible to write the wave packet as a momentum distribution

translated over space and time
(5, P, o, to) = p(p, P)e o5, (2.12)

Since all the initial and final states are defined, we can now calculate the amplitude. The
states in eq. (2.9)) are interaction eigenstates and for now, all the states we use are free

asymptotic states. In this way, the amplitude will be given by [35]:

A v ) = (16 { T |exo(i [ atots) | =T}l 19), (213

where £; is the interaction Lagrangian, which includes all the possible interactions that
involve the production (detection) particles. To calculate the amplitude, we use pertur-

bation theory (Feynman rules in position space), obtaining

A, 8" = Vo, v, B") = H [dp, |05 (P, ﬁv) x eiErtp=ibyEp

y=(ax,a)

: H /[dﬁvl]w’yl (ﬁ7'757’> X GiEW'tD_iﬁw’fD
_Fyl:(/B*WBIvBN*)

5 L 1 . )
(D] (P (D] {T {—E/d%ﬁp(a:)/&yb(y)} } ) |5
(2.14)

X

Here Lp(z) and Lp(y) are the Lagrangian for the interactions at production and detection.
The wave functions of stats that have (*) are conjugated. The third line of equation (2.14)
is the plane wave amplitude, which we will denote it by AP¥. In our approximation, we
are in an effective low-energy approximation. So, the Lagrangian for production and

detection doe not depends on the bosons’ W+ and Z° masses:

Lp(x) = =2 Uaijh lo(x)(1 = ¥)7vi(x) + c.h, (2.15)

Lo(5) = —ZE S Utidn, 7)1 — P17 1s(y) + ch (2.16)
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For simplicity, let us take a concrete example. Let us assume, « — [, 5 — 15,
o -7, — Ayand " — Ap:

w0 = [t Pre e 7 @),

) = [ldaga@ Qe i, @),

) = [ [, (. Ry A,(F). (2.17)
15) = [l @) 15

e = [ ARV, (B R )e | Ap().

We will treat the initial and final states as asymptotic states. With this hy-

pothesis, the amplitude of the process can be calculated through the matrix S:

iA(T™, Ar = 1, 1, Ar) = (Ar, 1 1| {T {exp (—i/d4x£1)1 — ]I} T, Ar) . (2.18)
L is the interaction Lagrangian and includes interactions that produce and detect neutri-

nos. Another fundamental hypothesis is to assume that there is no entanglement between

the states of the production and detection particles. With this, we obtain:

ALy lg) = [Ar) 1) 1) (2.19)
77, A = AR |r). (2.20)

Given these conditions, it is possible to calculate the amplitude (2.18) through perturba-
tion theory. The calculation becomes simple if we calculate the tree diagram in position
space, figure Assuming the existence of only one mediating neutrino, we are taking

to the amplitude below:

Ay = / [ ] [ WZ} o Doy @, (. RV, (B, ) M(a, )M (d )
i(q— k:):pefz(q k):):Defzp(x —x) 71(q k)xefz(q —k")z’ (p_’_m])
2
p? — mj + e
(2.21)
where A(n~, Ar — 17,15, Ar) = Z A,,. From the previous equation, we can see that

d4 d4 /

there is a sum over all the momenta of all the particles involved, and also over the position
of production and detection of the neutrino. Since z and z’ are free variables, we can

change variables:

r+xp —x
(2.22)
¥ +xp— 2,
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separating the detection and production terms in a more frindly form:

dp L - L
A = / op(B.G.p)G(wr 2, )b (K, T ) (2.23)
in which
op(K.G.p) ‘//dk@Mbq,waméwg@ﬂﬂ/ﬁmﬁm*ﬂ% (2.24)

—

¢p(K',Q',p) = / / [dE[dq 1 Mp (s K )p, (T, Q )V, (K, K') / da e~ @ =F+p) (9 25)
and the propagator

) erin)
p? —m2 +ie

Gy(zp,xp,p) = (2.26)

The amplitude has a simple interpretation. Here, ¢p is the amplitude for the
production of a neutrino. It depends only on the interaction in the production and the
wave packets of the particles involved. The same interpretation holds for the ¢p detection.
The Green’s function for the GG, neutrino is responsible for connecting production with
detection. Therefore, conditions for production and detection are contained in ¢p p while
conditions for propagation are contained in the G,.

If we have more than one neutrino involved in the process, we can sum over

the amplitudes of all neutrinos, thus includes production, detection and propagation:

A=, Ar = 15,15, Ap) = ZAW (2.27)

For convenience, it is possible to rewrite the amphtudes as follows:

MY (i, ps) = Ui MY (ps, pp), (2.28)
MS (pi,ps) = ULMS (91, py), (2.29)

assuming that
M) (pi py) = Mp(pi, py). (2.31)

We mean that the production and detection amplitudes are not sensitive to the neutrino

mass, m; < M, where M is the mass of the particles involved in the process.
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Hence, for the whole process, if a lepton « appears at the production, and a

lepton [ at the detection, we can sum over all the neutrinos, obtaining:

d*p - S, =
Aln™ Ap = 13,15, Ap Z wiUsi / a0 (K Q.p)Cilzr, 0. p)én (K", Q')
(2.32)
Continuing with the calculation of this amplitude, we can separate the momentum integral

from the energy integral:

d3 % > A >
A(TrivAI — l;7lE7AF) = ZngUﬁl/dEl/ﬁ¢P(K7Q?pl)G’L($P7xD7p’L)¢D(K 7@ 7p’L>
Z (2.33)

The integral at the momentum can be performed using Grimus-Stockinger’s theorem [36]:

For large L, positive A and a smooth function ¥ (p),

/d%ﬂ—eiﬁL, = —%rng (\/Z£> VAL L O (L77). (2.34)

— (p)? +ie L

Matching A = E? — m? = p?, the amplitude will be:

. 1 o5 . o R )
Alm™, Ar = 15,15, A Z 5iUsi / ABe P! ——op (K,Q.pil) op (K@ piL) e,

(2.35)
where L is |Zp — Zp| and L is the normalized direction of (Zp — Zp). From now on,
let us abbreviate A(7~, Ay — I,l5, Ap) = Aas(L,T). With the simplification of the

amplitudes, it becomes simpler to calculate the probability

P (L, T) = |A(L,T)| 7r2L — Z = UsiUas U, / dE; / dF;(some factors)e'Fi=E)T

(2.36)
It should be noted that the quantity Pg3°(L,T’) gives us the probability of producing a
lepton [, and detecting of a lepton lg separated for a distance L and a time 7. However,

in what follows, we will be interested in averaging the probability over time, so:

—=0SsC

1 1 A
_ osc _ E *TTOTT O TT* . hi *J i(pi J)L
Pag (L) = T /dTPaﬁ (L,1) = (8m2)4mwL? ij Valitle Uﬁj/dEZ ¢ e

(2.37)
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where we use the delta function:

/ AT Fi=E)T = on§(F; — E;). (2.38)

Defining the Probabilities

In an oscillation experiment, one of the main quantities observed is the total

detection rate. In a given experiment ,it is defined by:
N
Na

The detection rate is the ratio of the number of a leptons produced to the number of g

— [tot —/dFtaO’BtdE 2.39
— taB T dE : ( )

leptons detected. We multiply the energy production rate by the flow suppression factor
1/4wL? and the detection cross-section when calculating the total detection rate. For the
case of neutrino experiments, there is a quantity called the probability of oscillation that
depends on L and FE, so we should write:
dl—\goﬂt 1 ngrOd
dE Arl? dFE
Following the equation , the quantity called probability of oscillation, can be found

P(ve — vs)(L, E)os(E). (2.40)

through:

2905
Arl (2.41)
drgrod ? *
dE UB(E)

which can be interpreted as the probability that a neutrino produced with flavor a will

be detected with flavor 5.

P(v, = vg)(L, E) =

From now on, we will calculate the quantities shown on the right side of the
equation ([2.41)). Starting with the total rate of the process, we will use the result of [37],

where the total rate is calculated and given by

—_08C

T'%(L) = NpNp jj‘f. (2.42)
0

Here, T} is a large time when compared to the usual time scales for production and detec-

tion, Np is the number of neutrinos produced, Np is the number of neutrinos detected,
and FZS; is given by eq. (2.37):

T508¢ 1 * * i xJ i *xF _i(pi—p;
Pog(L) = ZWZUMU&UMUﬁj/dEi pOP Opdpe’ It (2.43)
ij ij
We are interested in the rate per energy. Taking the derivative of eq. (2.42) with respect

to the energy, we can use:

—=0sC

Pr(L) = / aptes (L) (2.44)

dE
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to find ot
dFaO,B(L) NpNp

dE (872)4m L2T?

Z wiUsiUaiUs; 0P dpdp e’ PPk, (2.45)

Now, we only have to calculate the productlon rate and detection cross section to find the
oscillation probability through the equation (2.41)). The probability that an a lepton will
be produced is:

Pt = (17| S |Vas L) =Z|Um-|2/d3pi Z |Um /‘¢P (5.6 pl)

(2.46)

op <[?7 éapi)

The production rate will be the time ratio multiplied by the number of producing particles:

Pgrod derod | Um | 2
= Z

Fprod — N,
«a 0 TO

6p (B, pi)|* E;. (2.47)

For detection, we must assume that the neutrino has a well-defined energy and momentum,
so that detection probability will be:

o 1

P (E) = Z Usil* lop (E,pi)] v (2.48)

Here the factor 1/V appeared when we suppose that the neutrino is produced with a
well-defined momentum: it is the normalization of the plane wave. Analogously to the

production case, we need to find the detection rate F?ft that relates to the cross section

through:
Fdet E
B det
og(F) = =1V —. 2.49
AB) = Lo TV (2.49)

Here ny, is the number of particles per volume (in our normalization it is 1/V') and vy, = pﬁk

So the cross section will be:
Np , o B
og(F) = — Ugil? |ép (B, pi)|” —. 2.50
5(E) T0§i|ﬁHD( )ka (2.50)

Substituting the equations (2.45)), (2.47) and (2.50) into ( -, we find the probability of

oscillation:

S UsiUsiUasi U (B, pil )0 (E, pil)dp (E, pil )0 (B, pil)eltei—pi)t

P(v, = v3)(L, E) = ; — 5 7
> lUail?lop(E, pil)|Ppi 325 |Us; Pl én(E, psl)1*p;

(2.51)
At the current stage, the oscillation probability differs a little from the usual formula,

which is

EdE.



31

Am2 L
il ) (2.52)

P(va = vg)(L, E) = Z UaiUsiUa;Us; exp <_Z 2p
]

where Amg; = m7 —m3 is the squared mass difference between the neutrinos and p the
momentum of the neutrinos. On the other hand, we can recover the standard case if we

assume two conditions:
e The wave packets are such that:
pi — pj| < opp, Opp, (2.53)

where o,p and o,p are the uncertainties in the momentum distributions at the pro-
duction and detection respectively. With this assumption, the peak of the functions

¢p, ®p can be approximated by p; — p.

e The neutrino masses are quasi-degenerate, that is:

i — pj| < pi pj- (2.54)

With this hypothesis, we can replace the momenta p; in the numerator and denom-

inator by p and still perform the approximation:

N

m

Applying the conditions ([2.53]) and (2.54)) in equation ([2.51f), we recover the standard case
presented in eq. (2.52)).
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Chapter

Non-standard neutrino interactions:
production and detection (CC)

If Physics Beyond the Standard Model exists, non-standard interactions can
be present in the neutrino production and detection. When present in the production and
detection, interactions are assumed to be "charged current” types. That is, the interaction
mediator has a non-zero charge. The study of new interactions in high-energy physics can

mainly follow two directions:

e Model building: here, the theory is built on symmetries step by step. It is the
most consistent way to build a theory (the Standard Model is built in that way).
However, it is challenging and complex to construct without generating conflicts

with observation;

o Effective Field Theories (EFT’s): we integrate out all high-energy gauge bosons,
and relics of the high-energy theory appears at low energy.

In this chapter, we study the consequences of non-standard interactions in the
production and detection. We use solar and reactor neutrino experiments. First, we
discuss the scenario of a general structure of new interactions (scalar, tensor, pseudo-
scalar, left-handed, and right-handed). In this work, we will focus only on scalar and
tensor interactions in the final analysis. All the interactions considered here are charged-
current types, and present on beta and inverse-beta decays. We give more details in the
following sections.

In section [3.1], we give a brief introduction to the Lagrangian of new interac-
tions from an effective field theory. In section [3.2] we give a theoretical overview including
amplitude calculations oscillations in the presence of new interactions, formulas, and dis-

cussions about the oscillation regime. In section we give details about the analysis
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and statistical quantities used to test the model. Finally, in section [3.4] we present the

results and conclusions.

3.1 Effective Field Theory

As we already discussed, when studying new interactions in particle physics,
one can follow through the model building approach. That is, construct the model under
symmetries of nature. However, despite a general and complete scenario, due to the
increase of the number of parameters to describe the full theory, this procedure is complex
and can be very challenging.

The Effective Field Theory is an alternative method if the energy scale of the
new interactions is above the experimental data. It is not necessary to look at the details
of the theory (it is above the energy scale of interest). All possible Gauge bosons were
“integrated out.” The EFT is the approach we choose to follow in this work.

In more detail, an Effective Field Theory (EFT) arises when the experimental
energy scale, A, is beneath the mass of the particles of the theory. For example, in the
Fermi theory of weak interactions, the effective Lagrangian is a four-vertice interaction,
the Fermi coupling constant hides all the electro-weak gauge bosons and SU(2) x U(1)

couplings:
2 2
Gr = £9_2
8 My,
As a further example, the Standard Model can be an Effective Field Theory

(3.1)

for energies related to the LHC scale, 1 TeV. In this situation, if it is possible to consider
the existence of new physics beyond the LHC scale, we can define the Standard Model
Effective Field Theory (SMEFT) [38, B9]. The SMEFT includes the Standard Model

Lagrangian and Effective Interactions coming from other energy scales:

C(] ,
L= ESM+ZAJ 42 \/_GF (3.2)

j>5

where C’i(j ) gives the strength of the interaction, they are called dimensionless Wilson
Coefficients, and Ogj) are dimension-j operators for different Standard Model particles.
The index ¢ runs over a set of Standard Model Particles and Lorentz Invariant interactions:
left-handed, right-handed, tensor, scalar, and pseudo-scalar. The SMEFT is very useful
when searching for the effects of new interactions at low energy.

