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Resumen

Las oscilaciones de neutrinos son uno de los casos más representativos de f

ı́sica más allá del Modelo Estándar de partı́culas elementales. Aunque se ha 

estable-cido que este comportamiento es inducido por la diferencia de masas de 

neutri-nos (oscilaciones estándar), las anomalı́as observadas en la data 

experimental podrı́an ser explicadas con fı́sica no estándar presente de manera 

subyacente a las oscilaciones inducidas por masa. Actualmente, se manejan 

diferentes escenarios de fı́sica no estándar, pero no se tienen claras distinciones 

en su modificación de las observaciones de oscilaciones de neutrinos 

esperadas, ni preferencias establecidas de la naturaleza por ellos.

Este trabajo propone el análisis de estadı́sticos y/o valores resultantes de 

ajustes de diferentes modelos a la data, para evaluar la posible distinción entre 

el-los. En particular, nos enfocamos en el marco de Interacciones no-estándar 

de neutrinos con materia (Non-Standard Interactions - NSI), evaluadas en el 

experimento DUNE (Deep Underground Neutrino Experiment). Escogemos 

tres casos representativos y especı́ficos del amplio conjunto de parámetros que 

ofrecen la interacciones no-estándar, y realizamos ajustes a la data generada 

considerando alguno como el que se encuentra presente en la naturaleza. Eval-

uamos el comportamiento de la significancia de los ajustes y la distorsión en la 

fase de violación CP respecto a la fase true, mientras intensificamos la presen-

cia del caso NSI true. Buscamos identificar patrones para cada caso y sistem-

atizar sus efectos caracterı́sticos sobre las observaciones.

Encontramos que efectivamente es posible identificar patrones en el compor-
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tamiento de las cantidades elegidas, aunque una relación directa entre ellas no

puede ser establecida. Esto demuestra la posibilidad de aplicar el método en

otros escenarios más allá del modelo estándar, resaltando la importancia del

uso de varias cantidades resultantes de los ajustes de los modelos.

Parte de este trabajo fue incluido en el póster titulado DUNE sensitivity for

observing/discriminating theories beyond standard neutrino oscillation, pre-

sentado en XVIII International Conference on Topics in Astroparticles and Un-

derground Physics (TAUP 2023) [1].
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Abstract

Neutrino oscillations are one of the most representative cases of physics beyond

the Standard Model of elementary particles. Although this behavior has been

established to be induced by neutrino mass difference (standard oscillations),

anomalies observed in experimental data may be explained by non-standard

physics, sub-leading to standard oscillations. Different non-standard physics

scenarios are currently being considered, with no clear distinction in their mod-

ification of expected neutrino oscillation data, or established nature’s preference

for either of them.

This work proposes the analysis of statistics and/or values which result from

fitting models to data, to evaluate the potential distinction among them. In par-

ticular, we focus on Non-Standard Interactions (NSI) of neutrinos with matter,

evaluated in the context of the DUNE experiment (Deep Underground Neutrino

Experiment). We choose three representative and specific cases from the wide

set of NSI parameters, and perform fits to data generated considering one of

them as the true scenario in nature. We evaluate the behavior of the signifi-

cance of fits and the distortion of the CP-violating phase with respect to its true

value, while we intensify the strength of the true NSI case. We look to identify

patterns for each case and systematize their signature effects on observations.

We have found that it is actually possible to identify said patterns in the behav-

ior of the chosen quantities, although a direct relation between them cannot be

established. This demonstrates the possibility to apply the method on other be-

yond Standard Model scenarios and highlights the importance of using several
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fit features.

A part of this work was included in the poster titled DUNE sensitivity for

observing/discriminating theories beyond standard neutrino oscillation, pre-

sented at the XVIII International Conference on Topics in Astroparticles and

Underground Physics (TAUP 2023) [1].
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Chapter 1

Introduction

Neutrinos are elementary particles, considered in the Standard Model to be

massless, neutral and weakly-interacting leptons. They are the signature of β -

decay, where they inevitably appear as n → p+ e−+ν , and have played a key

role in the development of our current paradigm (and some phenomena beyond

that).

They were first suggested by Wolfgang Pauli in 1930, as the unknown third

particle that was emitted in β -decay and caused the controversial continuous

energy spectrum that was measured for the resulting electrons. In 1933, this

prompted Fermi to formulate a theory on β -decay, establishing the process as

the one mentioned above. As neutrinos interact very weakly with matter, it

was not until the 1950s that they were observed by Reines and Cowan. This

was done through a measurement of inverse β -decay (ν + p → n+ e+) using a

nuclear reactor and 1400 liters of liquid scintillators.

The Standard Model considers there are three neutrino types, referred to as

flavors: the electron neutrino νe, the muon neutrino νµ and the tau neutrino

ντ . Apart from nuclear reactors, these are also produced in accelerators—using
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2 Chapter 1. Introduction

beams made from the reaction π+ → µ++νµ and µ+ → e++νe +νµ—, the

Sun (mainly through p+ p → 2H+ e++νe), atmospheric reactions (as cosmic

particles interact and cause hadronic showers), and extragalactic sources.

The Sun has been a particularly interesting source for neutrinos to be studied. It

is supposed to give a pure flux of electron neutrinos, but experiments designed

to detect only electron flavor neutrinos, such as SAGE, GALLEX, Kamiokande

and Super-Kamiokande, did not give fluxes as great as the one predicted by the