For our case of study, we can integrate out the particles above the electroweak

interaction scaldl], A ~ 100 GeV. At this point, the structure of the non-standard interac-

17, W+, quark top, Higgs.
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tions is the same as in the SMEFT. On the other hand, the Standard Model Lagrangian in
the weak sector reduces to four-vertice interactions. An EFT on this scale is called Weak
Effective Field Theory (WEFT). Our purpose is to reach reactor and solar energies, so
that we can go further down in the energy scales, that is, below the proton mass scale
A~ 1 GeV.

In some specific casesE], there is a match between the WEFT and the SMEFT.
For such cases, if we constrain the non-standard interaction parameters, we will be con-

straining the Wilson Coefficients [39].

3.1.1 Lee-Yang Effective Field Theory

We focus our interest here on neutrino production at reactors and in the sun.

In this case, two points should be distinguished:

e We are in the ~ 10 MeV energy scales, where protons and neutrons are more

important than quarks;

e Our interest is the electroweak sector, that is, interactions between quarks and

leptons;

e We will only consider dimension-6 operators. Due to the small neutrino mass, we
neglect dimension-5 operators. Dimensions higher than six are suppressed by A"~6

cut-off.

Concerning the first point, we use the Lee-Yang Effective Field Theory (LYEFT).
The LYEFT is a non-relativistic effective interaction theory between protons and neutrons
in the electroweak sector. The LYEFT is appropriated at the energies smaller than the
proton mass, 1 GeV.

In this thesis, we study reactor and solar neutrinos for which the energies are

around 10 MeV. The Standard Model interaction Lagrangian for this theory is [40]:

Vud
V2Gy

Z 57" (9v — 1594)0] [lavuPrva] +hec.. (3.3)

a=(e,u,T)

Ly =—

Here, V,,4 is the u — d Cabibbo-Kobayashi-Maskawa (CKM) quark matrix component, gy
and g4 are experimental values related to the Fermi (vector) and Gamow-Teller (axial)

transitions. The second and third points constrain us to including dimension-6 interactions

2e.g., no particles between both energy scales.
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between quarks and leptons. In the non-relativistic energy scale, the non-standard new

interactions (NSI) follow the Lagrangian

Vid

Lnsi = — > {avler + erlap(Py'n) (laruPrva) — galer — erlas(r*5m) (L7 Prva)
V2Gr 4
+ gsles)ap(®n)(laPrig) — [gT]ag(]_)a“"n)(faaWPLyg) + h.c.} ,
(3.4)
where, o/ = {v# 7"} and 7, are the Dirac matrices. The [ex],s are the couplings

related to the Wilson coefficients that are always proportional to the square of the Higgs
Vaccum Expectation Value (VEV), v, and to the inverse of the new physics energy scale,
A ie., [ex]ap o X—z From the models of nuclear quark distributions and experimental
measurements [41], we know that: g4 = 1.2728 £ 0.0017, g5 = 1.02 £ 0.11, gp = 349+ 9
and g7 = 0.98740.055. Here, the g4, gv, gr and gs were extracted from Refs. [42], [43] [44].
In this work, we are mainly interested in beta, and inverse beta decays at reactors and
in the sun. In this case, ep can be neglected at low energies [45]. The effects of [ez g)]ee
are not considered here since we suppose experiments cannot distinguish them in the
measurements of V,; and g4 at the Lagrangian level:

[]I -+ €, — ER]ee

Vudll + €1 + €Rlee, .
d[ L R] gA[H+EL+ER]ee

(3.5)

We also neglect non-diagonal €g, as it goes with O(A~?), which is above the myy scale.

3.2 New interactions and neutrino oscillations

The neutrino production comes together with a lepton with a given flavor. For
example, the beta decay process in reactors produces an antineutrino, converts a neutron
into a proton, and releases an electron. Because of the electron, the antineutrino produced
is called electron antineutrino. However, today we know this process is more complex than
that, and the simple phrase "electron neutrino” requires clarification. The whole process
of neutrino oscillation and neutrino flavor state were discussed in details in Chapter [2]

In this section, we discuss the process of neutrino production and detection in
the presence of oscillations. This discussion is already present in the literature following
Refs. [41] 134], which we will follow closely.

The calculation for producing a neutrino with mass ¢ begins with the La-

grangian given in Egs. (3.4) and (3.3)). For each four-point term in those equations, we
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can write an amplitude that later should be summed coherently:

My, = UsiMiy + Z lex U5, M. (3.6)

X=L,R,S,T

Here the amplitude comes together with the flavor of the associated lepton «, X is the
type of interaction, and we have already seen the PMNS matrix. We can do the same
for the detection process, where instead of the letter P (production), we will use the
letter D (for detection). In section we give more details about the calculation of the
amplitudes for reactors and the sun.

In the Quantum Field Theory approach to the neutrino oscillation, the total
rate is process-dependent , that is, it is dependent on the amplitudes for production
and detection. Consequently, it can also depend on the interaction Lagrangian and the
rates with Beyond The Sstandard Model (BSM) physics for a neutrino produced in a
v, state detected as a vg state. This was given by Eq. (neglecting wave packet

contributions) and calculated for the first time on [45]:

Ragoc » e thom / dHPdHDM;MZMgk/\_AZ. (3.7)
k,l

Here,

o = Ami,/2E,, (3.8)

where Am2, = m? —m? is the squared mass difference between the mass eigenstates k and
[, and E, is the neutrino energy. The IIp(I1p) sums over the detection (production) phase
space. In Eq. the BSM fluxes and cross-sections are included through the interaction
amplitudes. In the Standard Model case, we factor the fluxes and cross-section, making
the oscillation probability process-independent. For the BSM case, we will also factorize

the Standard Model fluxes and cross-sections:

SM

SM P \SM (P \5M D \SM (=D SM _SM
RN oY / dpdly (ME)™ (Me) ™ (ME)™ (ME) " das = 6840005 (3.9)
k,l
pp\M
where (/\/la}C ) are the amplitudes for production of a v, neutrino and detection of a
vg neutrino in the Standard Model, M is the v, neutrino flux, and O’SM is the detection
cross-section for vz neutrino. Notice that there is no dependence on the distance between

the source and the neutrino detection. Applying Eq. (3.9) on Eq. (3.7)), we will have:

R y .
W = e [VE(px)] x [V ()], (3.10)

k.l
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where

VR (px) = UUm + pxp(exU)igUot + Py Ulr(exU) o + pxx (exU) g (exU)ar. (3.11)

The pxy(dxy) is the ratio in the production (detection) between the squared amplitude
terms MZX, and M}, divided by the Standard Model squared amplitude (the definitions

of p’s and d’s include the integration over the phase space):

[ dp AR A [ dpADAY
pxy =-"——""5"95» OXy=°"—"""""95 (3.12)
deP |ASM deD ‘ASM
In the expression for antineutrinos, one should replace in Eq. (3.10)):
U—=U" and [ex|ag — [ex]ig- (3.13)

First, we should use Eq. (3.12) to calculate the p’s (and d’s), and then, perform
the calculations of the oscillations scale, Eq. (3.10). The former will be calculated in Sec.
[3.2.2] and the latter in the Sec. B.2.1]

3.2.1 The oscillation rate

In this section, we will develop the expressions of the oscillation rate analyti-

cally. We will separate it among orders of magnitude of ex and scale of oscillation. Let
us begin our understanding listing some properties of Eq. (3.10]) and (3.11)):

1. The oscillation rates are not oscillation probabilities, but the ratios between the
oscillation rates with BSM and the oscillation rates in the SM. Hence, they can be

larger than 1;
2. The BSM parameters come always multiplying the PMNS matrix, exU;

3. If ¢ — 0, we recover the Standard oscillation probability for three neutrinos.

We can use property 2 to reduce the number of parameters of our analysis. That is, we

can write the PMNS matrix in terms of mixing angles and redefine the BSM parameters:

€XU == GXU(egg, (5)R(¢913)R(912) == éXR(ng)R(Gm). (314)

Here we are using an alternative parametrization in the PMNS matrix, where the 6 CP
violation phase is included in the 23 rotation. In this parametrization of the PMNS

matrix, we have:

1 0 0 C13 0 513 C12 S12 0
U(fa3,6) = | 0 Ca3 so3e® |, Riz = 0 1 0|, Ro=|—-s12 c2 0],
0 —8236_i5 Ca3 —S13 0 C13 0 0 1

(3.15)
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and ¢;; = cos b, 8,5 = sin0;; for i, 7 = 1,2, 3. The new effective BSM parameters are
[gX] = [EX]U(923a5)7 (316)

the same as defined in [41] and [46], 47):

[gX]eu = 023[6)(]6;1, - 523[€X]576_i6,

€Xler = S23(€x e,ue' Co3|€X |er
[ex] [ex]ene’® + caslex]

As we can see, we can write the ratio of BSM rates over the SM rates as function of
only €. Then, all the dependence of 6,35 and 6 CP-violation is hidden inside the BSM
parameters. In this way, our analysis will be independent of the mixing angles 653 and
the 6 CP-violation phase.

In this analysis, we assume one type of BSM physics for each case: if scalar
interactions are present, tensor interactions are not. In addition, we do not assume [€x].,
and [€x]., present at the same time.

From now on, we assume electron disappearance and write Eq (3.10]) as

R non—osc 0sC ¢
T =N ZN ( kI ) +ZN1 sin (¢ L). (3.17)

k>1 k>l

The N"™°€¢ is the non-oscillation rate and gives the ratio between the Beyond the Stan-
dard Model Physics (BSM) and Standard Model physics if there is no oscillation. For
example, in the standard neutrino oscillation, it equals 1. The Ng° is the amplitude
of oscillation for the non-CP violation term, and the novelty is the appearance of the
amplitude for the CP-violating term NSY. In the Standard Oscillation, for electron dis-
appearance, the CP violation amplitude is zero.

We further assume that the [ex]e. for X = TS receives strong constraints
from beta decay and [er]. is degenerated in the gy and V4 measurements as shown in
[45]. Hence, from now on, we always consider [ex]., with o # e.

The non-oscillation rate is not dependent on the oscillation scale, ¢y, hence it

is:
N0 = 1 4 2 |[Ex]eal” dxipxr + [Exeal  dxxpxx + Olexlec), a # e (3.18)

One can notice that the [€x]., does not appear at linear order, having only second-order
or higher effects. In addition, the neglected diagonal terms [ex].. are:

O([EX]ee) =+ 2[€X]ee(dXL +pXL> + ([gX]ee)Q(dXX +pxx + 4prX) (319)

+ 2([€x]ee)*(dx xpx + pxxdx) + ([Ex]ee)* dxxPx x-
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Regarding the oscillation scales, we will separate the formulas in atmospheric and solar
scales. The former appears when E,, /L ~ 2.5 x 10~3eV?, and for reactor energies ~ 4 MeV
it happens around L ~ 1 km where this implies ¢3; ~ ¢35 and ¢9; ~ 0. In the past, such
approximation was called one mass scale dominance approximation. The ¢y; was defined
in Eq. and we from that, it follows that Am2, = AmZ; + Am3, ~ Am3, and neglect

Am3;. In the case when only [éx]., is present:

c? ~
Noie, = N4 Vg = sy (1 2 flexd P dusa,) (3:20)
NGP = NSP + NGP = 0. (3.21)

Here, s13 = sin(613), S2,; = sin(26;3) and the same for cos — ¢. If only [éx]., is present:

c . N .
N :53913 (1 + 52(:3 Re{[€x]er H(dxL + px1) — 4 (Re{[EX]eT})2 dXLpXL) +4 HGX]HQ dx1px1,
2013

— 53913 |[gX]e7'|2 (dxx + pxx + 03913 Re{[€x]er } (dxxpxrL + pxxdxL) — |[gX}eT|2 dXXpXX)
(3.22)

NS =+ Tm{[Ex]er } S2015 ((dxt — pxv.) + |[€x]er]? 52005 (dxxpxr, — dxrpxx)) (3.23)

From Egs. (3.20), (3.22) and (3.23), the [éx]., appears only in second order with no

CP-violation effects while [€x]., appears at linear order and presents CP-violation effects.
Hence, it is expected that experiments more sensitive to the atmospheric scale have a
higher sensitivity to the [€x]., in comparison with the [€x]., parameter.

Concerning to the CP violation, no sensitivity is expected for CP-violation
coming from [€x], in atmospheric scale experiments, only for the [éx]., parameters.
However, in this section, we will see that some experiments can be sensitive to the CP-
violation of [éx]e, coming from the solar scale.

In the solar scale, the active mass difference is Am2, ~ 7 x 107°eV2. Reac-
tor experiments (with energies of around 4 MeV) with distances around 100 km can be

sensitive to the solar mass scale. The amplitudes, in that case, for [€x]c,

NG =cls559,, — Re{[Ex]entcissa0,, (dxr, + pxi)
+ (Ix)enl” + Re{[Ex]en}s30,, ) 4cisdxrpxr, — |[Ex]enl” 530, (dxx + Pxx)

— |[Ex]epl? Re{[€x]eu }erssio,, (dxxpxr, + pxxdxr,) + l[Exenl* Sho., dxxpxx  (3.24)

N =+ [cls(dxr — pxv) + |[Ex]enl” (dxxpxt — dxupxx)] Im{[Ex]e, }eizsa0,,  (3.25)
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and for [€x]e,

NG =c13859,, — 2513¢15 Re{[Ex]er H(dxL + px1)s5g,,
. 1,..
+ 539,539, Re{[Exer Fdxrpx, + 2 |[Exler|” 530,,4575¢15 (dxx + pxx)
— c138% | [Ex]er |’ S10,, Re{[Ex]er } (dxxpxr + pxxdxr)

+ 513 |[Ex]er|* dxxpxxs3,, (3.26)
NSP =0. (3.27)

Sun

Both parameters appear in linear order, however [éx]., can be suppressed by a small 6,3
(it always comes multiplied by s13). In solar scale, the opposite happens: the CP-violation
terms exist only for the [€x]., parameter. As we have already mentioned, experiments
constructed on the atmospheric mass-scales assumption can also be sensitive to Eq. .
It comes from the fact that the amplitudes N5F are multiplied by sin (¢) and not by
sin? (¢y1/2). Hence, the CP-violating term can reach the same size as the standard oscil-

lation term from AmZ,, which happens when
Im {[gX]eu} 52014 Sin(A21> ~ 83913 SinQ(A:ﬂ). (328)

As we will see, this results has some implications for our study.

In addition, if one wants to split the atmospheric mass scale to the study of
the mass hierarchy, we present our formulas when Am32, = Am3, + Am2, ~ Am32, is not
true anymore. The N$* are different for i = 1,2. In the [éx]., case, they are proportional

to the coefficients, Nk and N as

OSC OSC OSC OSC

N3yt = Natm8127 Ngy© = NathIQ7 (3.29)
CP _ aA/CP 2 CP _ A7CP 2

N3y = NayimSTas N3i = Nyl (3.30)

In contrast, for the [éx]., parameter, we have more complex changes:

N5 =559, 519+ Re{[Ex]en} (Dx1. + dx1)520,,C13575 + 4 |[Ex]en|” dxrpxis13¢% (3.31)
Ngy = - Im{[€x]en} (DxL — dxL)S20,2€13513, (3.32)
N??TC _33013012 Re{[EX]eu}(pXL + dXL)52012013513 + 4 |[6X]€M| dXLpXL813812 (333)
N5" =+ Im{[ex]e, Hpxr, — dxi)s90,,C13513- (3.34)

Now that we have an overview of the analytical aspect of the oscillation rate,

we can proceed to the amplitude calculations.
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3.2.2 Amplitude calculation

Now that we have a better understanding of the oscillations formulas in each
scale, it is time to look at the process of neutrino production and detection. We will
focus on neutrino beta decay and inverse beta decay. Here, we restrict our work to scalar
and tensor interactions. The Lagrangian is given by Eq. , where we separate the
Standard Model Lagrangian Lg)s, the scalar interaction, L£g and the tensor interaction,
Lr:

GrV, _ _ _
Loy = — f/i % [(gvDr*'n — gapy"75m) (o Prva)] + hec., (3.35)
GrV, -
Ls=+ Fﬁ ® gsleslap(@n) (laPrys) + h.c., (3.36)
GrV, o .
Lr = -2 0 ler)as (0" Pon)(laom Prvg) + h.c. (3.37)

2V/2

There are two main types of standard weak interactions at low energies: the
Fermi interaction and the Gamow-Teller one. The Fermi interaction is mainly related to
the vector component of the weak Lagrangian, while the Gamow-Teller one is related to
the axial part. In beta-decay at reactors, most of the decays are of Gamow-Teller type;
hence, the vector part of the interactions can be neglected for the production in reactors.

At low energies, the hadronic current in the Lagrangian (up to second-order
derivatives) reduces to the structure of Gamow-Teller or Fermi interactions. Moreover, as
can be seen from Ref. [41], the pure scalar interactions reduce to Fermi transitions while
the Tensor ones reduce to Gamow-Teller.

Our goal is to calculate the oscillation ratios, Eq. , which implies calcu-

lating all possible combinations of amplitude products:

Mxy = / D AxAydIL (3.38)

spin
It corresponds to the numerators and denominators of Eq. (3.12)). At the end of the
day, the production and detection factors can be found a in Eq. (3.12). We begin our
calculation by focusing on the detection process. In the end, we go to the production

process.
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Neutrino and antineutrino detection

As we have already seen, neutrino detection can appear in two types: charged
current and neutral current signal. In our case, only the charged current is affected by

new interactions. Hence, we are interested in two of the Feynman diagrams in Figure |3.1}

A A A A
zX-e' z—le zX-é z+1X!'

Figure 3.1: The four-vertex Feynman diagram for the anti-neutrino and neutrino detection. One

can read the Feynman diagram from the left to the right.

All the interactions depend on nuclear effects, which can play an important
role depending on the process. First, we will look at the neutrino detection through the

charged current. The amplitudes are:
Ax—sr = —1(Ve, Xi| Lx |€7Xf> . (3.39)

In the case of antineutrinos one should change v, — 7, and e~ — et. Then, using the

Feynman rules, one can find

Ax = =i s [ ()T ) % 0Ty ()] . (340

The same expression is valid for the Standard Model, but one should use the identity
matrix instead of using [ex]|. We can now, substitute Eq. (3.40)) in Eq. (3.38):

Miy = / AL el o 3 [ ()T (52)] x5t ()] aa

*

[T (pe) T (90)] ™ [9xT (0p) Tt (p)]

Here, o and [ represent the neutrino flavors. Using Casimir’s trick, and one can find

GV I T
My o [ dI=E2 ey osley)asgx gy Tr | ip Ty (p, +me)]

(3.42)
Tr {r’;( (B, + mp)Ty(p, + mn)] .
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Here, we should calculate the traces for each combination between the interactions: scalar,

tensor, vector, and axial. Let us begin with the combination of the scalar with the others

Bl

(vector x scalar) :%Tr |:704(1 = )P, (L +75)(p, + me)] Tr [vo‘(pp +myp)(p, + mn)}

:%Tr [fya(l — )P, (1+75)(p, + me)] 4 [plm, + pom,]

= [2(pv)ame) 4 [pgmp +P§‘mn} = 16m.[(p, “Pn)my + (po 'pp>mn]v
(3.43)

(axial x scalar) :%Tr [’y“(l — )P, (L+7)(p, + me)] Tr ['Yu% (Pp +my)(p,, + 1)

270 [0 = 2, (14 ), + )] X 0

=0.
(3.44)

(scalar x scalar) :%Tr [(1 — )P, (1 +75)(p, + me)} Tr [(pp +my)(p, + mn)]
:%Tr [(1 —7)p, (1 +75)(p, + me):| X 4 [pp - P+ mpmy] (3.45)

:16(]9,, : pe)<pp “DPn + mpmn)-
We check that our calculations agree with the calculations performed in the Software
Mathematica. Hence, from now on, we will use the Mathematica output results. Bellow,

we show the remaining traces between vector, axial and tensor combinations.

(vector x vector) :%Tr [fya(l — )P, v8(1 +75) (P, + me)} Tr [fya (pp + mp)fyﬁ(pn + mn)]

=32 [=mymyp(Dy - De) + (Pn - Pe) (v - Pp) — (P - Pn) (Pp - De)] 5
(3.46)

(axial x axial) :%Tr |:")/a"}/5<1 — 75)pyfyg’y5(1 + 75)(?6 + me)} Tr [’ya%(ﬁp + mp)’Yﬂ% (Pn + mn):|

=32 [+mnmp<pu 'pe) + (pn : pe)(pu : pp) - (pu 'pn)<pp 'pe)] )
(3.47)

(vector x axial) :%Tr [va(l — )P, 8751 +5) (P, + me)] Tr [yo‘(pp + mp)7575(pn + mn)]

=64 [(pn - pe)(Pv - D) — (Dv - Pn) (Pp - Pe)] -
(3.48)

3We will not calculate the trace between scalar and tensor interaction since they are not used in this

work.
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(tensor x vector) :%Tr [aa(s(l — )P, v8(1+75) (P, + me)] Tr [Uaa(pp +my)y” P, +mn)

=48 x 4 x me[(pz/ 'pp)mn - (pu 'pn)mp]v
(3.49)

(tensor x axial) :%Tr 0as(L —v5)p, veys(1 +v5) (P, + me)} Tr [a“é(pp +my)y s (p, + mn)]

=48 x 4 X me[(py - Pp)Mn + (D - Pr)My),
(3.50)

(tensor x tensor) :%Tr [aaﬂ(l — )P, o1 +75) (P, + me)} Tr [Uaﬁ(?p + mp)gén(ﬁn + 1)

=16 [2(pn 'pe)(pl/ 'pp) + 2(]31, . pn)(pp 'pe) - (pp 'pn)<pz/ 'pe)] .
(3.51)
Now, we should calculate the integral in the phase space. For the detection

case, one should have:

d3p, d3p.
Mxy = Ax Apdl = (..)dT o<(...)3* (py, + pn — pp — De) Epp —Ep
D e
d3p, d3p.
—()O(Ey + By — By — BN, + i — By — 5.) L2 e
E, E.
(3.52)

If we assume the nucleons at rest (or negligible recoil contribution of the final nucleon)

and neglect neutrino masses, it is possible to reduce Eq. (3.52) to

— — — — dg_)e
My = () o(..)8(E, + my, —my, — E)3* (5, — bl — pp)dgppm—%
pe (3.53)
dcosBdodE, dcost
—(.)8(E, +my, —my — B)pe———""007 _ ( )2mpy
(--)0(Ey +my —my, )p m E. (...)2mp m E.

From equation (3.53) we got the constraints: p, — p. = p, and E. = E, + A where
A =m, —m,. In the case of nuclei, the A can the substituted by A;; = m; —m,, where
my and m; are the masses of the initial and final states of the nuclei. Now, we can apply

Eq. (3.53) to our amplitudes, for the standard mode traces, we will have

MEW xg? (vector x vector) + g% (axial x axial) 4 gy ga [(vector x axial)+(axial x vector)]
=64{(9a + gv) [mamp(ga — gv)(Dy - Pe) + (94 + 9v) (Pn - Pe) Py - Pp)]

+ (94— 9v)2(Dv - o) (Pp - De) }-
(3.54)
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Under our kinematic assumptions, we have:

Pv - Pn %Eumna
DPv - DPp %Eumzn

Pv - Pe %EVEE — PePv COS 07

(3.55)

DPe - Pn %Eemna

De - pp %Eempa

Pp - Pn SMpMy,.

Hence, the standard model amplitude become:
MY x64m,m,E,E,. [g5(3 — v cos0) + g (1 + ve cos0))] (3.56)

where

v, = 2 (3.57)

E,
Now we can apply the angular contribution coming from the phase-space integration, and

the amplitude is integrated over cosf from —1 to 1, leading to

1
/ MEVd(cos 0) o 64E, E,m,m, (3¢5 + g%). (3.58)
-1

For the scalar scenarios, we have

Megr, o< + 32gsgy Eympmpme,

! (3.59)
/ Msrd(cos0) o + 64gsgy E,mympyme.,
-1
Mgg x + 329§E,,Ee(1 — v, cos 0)m,m,,
! (3.60)
/ Mgsd(cos 0) o< + 64gsgy B, Ecmym,.
-1
For tensor interactions, we will have
My, o< + 96979y E,mpm,me.,
1 (3.61)
/ Mrrd(cos0) < + 192grgy E,mym,me,
-1
Mt o + 3297 E, E,(3 + v, cos &ymym,,
(3.62)

1
/ Meprd(cos ) oc + 192¢5.E, E;mym,.
-1
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From kinematic considerations, the interference between the tensor and axial contributions
is zero. Furthermore, substituting equations (3.58]), (3.59)), (3.60)), (3.61) and (3.62)) in eq.
(3-12)), we should have the following terms for Fermi plus Gamow-Teller interactions:

dy = gsgv __ Me deg = 93
9‘2/ + 39124 Ee ’ g‘2/ + 3g124, (3 63)
do — _39agr_me 397
TL TT

G +3¢4 R g +3¢%
where m, = 0.511 MeV is the electron mass. At low-energy, the electron energy spectrum

is related to the neutrino electron spectrum by the relation
E.=FE, — Ay, (3.64)
where A;; = m; — m, is the mass difference between the final and initial nuclei.

Neutrino and antineutrino production

In the electron neutrino nuclear production, we have a similar calculation and

three types of neutrino production:

MY = —i(X,| Lx |e, X ve) s (3.65)
M = —i(X)| Lx e, Xy, T.), (3.66)
MES = —i(X; e | Lx | Xy, ve) . (3.67)

respectively, the 5%, the 5~ and the electron capture (E.C.). Those interactions can be
represented by the following diagrams
In the case of production, the main difference is the integral in the phase space,

which is the same for all interactions. So, the amplitudes will be

GFrV, _ _
MG = —i= S el [T (T () X gxTin(po)p (b)) (3.68)
g=  GpVig _ . _ N
My = —i 32 [ex]as [Ue* (pe)lxtw (p2) X gXup(pp)FXun(pn)} ’ (3.69)
GFVud

ME = —i= 5 lexla [T ()Tt (pe) X xT (po) it (3y)] - (3.70)
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<

.-H A r
/ J}"f ;-’+l-“IL J Ff—lj‘_."

Figure 3.2: Here we show the four-vertice Feynman diagrams for the neutrino and antineutrino
production. In the left, there is the ST decay, in the center the 53—, and on the right side,
the electron capture (E.C.). We assume a horizontal time-arrow from left to right for those

diagrams.

Performing the same calculation as for detection (for beta decays), we will find
very similar expressions for the traces. For 7, the traces are the same as for neutrino
detection because of eq. (3.40)) is equals to eq. (3.69). The kinematics is the same as in eq.

(3-55)), so we should find similar expressions for 5~ in the case of Fermi plus Gamow-Teller

Interactions:
R L LI g%
g +3g3 B T g +3g% (3.71)
5~ 3gagr me g 397
Pro= 35 537 Prr =

9 + 395 Ee gy + 394
For 8%, the expression should be the same as for antineutrino detection, therefore, similar

to [41]

i 9SOV e g 93
SL g%/ _'_ 39124 Ee ’ 55 gV + 392 7 (3 72)
+ 3gagr me + 397 ‘
Piy = Prr = 5%

A already mentioned, there are two types of weak interactions at low energies:
the Fermi and the Gamow-Teller. Moreover, at low energy, the pure scalar one reduces
to Fermi transitions and the tensor one to Gamow-Teller transitions. Hence, if we have
a process where one should consider only Gamow-Teller transitions (as in the reactor or

solar neutrino production), one should find:
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+ Jg
5 (3.73)
p’Bi gT me pﬁi _ g_T
e ga E o QA.

3.2.3 Solar neutrino oscillation

The description of neutrinos coming from the sun is not the same as for neu-
trinos in the vacuum as discussed in Sec. In the sun, the neutrino is produced
subjected to matter effects, an effective potential created by the coherent forward neu-

trino scattering in the matter. The matter potential is given by:

Ve(z) = V2GpN.(x). (3.74)

Here N, (x) is the number density of electrons at the position z, and the potential appears
only at the electron neutrino component of the evolution. Due to the nature of the
profile of matter density in the sun, for usual oscillations we have that all transitions are
adiabatic, and, the mass eigenstate do not change along the path [48]. In addition, the
initial neutrino state is the state in the matter, given by a rotation of the mixing angles

in the matter (for two neutrinos):

~ Am3, cos 2015 — Voo L
cos 201y = Am?, e sin26iy = Am?,

Amj3, sin 20,

, (3.75)

where

Am3, = \/Amgl sin? 2015 + (Voo — Am3, cos 2015). (3.76)

The solar neutrinos do not have the same oscillation pattern as in vacuum
(the oscillation exists but is averaged out), and it arrives in the detector as an incoherent

admixture of mass eigenstates. Hence, Eq. (3.10)) becomes:
¢SMU =3 0w [V )| x [VA(ax)] (3.77)
Kl

where we use the same expression in Eq. (3.11]), making the replacement of V — 1%

(vacuum to matter) when neutrinos are in the matter. This expression can be written as:

R, . _ _
ngMU_%M = Z(|Uak|2 + zRe{pXL<€XU)akUak} + [pxx(exU)ak]?)

k
X (’ng’2 + QRe{dXL(EXU)ZkU,Bk} + ‘dxx(ﬁxU)/ng) (378)
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As can be seen, Eq. has no CP violation term, despite the sensitivity to the CP
violation phase of the Re{---} terms. If one neglects NSI, it is possible to recover the
standard expressions for solar neutrinos.

The sun produces mainly electron neutrinos, and we can write the electron

flux and see how does it depends on the mass states:

() = 6™ () (P + 2Re{pau(exD)inlin f + Ipxx(exDasl))  (379)

and, similarly, we can write an effective cross-section of detecting a S-flavoured neutrino

on the detector from a mass state k:
Uﬁ(Vk) = (TgM (Pksé\/[ + QRG{dXL(GxU)ZkUﬁk} + |dXX(EXU)Bk|2) . (380)

We can calculate the rates based on the 3v scenario explicitly showing the mix-
ing angles with these expressions in hand. Based on our calculations, for solar production

of mass states and considering the [éx]c,, we have:

P — P3M —2Re{[ex]entpxisizciacs + [[€x]en]*pxxSio,
P — PO+ 2Re{[ex]eptpxrsiztiocis + |[Ex]en]*pxxCias

Ps = P (3.81)
For [éx]e,, we have:

P, — PSM —2Re{[ex]er }PxLE513C13 + |[Ex]er |2 DxxCra50s,
Py — P —2Re{[Ex]er }PxLE29513C13 + | [Ex)er]| Pxx5aa503,

Ps = P4 2Re{[Ex]ertrxrcis + |[Ex]er*PxxCis. (3.82)

For the detection we obtain similar expressions but changing d — p and U — U.

For [éx]e, parameters the changes on the probabilities that appear in the two
first families are suppressed by the small value of 63, as can be seen in Eq. .
As the first two families are the most important for solar neutrinos, we expect that
solar experiments do not have considerable sensitivity to the €., parameter. Indeed, we
explicitly checked that the constraints on [€x]., from solar neutrino data are much weaker
than those coming from reactor neutrino experiments. As for the [éx].. parameter, it
appears only in the first two families but is not suppressed by any parameter.

As an additional effect, if the neutrinos arrive at the detector during the night,
the coherence between mass eigenstates is reestablished, and flavor oscillation can be
probed. Finally, we developed expressions to include NSI on neutrino regeneration on

Earth and explicitly checked that its effect on the constraints is marginal.
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3.3 Case study: solar neutrinos and reactors

This section introduces the details of the simulation of solar and reactor neu-
trinos under the scope of the theory developed in the last section. As will be seen, only
scalar and non-standard tensor solar interactions will be considered. The neutrinos will
be produced at the source in the presence of the new interactions from the Lagrangian
in Eq. , will travel a given distance, and will be detected at the experiment with an
electron signal (also with the presence of new interactions). Before going into the details

about the simulation, we will discuss some statistics used in this work.

3.3.1 Statistics

Neutrinos are particles that rarely interact with other particles, e.g., the mean
free path of the neutrino in the solar matter is around 100 light-years. Because neutrinos
have a small probability of interaction, and the number of trials of scattering neutrinos is
large (proportional to the number of neutrinos times the number of a nucleons), the total
neutrino events in a detector should obey a Poisson distribution:

e AN

n!

P(n;\) = , (3.83)

where )\ is the mean value of neutrino interactions in a given period, and n is the number
of interactions. The A comes from the neutrino rates (3.10]). In an experiment, the number
of events is separated into energy bins. Hence the total probability obtained from the 7

events in the detector and distributed over all energy bins is:

P(ii, X) = HP ni; Ae). (3.84)

From Eq.(3.84]), we can create a test statistics that compare the model with its largest
probability, that is, when \; = n;:

P(7, X)
S | =2 i1 3.85
% n ﬁﬁ Z n n , ( )

where the x? function follows a x? distribution with N —m degrees of freedom [49] (N is

the total number of points and m is the number of parameters). As we will be interested
in n; > 5, even a normal distribution can be assumed instead of P(7i, A). In that case,

one can use

=) . ;2/\i)2 (3.86)
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where Eq. (3.86) obeys a x? distribution with N — m degrees of freedom [50] and o? is
the standard deviation in the energy bin (which can be estimated from the data). The

minimum values of equations (3.85)) and (3.86]) are equivalent to maximize Eq. (3.84)

and can be used to estimate the p-value to measure the goodness-of-fit. In addition, Egs.
(3.85) and (3.86]) can also be used to measure the uncertainty of the parameters at a
certain C.L.. If one uses:

Ax? = x* — min(x?), (3.87)

it follows a x? distribution with m degrees of freedom, where m is the number of free
parameters.
For completeness, we also introduce the parameter goodness-of-fit, that also

will be used in this work:
Xpe = AXS, (3.88)
J

where j refers to a given data set (e.g, an experiment) x% follows a x? distribution with
mj; —m where m; is the number of parameters in each data-set j and m is the total

number of parameters [51].

3.3.2 Reactors

In this section we will introduce the experimental setup and simulations of the
reactor experiments KamLand [52], Reno [53], Daya Bay[54], and Double Chooz[2].

Reactor antineutrinos are produced by the fission of nuclear fuel and frag-
ments. The four main components of nuclear fuel are 2*°U, 23U, 239Pu, and ?*'Pu. The
antineutrino flux from reactors is well known in the literature and peaks around 4 MeV.
In the past, the reactor flux was a source of several discussions about sterile neutrinos.
Nowadays, it is calculated with good precision and does agree with data [55] with no
indication of sterile neutrinos.

The anti- neutrinos produced in reactors can be detected by inverse beta decay,
generating a positron event. We calculate the Eqgs. for reactors based on Egs.
(for detection) and (for Gamow-Teller production). In the production, the energy
dependency should be averaged for processes dependent on the nucleon energy:

(prr) = T () =L
ga ‘ <Eepe> ga fT(Eu) ’

where p, is the final lepton energy, which comes from the phase space contribution. The

(3.89)

fr(E,) is defined to include the averaged lepton energy over the nucleon decay modes. It
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can be found in the continuum approximation

- Z? wiEe(Ai>pe(Ai) E Eg 25

El/ n =~ . - . —V . ]_ e 5 <~ 14 . —V.
Wi Lue( A e e e
fr(E,) "B 3.7773 03805MV+0089MV2 00003Mv3
(3.90)

Here, w; is the weight of the process, and we fit the fr(E,) using the reactor flux [55] in
the continuum approximation to find the values shown above. The factors for reactors

are presented in table [3.1]

Table 3.1: Production and detection factors in Eq. for reactors antineutrinos. Here F, is
the positron energy, m, is the electron mass and f(F,) take into account the nuclear fuel and
sub-products in the reactor model. For low-energy, the positron energy can be related to the
antineutrino electron by the relation E, = E, —A;r, where A;; = my —m; is the mass difference

between the final and initial nucleon.

scalar tensor scalar tensor
p) p)
ar Me gs ar
PXL 0 - Pxx _—1 —
9a [(E)) 394 94

gsgv _ Me  3gagr Me
gv + 393 B gy + 395 Ee

g3 397
gy +394 gV + 393

dXX

dXL

Depending on the distance between the reactor an the detector, the experiment
can be sensitive to several squared mass differences. We will divide our study of reactors
based on that.

In reactor neutrino experiments as Reno, Daya Bay, and Double Chooz, the
Am2; (i = 1,2) and 603 are the oscillation parameters that have measurable impacts.
Because of their average distance of around 1 km, they are called medium baseline ex-
periments (MBL). On the other hand, in reactor experiments as Kamland, the Am3; and
015 are the parameters that matter, it has a length of around 200 km, and it is called a

long-baseline experiments (LBL).

Medium Baseline Reactors

Here we describe our simulations of Daya Bay, RENO, and Double Chooz. In
our simulation, we used the Globes Fit 1.0 [3], a GLOBES 3.0 based software [56, [57].
We used our modified version of GLOBES Fit 1.0 that includes new interactions. Daya
Bay, Double Chooz, and RENO analyses are independent for spectral and total rate in
GLOBES fit. Aas we will see, we take both into account to calculate our x2.

The Daya Bay experiment [54] is made of eight identicall antineutrino detectors

(AD) distributed over three experimental halls (EH) and six reactors. There are two cores
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Figure 3.3: Schematic view of the Daya Bay experiment.

~316 m apart from EH1, four cores ~505 m from the EH2, and all the six cores ~1663
m from the EH3. In the EH1 and EH2, there are two ADs each, and in the EH3, there
are four ADs. The precise distances between each reactor and AD as well as the reactor
power can be found in tables XIII and XIV of [3] or in [54]. The top view of the Daya Bay

experiment is shown in figure [3.3 The Daya Bay data can be divided into three phases:

e In phase 1, there were six ADs working, from AD1 to AD6. They took data during
217 days.

e In phase 2, all the eight ADs were working, and they took data during 1013 days.

e In phase 3, AD1 was removed and they took data during 217 days.

In order to simulate Daya Bay, we should use eq. (3.10) for Daya Bay and
calculate the ratio in each detector:
> st Ry ™ (Ey, Lra) /LYy
Z'rs tfin/de ’

where r sums over each reactor and s sums over each phase, ¢} is the duration of the phase

Ryl = (3.91)

s, and the P? is the power of reactor r in phase s. The L,4 is the distances between the
reactors and the ADs. As in ref. [3], we assumed a 3-meter spherical target for the ADs
and performed a Monte Carlo simulation for these distances. With that configuration,
we could reproduce the Daya Bay measurements over the standard oscillation parameters

Am?%;,, and sin? 03 as shown in Fig. [3.5] Furthermore, we also reproduced the results
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Figure 3.4: The yellow circles represent the reactor’s positions in the left schematic view of the
RENO [I] experiments. On the right is the schematic view of the Double Chooz experiment [2].

of ref. [3] for the sterile neutrino analysis. More details about the Daya Bay simulation
can be found in ref. [3].

The RENO experiment [53] 2] consists of two detectors that detect neutrinos
produced in six reactor cores, as can be seen in figure [3.4 The two main distances
associated with RENO are 290 m and 1380 m. On the other hand, the Double Chooz
experiment is made of two reactors and two detectors in two experimental halls, as can
be seen in figure extracted from [2]. The Double Chooz experiment is characterized
by two effective mean distances, 300 m and 1000 m. Further details can be found in ref.
[3]. We assume the detectors are spheres with 3 m of radius. The distances and power of
each reactor in each running period can be found in tables XVIII, XIX, and XXIII of ref.
[3]. With this information, we can use our modified version of GlobesFit 1.0 and simulate
RENO and Double Chooz. From our simulation, we could reproduce the results of ref.
[3] that we present in figure It is possible to see that the experiment that restricted
more the parameters is Daya Bay due to its large statistics.

The GlobesFit assumes averaged baselines for the neutrino oscillation. In Egs.
A.12-A.13 of Ref. [3] it can be seen how to compute the average over the baseline, F'(q)

function for sin®(qL):
w; sin?(qL;
F(g) = (£2) Y W o) (3.92)

where, w; is the weight for the average, which is assumed as the power of the plant or a
combination with the period of usage (as in Daya Bay). The (L?) is the weighted average
sum. We reproduced their calculations and found the same results. With that, we could
also include the average for sin(¢L) (the CP violation term), see eq. (3.17). For the
Medium Baseline reactor (MBR) case, we adopt the following x? distribution:



25

3.50
......... ---.u, ——= Daya Bay: 30
3257 & 7 el DoubleChooz: 30
. 3.00 A :-'. / —-- RENO: 30
> : | !
L2754 \ I
| H 3 y
S 2504% \ /-/
XH '-‘ \ 7 .
F2.251 " N~z S
<
2.00 A Joint: 1o
1.75 - - Joint: 20
' B joint: 30
1.50

0.06 0.08 0.10 0.12 0.14
sin22613

Figure 3.5: We show our results for the confidence level curves at 3o for Daya Bay (dashed red),
DoubleChooz experiment (dotted blue), and RENO experiment (dashed-dotted green). Further,
the confidence level curves for a joint analysis of all the three experiments at 1, 2, and 3o in
shades of red.

(1-a)?

2 )

XRiBR = > (&™) + () + ~—

exp={DB,DC,RENO}

(3.93)

where
NpB

e = Y D (df =) (Vag)y(dy —nf), (3.94)

k={EH2,EH3} i
where, d¥ is the released data in the energy bin i (over Npg = 52 energy bins) for the
ratio between the event number in the experimental hall k = 1,2,3 (EHk) with EH1, n¥
is the corresponding simulated value. Here, Vpg is the covariance matrix for the Daya

Bay shape analysis. Finally,

NpB
OO =Y (dh; = (1= ang )Wph)y(dh; — (1= a)nf), (3.95)
i,

where the variables have similar meanings as in the shape analysis case, with the difference
that dy;(no;) (¢ runs over Npg = 8 bins for different running periods) is the ratio between
the total number of events at AD1, AD2, AD8 and AD3 divided by the standard neutrino
oscillation prediction case. The parameter « is related to the normalization error, o, =
0.025, that we assume to be fuel independent. For Double Chooz (DC) (Npc = 26 data
points in the shape analysis and four data points in the rate) and RENO (Nrgno = 25
data points in the shape analysis and eight data points in the rate), we consider the

near and far detectors ratio. The y? is the same as in Eqs. (3.94)) and (3.95) but d¥ is
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the far/near ratio and d(]z are the ratios in the near detector with the standard model

prediction.

Long Baseline Experiments

The KamLAND experiment consists of a 1 kton of highly purified liquid scin-
tillator detector in Japan that collects signals of inverse beta decay of neutrinos coming
from different reactors in Japan. As the average distance from the reactors and the Kam-
LAND detector is of the order of 180 km, and the neutrino energies are around 3 MeV, the
experiment is sensitive to the solar neutrino squared mass difference Am2,. The Kamland

reactor distances can be seen in figure

South Kerea
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Figure 3.6: Kamland reactors distribution on a map. Taken from http://www.insc.gov

The KamLAND detector measures the event rates of antineutrino signals from

2002 to 2007. The experiments had a total exposure of 2.44 x 103 proton-yr and the

energy resolution of ~ 6.8%/+/E,/MeV.

To simulate the KamLAND event rates, we used a reactor predicted flux from
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ref. [58] [59] and calculated the total flux in the detector

dey/)(E,)
do(E,) _ 2ib g, (3.96)
dE, 4r Y, Wil '

where F} are the fuel fractions of the reactor given by the KamLand collaboration (0.567 :
0.078 : 0.298 : 0.057) for (335U : 238U : 29Pu : ?Y1Pu). The neutrino flux comes from [55]
and the baseline L; and power W; for each reactor comes from [60]. The efficiencies are
given by ¢; and extracted from [52]. The antineutrino cross-section comes from [61] and
the neutrino reconstruction function was taken from Ref. [62] using a 6.4%-/E, /MeV
error given by [52].

Using the total flux at the detector made it possible to calculate the event

rates:

7 d®(E,) do(E,, E.)
i 74 dE W Vele 1% 78] EREV7E’
e [ o [an (S () ) LR e
(3.97)

where ¢; is the post-smearing efficiency for each energy beam, o4 (E) is the inverse beta-

decay cross-section, P(U, — 7.) is the neutrino oscillation probability and R(E, E’) is a

Gaussian energy resolution function

R(E,E) L - (3.98)
, = — ¢ 204(E , A
o(E)V2m

where o(FE) function for inverse beta decay is defined in GLOBES 3.1 manual, page 104.
The data and the predicted background were collected from ref. [52]. Using eq. -

we could reproduce the confidence level curvesﬁ for the standard oscillation parameters in
figure 4 of ref. [52].
For the statistical analysis of KamLand (KL), we calculate the following x?:

(di —n;(a, az) — b;(as, a4))2 2

XkL =Y 7 +> % (3.99)

i (2

where d; is the data extracted by summing the number of events of the three KamLand
phases of Ref. [52], b; is the background also extracted from Ref. [52], and o; are the
systematic errors. We used o; = 0.05(signal normalization error), oo = 0.02 (signal

energy error), o3 = 0.08 (background normalization error) and o4 = 0.02 (background

4We used the ordinary 2 test.
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energy error). Also, the number of events given the calibration and normalization errors

will be the same as in the Ref. [57]:
ni(a,b) = (1 +b)(1+ a) [(ni1 —ni) (6(b) — i) +ny . (3.100)

Here, §(b) = b(i + to + 0.5) + i where tg = NpinsEumin/(Fmax — Fmin). For each y&,, we

minimize over the nuisance parameters a;.

3.3.3 Solar neutrino experiments

In addition to reactor experiments, solar neutrino experiments are essential
to measuring neutrino oscillation parameters, the 615 and Am3,. In our context, solar
experiments can give light to new constraints in our new physics analysis. For example,
non-standard neutrino interactions can appear in the beta process in the sun and in
inverse beta detection of the neutrino coming from the sun. The processes for neutrino

production in the sun are:

(p) p+p—d+e’ +u.,
(pep) p+e +p—>d+u,
(hep) *He +p —* He + €',
("Be) e +" Be =" Li + v,,
(®*B) ®*B —=® Be+et + v,
(BN) BN =B C + et + v,
(*0) PO =¥ N +et + v,
(TF) TF S 04 et 4,

in which (3.105)), (3.106)), (3.107)) and (3.108)) are 3 decays. For solar neutrinos, we consider

that non-standard interactions are present in beta decay processes which are mainly of

Gamow-Teller type. The interaction factors are presented in table (3.2

scalar tensor scalar tensor
2 2
gr Me ds ar
DXL 0 +=— DPXX = =
ga Ek 39% gi

g% 397

9y +39% 9y +39%

_9sgv__ Me  3gagr Me
9t +394 B g% + 343 E.

dXL dXX

Table 3.2: The same as Tablebut now for production and detection factors for solar neutrinos.
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The flux for each of these processes depends on the distance from the center
of the core and on the neutrino energy. We obtain the fluxes from Ref. [63]. We consider

the following experiments in our analysis:

e the full spectral data from Super-Kamiokande phases I, IIT and IV [64] (65, [66];

the combined analysis of all three SNO phases [67];

e Borexino results [68];

combined Gallex+GNO [69];

SAGE [70] data;
e Homestake results [71].

For each of these experiments we calculate the number of events for the ratio considered:

Emax o) R,
N : AL, E)) [ Ry, \ do(Ey, E.)
P /E B, / dE, /0 AL it ) g (3100)

Ermtn
where n; " is the number of events for the bin i from the flux j for each experiment exp.
The ¢,(L, E,) is the flux for a given production process, oey, is the cross-section for the
experiment ¢. In our ratios, the factors dependence E, = E, — Ay, where Ay = my —m;

is the mass difference between the final and initial nucleon was implemented using:

"Ga—™" Ge: E,=E,+0.2785 MeV,
(3.110)
101 =37 Ar: E.=E, —0.303 MeV.

The number of events was calculated for each energy bin. For statistics, we
used Eq. with the difference that the correlation between neutrino experiments
was included to take into account the flux uncertainties from astrophysical parameters,
see Ref. [72]. Each flux component has its astrophysical uncertainty. They affect mainly
Gallex/GNO, SAGE, and Homestake (GSH). We sum all the components and define the

covariance matrix between these experiments as:
(VGSH)kl - (ngs)kakl + (O-s2tat)k6kl + Z niln(;xp<0-astr0)i * (Uastro)j(pastro)ij (3111)
]
where k& and [ run over experiments and i,j run over the flux component. The &gy

function for Gallex/GNO, Sage, and Homestake will be

s = (07 = &) (Vagiu ()™ — dp™®). (3.112)
kl



60

For the Borexino experiment, there is a correlation between the energy bins, driven by

systematic errors:
(VB)ij = [(0sys)i(0sys)j + 0fa) ny®onlo (02 )idy; (3.113)

where (04ys); is the systematic error of the ith bin, ohq = 0.038 is the error in the fiducial
volume and (0at); = n; + b; + 1 is the statistical error including the background. The XQB

function for Borexino will be:

Xb = (ni+ b — di)(Vig ua(ny + b; — dy). (3.114)
]
where n; are the events given by Eq. (3.109) summed over all flux components, b; is the
background and d; are the data points. For Super-Kamiokande the calculation is very
similar to the Borexino case, with the difference that the fiducial uncertainty is already
included in the systematic error:

X%K = Z X}Z)hase' (3115)

all phases

In the same way, for the SNO experiment %, is calculated including the systematics

and statistical errors, and the final result for solar experiments will be given by:

qun = Milporon ﬂux(X2GSH + X]23 + XgK + X%NO) (3'116)

where we let a free boron flux parameter for all experiments, and we marginalize over it

to find the X2,

3.4 Results and Conclusions

This section presents the results of the simulations given on sec. [3.3] We
separate our analysis in four groups by flavor and type of interaction, and the section
will follow: [Esler, [€r]er [Es]en, and [€p]e,. We study each case separately and compare
the result at the end. We simulate each experimental set (MBL reactors, LBL reactors,
and solar experiments) as given in section We vary over all the combinations of
parameters in a grid search way. The Fig. shows which parameters were set free and
were considered in each simulation. If a parameter can be sensitive in a set of experiments,
it will be linked by a solid line. If the sensitivity is weak, it receives a dashed line link.
Colored lines mean that the sensitivity only exists if there is new physics.

We perform a grid calculation of the predicted number of events for each

experimental set and then calculate the correspondent y? function. For each experimental
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Figure 3.7: Connection of parameter sensitivity to experimental set. Solid line represents strong
sensitivity, the dashed line represents weak sensitivity. Colored lines mean that the parameter

is active only if new physics is present.

case, the resultant y? was stored in a large table and then interpolated to create a table
that sums the x? of all the experiments.

Regarding the type of interaction, the difference between scalar and tensor
interactions comes from calculating the p’s and d’s. For most of the p’s (and d’s), the ratio
between scalar and tensor interactions is 3g7/gs ~ 1/3, meaning that scalar interactions
are mostly 1/3 in size of the tensor interactions. For example, it can be seen from the two
rightmost panels of Fig. [3.8] where the tensor interactions in green is approximately are
1/3 is size compared to scalar interaction in yellow.

For comparison, before presenting the results for non-standard interactions, let
us see what to expect in the case of the standard model. In the standard model, the MBL
reactors are experiments with the baseline of hundreds of meters and 5 MeV neutrino
energies. As a consequence, it is sensitive to the AmZ, and 03 parameters. The ;3 was
first measured and had its precision associated with the MBL experiments (mainly Daya
Bay). The minimum x? found for MBL in the standard neutrino oscillation was 87 with
114 — 2 dof, as x?/dof < 1, the simulated scenario agrees with the data. For the Kamland
experiment, the minimum y? obtained was 15 with 17 — 2 dof, also in agreement with
the data. The Kamland experiment was sensitive to Am3, and 615. In the same direction
of the Kamland experiment are the solar neutrinos, where we found a minimum x? of
134 and 149-2 dof. Solar experiments are sensitive to Am3, and 6;5. Both Kamland and
solar neutrinos can be sensitive to #;3. However, they can not see a non-zero effect of its
value. In addition, those experiments are complementary to each other Kamland is more
sensitive to Am3,, and solar experiments are more sensitive to ;5.

In the global analysis of the standard model, where we sum the y? of all the
experiments, the minimum value was 247.7 with 280-4 dof. In addition, the parameter

goodness-of-fit leads to a p—value of 15%, with no significance to exclude the neutrino
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Figure 3.8: In this figure, we present the Monte Carlo simulated results of the Achi?. We show
the boxplot for each distribution. In green we present the limits when tensor interactions are

present, in yellow for scalar interactions and in blue for standard neutrino oscillation.

oscillation hypothesis. The resultant limits on the parameters from our analysis for stan-
dard oscillations can be seen in figure in blue. The whiskers were set at the 5% and
95% percentiles, approximately the 90% C.L. region. To generate figure (3.8, we perform
a Monte Carlo sampling. The result is in total agreement with our grid results.

Before going into the details of each case, we present a summary of the statis-

tics:

e Scalar [€5].,: we found a (xZiopa)min — ((X&iobal)SO )min = 2.99 that corresponds to
a 1.730 with preference for non-zero NSI. The parameter goodness-of-fit has the

p—values of 29%;

e Scalar [€g]e,: we found (XZjopar)min = ((Xpioba1)S0)min = 2.40 with a 1.550 preference

for non-zero NSI and the p—values of 38%;

e Tensor [ép]e,: we found (x3gpa)min = (Xaiobar)$0)min = 1.99 with a 1.410 preference

for non-zero NSI and the p—value of 26%;

e Tensor [ép]c,: we found (XZipa)min — ((Xpioba1)SO)min = 2.89 with a 1.700 preference

for non-zero NSI and the p—values of 29%.
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Figure 3.9: In the first line, the panels are the 1D x? — X% functions where the minimum value
we put the smallest among the minimum x? of the three cases, in this case, was the tensor. In
dashed green, we show the tensor interactions case, in plain yellow, the scalar and the standard
neutrino oscillation in dash-dotted blue. In the panels below, we show a grid with six 2D panels
for all combinations of parameters simulated. In green, we show the tensor, in yellow, the scalar,

and in blue, the standard neutrino oscillation. The contours were set to 1, 2, and 3 o.

3.4.1 The [¢x].:

In our analysis, the [€x]., have strong effects in MBR experiments, see Fig.
3.9l This figure remains unchanged if we include Kamland and solar experiments, also
representing the global analysis. In MRB experiments, we perform a grid calculation of
the x? considering the sin® 013, Am2,, Re{[és]er} and Im{[€g], }.

The 2D and 1D contours of the x? are shown in figure where in the first

2 — miny% marginalized over all the other

line we show the 1D curve of the Ay? = x
parameters (miny% is the minimum value of the y? for scalar interactions). In blue is the
result for the standard neutrino oscillation, in yellow are those for scalar interactions and
in green are those for tensor interactions. In the panels below, we show a facet grid with
the 2D contours of Ax? = x? —miny% marginalized on the not shown parameters (miny?%
is the correspondent minimum y?).

In figure 9, we can see that the main effect of [€s]., on MBR experiments is to

increase the value of the allowed 6y3. This is an effect that is mainly due to Re{[€s]er}-
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In addition, there is a correlation between the Im{[és]., } and Am3,, where the non-zero
Im{[és]e,} allows new regions of Am3,. For tensor interactions, the value of ;3 is not
subjected to large changes as in the scalar case. On the other hand, the Am2, is negatively

correlated with the Im{[ér].,}. We enter in more details in the discussion below:

e For scalar [és]., interactions, the standard neutrino oscillation is disfavored at 1.7¢.
In the Am3; x Re[és].. panel of figure 3.9) we notice a positive correlation between
Am?, and the imaginary part of [€g].,. This correlation drives the improvement in
the fit leading to a large Am3, = 2.78 x 1073 eV? and a non-zero Im[ég]., = +0.62.
The analysis also leads to a 3o allowed region of sin® 6,5 =~ 0.05 due to a correlation
of the sin? ;3 with the Re[€s]., as can be seen in the sin® §;5 x Re[€s]., panel. The
range of the parameters can be obtained by Ax? = 1 in Fig. [3.9] The values of the
real and imaginary parts found for scalar interactions [€s]., are (shown graphically

in the right panel of figure (3.8) by the yellow box) and are equal to

Re[€s]er = +0.03705), Im[&s]., = +0.627033. (3.117)

e In the tensor interaction case, the standard neutrino oscillation is disfavored with
a 1.410 statistical significance, see figure [3.9] As in the scalar case, the preference
was guided by the Im[é7|., that is negatively correlated with Am3, also leading to
a larger value of Am3, = 2.75 x 107 eV% Now the imaginary part is negative
Im[ér]., = —0.12. This comes from the fact that the interference term in the
production see Table. , is negative for tensor interactions and positive for scalar
interactions. At 3¢ in the tensor case the Am2, can reach values of 3.6 x 1073 eV?
and sin® 65 = 0.027 upper limit at 3. In the tensor case, the 65 is also correlated
with Im[ér]., as can be seen in the 613 X Im[ér]., panel of figure . The values
of the real and imaginary parts of the NSI parameter are (shown graphically in the
right panel of figure by the green box):

Re[ér]e, = —0.037008, Im[ér]., = —0.127098. (3.118)

For the mixing parameters and the squared mass difference, we show in left and
central panel of figure (3.8)) the range of sin® 03, tan? 015, Am2, and Am2,. Visually, we
can notice that sin® 6,3 and Am2,; changed compared with the usual neutrino oscillation

scenario.
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3.4.2 The [¢x].,

From the analysis of our formulas discussed in section , the [éx]e, param-
eter was expected to have significant effects on the solar scale for solar experiments and
KamLand. This happens because parameters always appear together with the Am2, mass
squared difference. However, our analysis of MBR experiments also plays an important
role. It comes from the fact that the CP violation term of solar scalar can be sensitive at
the MBR experiments.

Here, we first present the results of MBR experiments, followed by Kam-
Land+Solar experiments, and in the end, the global analysis. Our analysis will be based

on the x? curve. For MBR, it will depend on:

Xi/[BR = X2<9137 Am?’)l? 9127 Re[gX]e,uy Im[gX]e,u,); (3119)

in fact, it also depends on Am2,; however, we fixed it at the best-fit point of solar and
KamLand experiments (7.8 x 107°eV?). We show the 1D and 2D contours of the x?
function in figure In contrast with figure 3.9, in this analysis, the standard neutrino
oscillation parameters are weakly affected by the new interactions. However, the fit is
better than Standard Oscillation by 20. The improvement in the fit comes mainly from
the non-zero CP violation effect from the solar scale. We check that the improvement
comes from the normalization of the flux and on the improvement in the fit for the first
point of Daya Bay, the result is shown in figure [3.11]

Before combining all in a global analysis, we also perform the Solar+KamLand
analysis. The chi® function for those experiments, depends on 63, 612, Am3, and [€x]e,,
we show the 1D and 2D contours at figure . In the first line, we show the x? functions
in the same way as in the previous section. In green, we show the tensor, in yellow the
scalar interactions, and in blue the standard neutrino oscillation. There are no important
differences for the scalar interactions compared with the standard neutrino oscillation.
However, we found a 1.30 improvement in the fit for the tensor case compared to the
standard neutrino oscillation model. This result is compatible with the MBR experiment,
as we will see. Also, in figure [3.12] we show the 2D contour. From the 2D contours, we
can infer correlations between parameters. For each pair of variables, we minimize the
complementary parameter space. In the bullet points bellow, we discuss the scalar and

tensor interactions separated:

e If the [€g]., interaction is present, we found no improvement in the fit compared to
the standard neutrino oscillation. We found only a tiny distortion in the 6,3 that

can be considered negligible. The limits on the parameters are:
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Figure 3.11: Events of Daya Bay experiment, in black we show the data points, in blue the

standard oscillation and in red the tensor ey interaction. In the left panel, we show the EH2/EH1
ratio and the EH3/EH1 ratios in the right panel. The small panel inside the left panel shows

the total rate results compared with the standard model. Here, the x-axis is the neutrino energy

E = E,. We use the data as presented in [3]
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Figure 3.12: The same as in fig 3.9 but for solar neutrinos and [€x], interactions

Re[€s]e, = 0.001030 Im[és]., = +0.017035. (3.120)

e In the case [é7]., interaction is present, we found a 1.30 improvement in the fit
compared to the standard neutrino oscillation. The improvement comes from a

non-zero Re[ér|., and the limits on the NSI parameters are:

Re[ér]e, = —0.09700% Tml[ér]., = +0.101 5. (3.121)

We found that MBR points to a non-zero CP-violation NSI and Solar+Kamland
go in the same direction. We perform a global analysis, using the global x? defined in sec.
[B-3] We show the result in figure 3.13] As was expected, the fit improvement remains,
now with 1.7¢ for non-zero Im[ér|.,. We summarize the results of figure bellow:

o If [é5]., interactions are present, there are large changes in the statistical analysis

compared to the Standard Model. The [€g]., parameter is strongly constrained by
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Figure 3.13: The same as the first line of figure but for the global analysis of the [é7]c,
parameter.

solar data. In the global analysis, the limits on the NSI parameters are:

Re[€s]e, = 0.00 £0.25, Im[és]., = —0.1670 0. (3.122)

Those are the first limits ever made on these parameters.

If tensor [ér]., interactions are present, for the KamLand+Solar analysis, there is
an improvement of 1.3¢ in the fit compared with the Standard Model. In the MBR
analysis, the significance is 2.10 guided by a CP violation term from the solar scale.
In the global analysis case, the improvement has a 1.7¢ significance compared to the
standard neutrino oscillation scenario. The tensor [ér]., interaction presence can
improve the fit of each experiment individually and when they are combined. The

global analysis results are presented in the green lines of figure [3.13| and the values

of the NSI parameters are:

Re[ér]e, = —0.057003, Im[ér]., = —0.137000. (3.123)

3.4.3 CP-violation

From Egs. (3.125)), (3.124]), we conclude that for CP violating term, the Kam-
land [52] can have effects of Im[éx]., and the medium baseline reactors to the Im[éx].s

(B = p, 7). We can compute the equivalent of the Jarskolg invariant in the context of
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BSM physics. From Eq. (3.125]) and Eq. (3.124) we found that

J(SLP - Im{ [gX]GM}C?:;SQelQ) (3124)
JCP =Tm{[€x]er } 52,5 (3.125)

In the standard neutrino oscillation, when the initial and final neutrino states are equals,
there is no effect of CP violation. Then, if there is any evidence of JS¥ # 0 (o = p,7) it
will be signaling new physics.

The CP violation phase appears in the expressions of booth reactors and solar
experiments. However, the CP violation effect by itself appears only at reactors, see
Egs. (3.124) and . We quantify the effects of the CP violation terms, and the
Ax? functions are presented in figure [3.14} In the left panel, we include the Ay? for the
ep interactions and the right panel for the er. In the green curve, we show the tensor
interactions in which we notice that the CP constrained is stronger than the scalar, dashed-
dotted yellow. We found two scenarios, [ér]., and [€s]er, in which the preference for non-
zero CP violation in higher than 1o. For the tensor, [ér]., interactions, the constraint is

the restrictive. On the other hand, for the [€s].,, the bounds are relaxed.

e

We check that the first data point of the energy spectrum of Daya Bay was
responsible for the improvement in the analysis. The significance of the effect is low,
only 1o, and can be only a statistical fluctuation. We consider that more experimental
data is needed to support a non-statistical fluctuation interpretation. One experiment
that could test such effect which much more statistics, can be the future designed JUNO
experiment [73].

[gX]e/J — X = Tensor [EX]e'r
39 X = Scalar 36

-04 -0.2 0.0 0.2 0.4 -0.10 -0.05 0.00 0.05 0.10

CP cP
Jeu et

Figure 3.14: In this figure we show the Ax? as function of the CP-violation parameters, in the
left (right) panel we show the J.r(Je,) parameters of Eqgs. (3.124)) and (3.125).
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3.44 JUNO

The JUNO experiment is a proposed experiment [73] that aims to solve the
mass hierarchy problem with a significance of 30 — 40. The JUNO experiment will use
reactor neutrinos in a baseline of around 56 km to measure the standard oscillation pa-
rameters with a precision of more than 1%. We assume an exposure that corresponds to
a 1.4 x 10° events in the simulation. As JUNO is a reactor oscillation experiment, the
underlying physics is the same as the reactors used here.

Our results found no implications for NSI in the normal and inverted ordering.
The parameter limits are shown in figure [3.15] where we can see that JUNO has a strong
sensitivity to Am2,, it can help to break the degeneracy between Am3, and Im[éx].,
that appeared on sec. . For Im[éx]., JUNO can check the preference for non-zero

CP-violation coming from Daya Bay.
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Chapter 4. Non-standard neutrino interactions: production and detection (NC) 72

Chapter I

Non-standard neutrino interactions:

production and detection (NC)

This chapter explores the famous Large-Mixing Angle Dark (LMA-D) solution.
It is one of several solutions that still allow us to explain solar neutrinos. At the time of
the measurement of solar neutrino oscillation, the available data was compatible with at
least four solutions of standard neutrino oscillation, the Large Mixing Angle (LMA), the
Small Mixing Angle (SMA), the Vacuum solution (VAC), and the MSW low mass (LOW)

solution. These were distributed around the space of parameters of neutrino oscillations,

as shown in Fig. [£.1]

Am? eV®)

e
vac X

Global Rates

tan2d

Figure 4.1: Neutrino parameter space at the beginning of the 2000’s. Figure from Ref. [4].

Later, with more data and independent KamLAND findings [52], it was shown



73

that the correct solution was the LMA. Fig. [£.2] shows the solution for the solar neutrino
and the KamLAND cases.

0 T
1 £ WSROI ORI id0
"'4?‘: I.;| __ . :
I 1) ] S— P T L i
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KamLAND el A 5
055 CL ¥l oF L
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Figure 4.2: In this figure we show the contours at 95%, 99% and 99,73% form KamLAND
(colored) and for Solar neutrinos (black lines), for Ref. [5].

The LMA-D solution can be calculated by using the Hamiltonian for neutrinos

in the matter:

0 0 0 Voo 00
ﬁ:M+V:2E utfo am3 o |U|+| 0 00 (4.1)
0 0 Amd 0 00

where Vo is the neutrino potential given by (3.74). In the vacuum, that is, if Voo = 0,

this Hamiltonian is invariant under the transformation

Am3, — —Am3,, (4.2)
sin 019 — cos 13, (4.3)
0 —=m—4, (4.4)

where sin 615 — cosfy, is equivalent to tan 65 — 1/tan 65 which represents tan 65 > 1
and the tan 6y, < 1, the left and the right-side solutions of KamLAND in Fig. [4.2] Once
solar neutrinos are sensitive to the MSW effect, the matter potential breaks the degeneracy

of the Hamiltonian, leading to the exclusion of the LMA-D solution is exclusion by solar
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neutrinos. On the other hand, if non-standard neutrino interactions are present, the

Hamiltonian for neutrino propagation will not be the same as in Eq. (4.1f), but

1+ €e €u €er
V= Voo €ue €up Eur | > (4.5)

€re E’ru €rr

where ¢, = > ;. 4., Ny (2) /Ne(a:)eiﬂ. For neutral currents the couplings on (4.5)) are the

strength of the non-standard interactions

Lnst = _2\/§GF€£5 (ﬁaL%uﬁL) (T”)/‘uf) (46)

If we consider Ny(z)/N.(x) ~ constant, the neutrino Hamiltonian is invariant under the

following transformation [74]

(€ce = Eup) = —(Ece =€) — 2, (4.7)
(rr = Eup) = —(Err — Epp),; (4.8)
EaB — —525, (4.9)

Am32, — —Am3,, (4.10)

sin #19 — cos B2, (4.11)

§— 71— (4.12)

One can notice that it leads to a new solution compatible with the presence of a matter
potential. This is called the LMA-D degeneracy and was unresolved for all neutrino
experiments up to the results of Ref. [75].

Once for oscillation experiments in matter electrons and protons have almost
the same density, the electron neutrino component can be neglected without the loss of
generality. With that, for theories where the lepton flavor coupling is independent of the

quark coupling, it can be parametrized by:
efiﬂ = \/gsig (cosn + Y (z)sinn), (4.13)

where Y(z) = N,(z)/N,(x) is the ratio between the number density of neutrons and
protons. The n parameter controls the strength of the interaction between protons and
neutrons, and the ezﬁ controls the magnitude of the coupling, see Ref. [6]. In the next
section, we will see how it is possible to resolve this degeneracy with scattering experi-

ments.



75

4.1 CEvNS

As we have seen, if non-standard interactions (NSI) as in Eq. does exist,
it can be predicted on neutrino oscillation experiments as solar neutrino and some long-
baseline accelerator experiments. On the other hand, NSI can also be seen in scattering
experiments where the neutrinos are measured near the source. Scattering experiments
provides a vast number of events and, consequently, a clean signal of neutrinos.

The neutrino scatters at a target in a scattering experiment, usually a nucleon.
The target can also be an electron, but for this, the data is very scarce; see Ref. [6]. For
collisions with nucleons, the CHARM experiment [76] provides strong bounds on NSI.
However, CHARM is a high-energy experiment and does not provide bounds for small
mass mediators (M < 100 GeV).

Alternatively, a low-energy experiment is required to study small-mass medi-
ators. In this sense, there is the coherent elastic neutrino-nucleus scattering (CEvNS).
This process appears at low-energy neutrino interactions with nucleons and is the dom-
inant process for neutrino energies F, < 40 MeV, providing model-independent bounds
on neutrino interactions. The differential cross section of a neutrino with energy F, on a

nucleus with Z protons, N neutrons, and mass M reads [77]:

do  G%

— = LQF(P)M (22— —- ) . 4.14
=St (2- ) (4.14)
Here, T is the recoil energy of the nucleus, F(q?) is the nuclear form factor depending on
the squared momentum transfer, ¢> = 2M7T, and @Q? is the weak charge of the nucleus.

In the Standard Model (SM), the weak charge value is
Qiv = (Zgy + Ngy )2, (4.15)

with the tree-level relations g;/ = 1/2 — 2sin® 0y and g¥ = —1/2. For the weak mixing
angle 0y, we follow the low-energy value calculated in [78].

For our case of study, it is always possible to consider the effect of NC NSI by
replacing Q3,; with an effective weak charge. The effective weak charge will be dependent

on the flavor a of the incoming neutrino [79]:

Q%= [Z(g) + b)) + N(g¥ + et )"+ 3 [Zeh, + Nevy)”,

B#a
5 2
= (Qsm+ ZeX))" + 2 (sZ;?) . (4.16)
B#a
Here, we can fix the neutron to proton ratio and, from Eq. (4.13)) define an effective

ezﬁn For simplicity, we assume that the off-diagonal NSI coefficients are real. The first
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Target | Z Y Doima  —Qsm 0/Q%y 0,u/0

CaFs | 82 1.081 —42.8° 427 133% oo
Si 14 1.006 —44.8° 6.72 17.6% 00
Ar 18 1.235 -39.0° 10.71 12.0% 00
Ge 32 1.270 —-38.2° 19.6 14.2%  4.20
Csl 54 1405 -—-35.4° 36.7 12.5%  3.37
Xe 54 1.431 -35.0° 374 12.0% 4.01

Table 4.1: The number of protons Z, the neutron-to-proton ratio Y = N/Z, the corresponding
blind spot Mpling, €q. (4.17), and the value of the SM weak charge, Qswm, for different target
materials. We use the average N corresponding to the natural isotope abundances, and for the
molecules C3Fg and Csl, we take the average Z and N values. The last two columns show our

assumptions about the measurement uncertainties obtainable at ESS.

term in eq. corresponds to interactions conserving flavor process (the diagonals of
Eq. (41)) va + A = v, + A. For this term, represents the NSI amplitude interfere with
the SM, whereas the second term is flavor changing neutral current (FCNC) scattering,
Vo +A—vg+ A

From Egs. and ([4.13), it follows that an experiment with a given target

nucleus will not be sensitive to NSI if ezﬁn = 0, which happens for

1
Mplind = — arctan (?) : (4.17)

In Table [4.1, we list some of the possible detector targets used in this work, and we
show their values for Z, Y, and nynq. Before [75], the LMA-dark was allowed for values
of 7 close to the blind spot of CsI, n<sl, ~ —35.4°. The Csl was the target used in the
first measurement of CEvNS. In order to resolve the LMA-D degeneracy, the data from

a target with an ny,q sufficiently smaller than this value is needed.

4.2 COHERENT

The COHERENT experiment was the first experiment to obtain the CEvNS
signal [80]. The COHERENT collaboration used a stopped neutron source to provide an
electron (and muon) neutrino beam that and measure the recoil of a CsI nucleon. We will
use the COHERENT data to provide limits on the weak charge and the NSI parameters
of the LMA-D degeneracy.

For COHERENT(Csl), we use timing information measurement in Csl and

discussed ref. [6]. The time information implies a correlation between @), and Q. mea-
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surements, which can be estimated from figure 6 of ref. [6]. In order to be conservative,
we choose to use the Chicago Quenching Factor (QF) result (which has the largest uncer-

tainty). We use the following Xzoh.(CsI) function

-1
2 (00 20)( @ ) (20
Xcoh.(CsI) (Qe7 QM) - (paeau Ui AQM . (418)

Here, AQ, = Qo — Q"®, where we estimate p = —0.687, 0. = 965.5, o, = 436.5,

o )

(Q2P)? = 1008.3 and (Q)*)? = 1193.9. The result of eq. (4.18) is shown in figure .

COHERENT measurements on Csl
using timing information

3500

..... 1o
3000 - oy
2500 A — 30

.,
e
‘e
.

0 1000 2000 3000 4000 5000
Q2

Figure 4.3: Contours on 1o, 20 and 30 (two dof) on the x? of eq. (#.18) for the Chicago QF
from ref. [6]. The SM weak charge for CsI is shown by the gray line Q%M ~ 1352.5.

At the time of our calculations, preliminary results presented in ref. [81] were
released. Here, we use the preliminary results. For comparison with the original 2017
results of COHERENT [80], the statistics have increased, and new data on the quenching
factor have become available. It led to an overall improvement in precision from 33% of
the 2017 analysis to around 16%.

The results of Ref. [81] are reported in terms of the correlated determination
of averaged cross-sections (o,) and (o.), corresponding to the averaged v, and v, flux
contributions to the observed CEvNS cross-section. In order to reproduce these results,
we use that (o) x Q2 (o = e, ) and use assume the same x? function as in Eq. (4.18).
We find that with the values p = —0.790, 6, = 1204.7, §, = 404.6, (Q>")? = 1200.0
and (QEfP)Q = 1245.1 it was possible to replicate their results. Using eq. , it is
straightforward to transform xg e (@2, Q2) into Xg e (€7 1)

For Argon measurements in COHERENT, we use the data released in Ref. [82].
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Then, we estimate the weak charge measurement uncertainty, assuming that COHERENT

measures the total rate. In that case, our x? is given by:

(feQ2 + fuQf — (Q°7))?

o2

X(2:0h4(Ar) = , (4.19)

where, f. ~ 0.3 and f, ~ 0.7 were taken from Ref. [80, 83]. The o = 25.0 is the total rate
error and QPP = —12.2 is the best fit point measured. We estimate those values from fig.

6 of Ref. [82], using the following effective weak charge:
Q% = [Qsnr + Zear(2+ Your)els + Zowr(1 4 2You)et ] (4.20)

Our estimates can be seen in Fig.

COHERENT measurements on Argon using the total rate

500

400 -

.—1.0 -0.5 0.0 0.5 1.0 0 100 200 300 400 500
d 2
Eee Oe

Figure 4.4: In the left: We show our prediction of Fig 6. of Ref. ?? using eq. (4.19)) at 1o, 20 and
30 (two dof) C.L.. In the right: using the eq. (4.19)), we plot the 1o, 20 and 30 (two dof) C.L.
for the effective weak charge. The standard model weak charge in that case is Qir ~ 114.64.

We combine Argon and Csl measurements on COHERENT, assuming no cor-
relation between the measurements. In that case, we follow flavor-independent model
parametrization:

Q?x = [QSM + Ze:vpeg)g) 27 (421)

where
2P = \/5(cosn 4+ YPsinn)el,.. (4.22)

ax

Using the assumption of no correlation between Ar and Csl, we use

Xooh, = Xooh. (cspy T Xooh. (Ar) (4.23)
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and, instead of using x2;, (Qe, @), we will use x2, (eZ.,€},,n). In Fig. [4.5, we show the
combination of COHERENT Csl and Ar measurements for four different model scenarios:
when Argon is blind to non-standard interactions (first column of the first line), when Csl
is blind to the new interactions (second column of the first line), when light matter (the
ratio of protons and neutrons is equal to 1) is blind to non-standard interactions, and
when the interaction happens only with protons. With the dashed orange curve, we show
the Ar measurement; in the plain blue line curve, we show the Csl measurement, and in
purple shaded region, both together using eq. . As can be seen, when Argon is blind
to NSI, NSI has constraints from Csl, and when Csl is blind NSI is, the NSI constrained
by Ar.

COHERENT combined Csl+Ar

Ar blind (n = —399) Csl blind (n = —35.4°)

5 4 5
=3 0 - . =3 0 - -
W ) W
-5 _p =51
= 0 > -5 0 5 COH. (Ar)
£2e €de —— COH. (Cs))
Ordinay matter blind Proton interactios 5, COH. (Csl+Ar)
(n= —44.0°) (n=0°)
1
G R
—2.5 1
T T T _1 T
-25 0.0 25 -1 0 1
Ege Ege

Figure 4.5: Here we show the 30 regions for four different models depending on 1. With the
dashed orange curve, we show the COHERENT argon measurement. The blue straight curve
shows the COHERENT Csl results, and the purple shaded region represents the combination of
COHERENT Csl and Ar. From ref. [7].

4.2.1 Global oscillation limits on non-standard neutrino interactions

In order to test the LMA-dark solution discussed in the last section, we will

compare it with the LMA-light solution. We then define the following Ay?:

A1) = XD M) = Xpmins Xiamin = WX (7). (4.24)
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Here, €7 = (€] 5) is a short-hand for all NST coefficients, and x3, ,(¢", 1) are the x* functions
describing the LMA-dark (615 > 45°) or LMA-light (615 < 45°) solutions in the parameter
space. The Ax? in eq. (#.24]) is the test statistics that quantify if the LMA-dark solution

is disfavoured concerning LMA-light. In particular,
AX2DL = 12171;1 [AX2(€H7 7])} = XzD,min - X%,min (425)

corresponds to the log-likelihood ratio of the two hypotheses LMA-dark versus LMA-
light. Here, we will evaluate Ax%; from eq. for one dof (free n) to quantify the
exclusion of the LMA-dark degeneracy. In order to perform the minimization over the
NSI parameters, we use a Monte Carlo minimization based on the differential evolution
method [84]. The numerical calculations are performed with the SciPy library [85] in
python that already has this algorithm implemented.

Minimizing multi-variable functions can be a difficult task depending on which
type of function is minimized. Moreover, it can be tricky if the function behavior is not
well known, if the function’s derivative is not continuous, or if we have several local
minima. In this context, Monte Carlo minimization is a commonly used approach. In this
work, we use a kind of Monte Carlo minimization; the differential evolution method [84].

The differential evolution method is based on the "philosophy” of evolutionary
biology. For the x?(£) function, where € is NSI vector space, the differential evolution
algorithm works with the implementation of a set of N "individuals” (we use 15) in the NSI
parameter space. Several proposals for the initial positions can be made depending on the
previous knowledge of the global minimum. In our case, we choose it uniformly randomly
between the boundaried] of NSI that comes from oscillation experiments. Thereby, given
the initial positions of the population, we choose a random set of three individuals, and
based on those three, we propose a new "mutant”. Here, the mutations €., are new values
of the NSI based on the three we sorted, and we do that procedue for each one of them.
Several strategies can be used to generate those mutations, e.g., binomial or exponential.

For each case we tested to see which was the best option, for example:

Erew = Ebest + M (AS). (4.26)

where p (we use 0.5) is the mutation factor, A& is the difference between the position
complementary sorted vectors, and M is a function that depends on the mutation method.

For the binomial case, it randomly chooses with some probability p (we use 0.7) if the

!The boundaries we use were always the 4/3 of the NSI largest values among the n of oscillation

experiments.
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mutation will be implemented or not. After creating a new mutated individual in the
population, we can choose if we substitute the old one with the new one based on the
minimum values of the function y2. Finally, we can repeat that procedure until we
have some desired convergence of the population to the x? minimum value with a given
tolerance.

The minimization was made using the Scipy library [85] in python that already

has this algorithm implemented.

Oscillation experiments. The data from oscillation experiments was included
by using the results of the global analysis from ref. [86]. We reconstruct approximate
functions for the x7 ..(€",n) and x3 .. (€7,1) from figs. 7 and 10 of ref. [86] (2020 updated
version) | We refer the reader to that reference for further details about the statistical

analysis and used data.

4.2.2 Results

Here we show the results of our analysis, including the oscillation data. The
inclusion of oscillation data is made by including a y function as described in the last
section. We are interested in knowing the data preference between the light side and the
dark side. Hence, we assume that the oscillation and the COHERENT measurements are

uncorrelated summing the x functions:

A=A+ Y (), (4.27)
i={CsI,Ar}

where the first term is the y? for oscillation as given in Eq., and the second term
sums the x? of Egs. (4.18) and (4.19). The function Ax2, minimized with respect to
all € is shown as black-dotted curve in fig. We restrict to the range —50° < n < 0°
since outside this region, LMA-dark is strongly disfavoured [6]. We see that oscillation
data by themselves exclude LMA-dark for values of n < —37° at more than 30, while for
—25° < n < 0°, LMA-dark provides a comparable fit as LMA-light with Ax%,; < 2.

2We are grateful to the authors of ref. [86] for providing us a x2-table corresponding to an updated
version of their fig. 7. Let us note that the figure shows marginalized regions for each € 5 as a function
of . Therefore, we neglect correlations between the different € 5- Our exclusions will be conservative;
if parameter correlations can be included, exclusions of the LMA-dark degeneracy would be somewhat

stronger.
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Figure 4.6: For oscillation, we show the Ax? of the LMA-D solution minimized on el 5 and as

a function of n (dotted black). For COHERENT, we show each target separated and in a joint

analysis: oscillations+ COHERENT(Csl) (blue), oscillations+ COHERENT(Ar) (orange), and

all data sets combined (purple). For the dashed curves, the off-diagonal eZ 5 are fixed at zero,

and for the solid curves, we minimize over them. From ref. [7].

4.3 ESS

Given the results of the last section, we are naturally led to investigating future
CEvNS measurements with the potential to exclude the LMA-dark with high significance.
Therefore, we replicate the results from [87] and use their results to follow our discussions.
This work will consider future CErNS measurements that use either stopped pions or
nuclear reactor sources of neutrino. The main difference between those experiments is the
neutrino energy and the neutrino flavor component. In a reactor, electron antineutrinos
are produced, whereas in stopped pions sources, there is a combination of electron, muon,
and antimuon neutrinos. In this section, we study only stopped pion source, and in
the next section, we include reactors in the analysis. Below we will always assume that
the best-fit point for a hypothetical future experiment is at Q%;, i.e., no NSI. Then we
calculate the sensitivity to constrain Q? and QZ where the measurement uncertainty (from
Ref. [87]) and add the resulting x* to the (4.27).

To be specific, in this section, we consider as an example for a stopped pion
source the sensitivity of a possible CErNS measurement at the European Spallation Source
(ESS) [§]. The ESS can increase neutron luminosity by a factor of 30-100 concerning previ-
ous spallation sources and an order of magnitude larger neutrino fluxes than the Spallation

Neutron Source (SNS) where the COHERENT experiment is located. The sensitivity of



83

CEvNS measurements using different detector technologies based on various target ma-
terials has been investigated in ref. [§], where details about the assumed experimental

configurations can be found. See also [88] for some physics applications.

4.3.1 Analysis

The European Spallation Source (ESS) is a proposed low energy neutrino
beam. It is similar to the COHERENT neutrino beam, and it is proposed to be the
most intense spallation neutron source. Indeed, there is a proposal to measure CEvENS
on ESS using a list of targets, see Ref. [8]. Here, we use the simulated sensitivities of Ref.
[8] to estimate the limits on the effective weak charges Q. and @,,.

The total rate of the signal will dominate the CErNS measurement at ESS. We
adopt the neutrino flavour contribution ratios to the event rate: v, : v, :7, = (1:1:1);
it corresponds to the effective weak charge combination Q?/3 + 2@5 /3. In some cases,
the detector energy resolution allows to partially distinguish between electron neutrinos
and muon neutrinos due to the spectral shape of their respective fluxes [8]. We suppose
that an additional independent constraint on (), can be obtained to implement this effect.
Hence, we use the following x? definition:

> (Qdw — Q2/3 —2Q5/3)°

XESS =

L (@@

2 2
g O"u

(4.28)

Here, o (0,) is the uncertainty on the total rate (on Qi) The uncertainty values have
been chosen to match fig. 12 of [8]. Our results are listed for the various targets in tab. [£.1]
In agreement with [8], we found rate uncertainties in the range from 12% to 18%. For Ge,
Csl, and Xe targets, a constraint on Qi with 0, /0 >~ 4 can be obtained, whereas for the
lighter targets CsFg, Si, and Ar, the measurement is dominated by the total rate alone.

With these assumptions, we can reproduce fig. 12 of [8] with excellent accuracy.

4.3.2 Results

In fig. [4.8] we show the sensitivity to exclude the LMA-dark solution adding an
ESS measurement with single target nuclei to present data. The Ar, Xe and Csl targets
can lead to a slight improvement in the statistics, increasing the Ay? by about 1 unit, and
the same also for Ge, for which the improvement is about three units. These nuclei have
their blind spot close to n &~ —35° (c.f., tab. . Therefore, it is impossible to significantly
improve around that value of 7 concerning the present situation. On the other hand, a

measurement using CsFg, especially Si, can significantly improve. From tab. [£.1] we see
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ESS targets sensitivity
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Figure 4.7: Our 90% C.L. curves for the eqs. (4.28) and (4.16]) assuming different targets.

that they have a neutron-to-proton ratio as well as n,,q sufficiently different from Csl,

such that they will be able to exclude LMA-dark with Ax? ~ 16.1 (Si) and 13.0 (C3Fg).

COH.+ ESS + osc. (dark side)

30
COH.+0sc
+ESS(Si)
+ESS(C3F8)
+ESS(Ar)
+ESS(Ge)
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+ESS(Csl)

N
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Figure 4.8: Expected sensitivity to exclude LMA-dark by a CEvNS measurement at ESS using

different target materials. For dashed curves the off-diagonal 625 are fixed at zero, for solid

curves we minimize with respect to them. From ref. [7].

The complementarity of Si measurement over present data is also illustrated
in fig. [1.9 We see that in the relevant range of 7 the ellipse from the Si measurement only
marginally touches the LMA-dark band at the 3¢ level. From these plots, it is clear that
also for the ESS measurement, we observe a similar effect of off-diagonal NSI parameters

as for COHERENT: they are negligible once constraints from oscillations are included
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c.f. dashed versus solid curves in fig. [4.§|

* 0sC. —= COH. (Ar) —— COH. (Csl) ESS(Si) B COH.(Csl+Ar)+osc.

n=-37° n=-35°

n n
ee Eee

Figure 4.9: Allowed regions in the plane of el and €, at Ax? = 11.83 corresponding to 3o
for two dof, for different fixed values of 1. The contour lines correspond to the regions from
oscillation data, COHERENT(CsI), and COHERENT(Ar) separately. The purple filled region
is obtained by combining all three data sets. The diagonal band corresponding to oscillation
data does not pass through the SM point €/}, = ele = 0 because we have assumed the LMA-dark
solution with 619 > 45°. The light-red filled region shows the sensitivity of a future measurement

at ESS using Si detector, assuming the SM. Off-diagonal egﬁ are fixed at zero. From ref. [7].

In fig. [£.10] we address the question of which accuracy for a CEvNS measure-
ment at a stopped pion source will be needed in order to disfavor LMA-dark significantly.
We adopt the x? from eq. , add it to the one from the present data, and show the
difference between the y? minima in the dark and light sides as a function of the relative
measurement uncertainty of the weak charge. We see that for Si (C3Fy), already for a
rough measurement of o/Q3%; ~ 1(0.5), LMA-dark will be disfavoured at Ax? > 9.

At small values of o, the curves become flat. The asymptotic value for a given
target material is determined by the size and location of the ring in the plane of €/, and

€y, relative to the LMA-dark bandﬁ We see that Ar, Xe, and Csl targets would not

3The slight decrease at small o for Ar, Xe, CsI results from the fact that the best-fit point in the light
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Figure 4.10: Ax? between the LMA-dark and LMA-light best-fit points as function of the relative
measurement error o/ Q%M for a CEvNS experiment at a stopped pion source for different target
materials, assuming that the best-fit point corresponds to no NSI. In scaling o we keep the ratio
o,/o constant, using the value given in tab. The dashed-green curve shows the result for
Ge for 0, — oo. The stars indicate the assumptions for ESS sensitivities based on [§]. From ref.
[7.

reach 30 even for ideal measurement. However, the asymptotic values for Si, Ge, C3Fg
are roughly 17, 16, 12.5, respectively. If evaluated for one dof, this would correspond to
about 40 for Si and Ge, and 3.5¢0 for C3Fg. For Si and C3Fg, the asymptotic sensitivity
is already achieved for o/Q32,; around 10%, and already our default assumptions for ESS
are relatively close to them, as indicated by the stars in fig. .10

Note that for Si and C3Fg, we assume a total rate measurement, constraining
only the combination (Q2/3 4 2Q%/3). For Ge, we show in fig. |4.10| the impact of a
partial separation of Q2 and Qi The solid green curve corresponds to the situation
where in addition to the total rate, also Qi can be determined with a relative precision of
o,/0 = 4.2, as motivated by the results of [§]. In contrast, the dashed-green curve shows
the result for Ge using only the total rate, i.e., setting o, — co. For Ge, the separate
Q?/ Qi information is essential to disfavor LM A-dark at high significance. The reason for
this becomes apparent in fig. [£.11], where we show a Ge measurement with a precision of
factor 5 better than the ESS assumption using total rate information only (green shaded).
We see that the ring passes precisely through the two islands for n ~ —35°, and therefore,

the degeneracy cannot be lifted for this value of 7. The Ge constraint has a similar shape

side from current data is not precisely at €’ = 0. By adding hypothetical ESS data assuming no NSI, the
light-side best-fit point also changes slightly, decreasing Ax? between dark and light sides.



87

to the one from Ar due to the similar value of the neutron-to-proton ratios, c.f. tab. [4.1]
However, if in addition to the total rate also separate information on Qi is available, the

ring becomes split into four islands (green-solid contours), and the degeneracy is resolved.

* OsC. == COH. (Ar) = COH. (Csl) ESS(Ge) I COH.(Csl+Ar)+osc.
n= —35° n=-20°
T —— o 2 v
6 1 S ==~ .
P /“ \
R AR
. ” . ~
- < o N -
4 I/ // * \\ 1
3 I - 4 3
Tu:" p -k \ ,’ Tu:"

~
| - ——]

Figure 4.11: Same as fig. but showing allowed regions at 3o from a Ge target at a stopped
pion source assuming a precision of o/ Q%M = 0.028, a factor 5 better than the ESS assumption

from [§]. For the green-shaded region (green-solid contours) we assume o, /0 = 0o (4.2). From

ref. [7].

4.4 Reactors

Reactors are another source of low energy neutrinos highly used in the search
for more CEvNS data. As we mentioned in the previous chapter, antineutrinos are created
in the beta decay processes in reactors. The neutrino energy spectrum is defined by the
set of parent nuclei and the energy of the final nuclei. Therefore, the total rate of the flux
is subject to systematic uncertainty from the flux modeling. For reactors, the systematic
is around ~ 5%. Hence, we assume the following x? function for reactors:

Conoor = st = Ne) (4.20)
(Nsar0sys(70))?

For CEvNS, the total number of events is proportional to the weak charge:

Nevents < Q2. From that, we factorize the total constants leading to the following weak-
charge Y
o (@5 — Q27 (1-Q7/Q%wm)°

reactor ~ - 430
Xeector = (02,00 () =N (430
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In that case, if there is some systematic uncertainty, it will appear in the
Osys(%). In the next section, we will explore the present CEvNS limits on NSI and a

combined sensitivity if one of the reactor experiments measures CEvNS.

4.4.1 CONNIE Measurements

Here, we combine the low-energy CONNIE data [89] with our results. In ref.
[89] the authors put bounds on light mediators in neutrino-nucleon interactions. Here,
we are interested in the universal flavor-conserving coupling result. In ref. [R9], the
first energy bin was used to calculate the parameter limits, with the assumption that
Nobs/Nexpectea = 41 at 95%. In that case, the chi-square function will be given by a

Gaussian where they assume centered on zero:

2
=
) Qw
X = o 5 (4.31)
<Nobs / Nexpected)

In our case, we do not assume the Gaussian is centered on zero, but

2

Q0 \?
|:Nobs - (1 - in) Nexpected:|
(10))?
(Nobs ~ Nl )

With that in hand, we made the fig. trying to reproduce the results of ref. [89].
We include the CONNIE analysis in the global x? ([4.27) assuming the following x? for

X* =

(4.32)

CONNIE constraints on NSI

—— Lindhard QF
—~== Chavarria QF

1071

1072
<N
(o))
1073
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1073 1072 1071 10° 10!
M5(GeV)

Figure 4.12: Limits on light mediators using the absence of a coherent neutrino nucleon scatter-

ing.
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CONNIE:

2

0 2
|:Nobs - (QST\& ) Nexpected:|
X2 = : (4.33)

2
(Nobs - Néi?)

The result is shown in Fig. 4.13] where we can see that CONNIE helps in the analysis for

n ~ —33°. For this figure, we use the results of COHERENT Csl from [6] using timing

information.
20.0 T _ COH.+0sc.
=== COH.+0sc.+CONNIE(Lindhard)
COH.+0sc.+CONNIE(Chavarria)
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12.5 4
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Figure 4.13: Global analysis with the limits on the LMA-D degeneracy.

4.4.2 Sensitivity

There are many ongoing or planned CEvNS experiments at nuclear reactors;
see [90] for a review. In this subsection, we address whether a reactor measurement can
also serve to resolve the LMA-dark degeneracy. The most suitable difference to pion
sources is the pure electron flavor of the reactor neutrino. Particularly, we will consider
the ongoing CONNIE [91] and CONUS [92] experiments which use Si and Ge targets,
respectively. However, both experiments have published the first results, which could not
yet establish a significant measurement of CEvNS events.

Similar to the above, we estimate the sensitivity of future reactor experiments
by assuming a determination of the weak charge. We define
(@& — @2)°

2
Oreac

, (4.34)

2 _
X reac

where again we assume that the best-fit point is at Q%,; and adopt a measurement uncer-

tainty of oreac/ Q% = 5%. While this appears to be a somewhat optimistic assumption, it
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discusses the potential of a close-to-ultimate reactor measurement concerning the LMA-

dark ambiguity.

----- osc. B COH.(Csl+Ar)+osc. EEl reactor(Si)
== COH. (Ar) = COH. (Csl) I reactor(Ge)
n=-37° n= —35°

n n
Eee Eee

Figure 4.14: Same as fig. with sensitivity of the reactor experiments using Ge and Si overlaid

assuming a 5% measurement of the weak charge Qgn. From ref. [7].

In Fig. we show the constraints from a reactor experiment in the plane of
et and €], for four values of 7). Since they are sensitive only to @, the limits are vertical
bands in these plots. It is clear that for values of 7, for which the LMA-dark allowed
region overlaps with €/, = 0, such a measurement will not be able to exclude it. It is
indeed the case for n ~ —20°, as shown in the bottom-right panel of fig. £.14]

This behavior is confirmed in fig. where the sensitivity to exclude the
LMA-dark solution is shown as a function of . We observe that for —27° < n < —15°,
reactor experiments can not improve concerning the present situation. Some improvement
is possible for n < —27°. However, reactor experiments lose their sensitivity at certain
values of 7 in this region. The origin of this effect for Si is visible in the upper-right panel

of fig. [{.14} it happens that the allowed band for non-zero €, passes close to an island
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Figure 4.15: Sensitivity to exclude the LMA-dark solution by a hypothetical CEvNS measure-
ment at a nuclear reactor using a Si (red curves) or a Ge (green curves) target. In both cases,
we assume a 5% measurement of Qgyr. For dashed curves, off-diagonal eZ 5 are fixed to zero. For

solid curves, we minimize concerning them. For n 2 —33° the Si and Ge curves overlap.

of the regions allowed by oscillations + COHERENT. The spike of the Ge experiment in
fig. has a similar origin.

In fig. [£.14] the off-diagonal NSI parameters are fixed at zero. If we had allowed
them to vary freely, the region between the two vertical reactor bands would be filled for
a similar reason as discussed in sec. [1.2] in the context of COHERENT. However, once
the constraints from oscillation data are applied, the result is practically identical to the
fixed case, c.f. fig. [1.15]

In fig. [£.16, we show some examples where the complementarity of the reactor
and stopped pion source can be used to reach high significances. We combine a reactor
measurement using Si with several target materials at ESS. Results for using Ge at the
reactor are very similar. The ESS targets have been chosen such that by themselves; they
cannot reach 30, c.f. sec. We observe that the combination of a reactor with Ar (Ge)
at ESS allows rejecting LMA-dark at more than 40 (30). For the heavy targets, Xe and

Csl, a small region remain below 3¢ around n ~ —20°.
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Figure 4.16: Sensitivity to exclude the LM A-dark degeneracy by a hypothetical CEvNS measure-

ment at a nuclear reactor combined with ESS. The red-dashed curve corresponds to Si target at

a reactor. For the solid curves we combine reactor(Si) with measurements at the ESS assuming

Ar, Ge, Xe, and Csl targets, see sec. for details.
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Chapter

Conclusions

In this thesis, we investigate the limits of neutrino data on Non-Standard
Interactions (NSI) in two scenarios. In the first we study charged current NSI in reactors
and in the sun, and in the second we study neutral current NSI in scattering experiments
as COHERENT in the context of the Large Mixing Angle Dark (LMA-D) degeneracy.

In chapter [2| we present the formalism of neutrino oscillations based on quan-
tum mechanics and on quantum field theory. We show that the neutrino oscillation
depends on the production and detection process but for most of the real cases, the pro-
cesses dependency is canceled by some approximations. We show how important it is to
consider neutrino wave packets for consistency when building the theory.

In chapter [3] we study the effects of BSM physics coming from the EFT La-
grangian given in Eq. (3.3). We introduce the quantum field theory formalism to study
these new interactions. In the QFT approach, the BSM physics appears in the production
and detection and may cause new effects, such as CP violation. In sec. we study
the formula for oscillation, and we separate the analysis by scale and type of interactions.
We found that some types of interaction can decouple in different scales, e.g., the [€x]e,
appears mostly in the atmospheric scale and [€x]., in the solar scale. However, that is
not always the case. We show that when the experiment is sensitive to parameters of the
atmospheric scale, it can also detect CP violation effects from the solar scale, which hap-
pened for the Daya Bay experiment. In addition, we show how to calculate the production
and detection factors for each experimental setup and the implementation of experiment
simulation in sec. 3.3

We analyze medium baseline reactors as Daya Bay, Double Chooz, and RENO,
where those experiments show a 20 preference for non-zero CP violation. This preference
was more substantial for the [ér]., parameter. We also studied the Kamland experiment

and solar experiments, where we also found a preference for non-zero CP violation in
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the [ér]., interaction case. In our global analysis, the significance for this parameter was
reduced but remained at 1.70.

We have also shown that experiments such as JUNO have the potential to test
the signals seen in this analysis.

In chapter 4] we studied how CEvNS measurements can help to understand
the LMA-D degeneracy. First, we begin presenting the degeneracy, then give an overview
of the present scenario, showing the consequences of recent COHERENT measurements
on Ar and Csl. Finally, we show that the combination of different targets can help resolve
the degeneracy for theories where the coupling with quarks d and u can e different. In
that case, the LMA-D degeneracy is excluded at 3o.

We also studied scenarios where new measurements come in handy. For exam-
ple, we follow proposals of new sources as neutrino beams (ESS) and reactors (CONNIE
and CONUS). For ESS, we followed the experimental proposal and performed the analy-
sis using several targets. We could show that at least for the lightest elements as Si, the
sensitivity can reach 4o.

For reactors, we show they can help exclude islands of the parameter space,

and if combined with ESS elements as Ar or Ge, we can help exclude the LMA-D at 4o0.
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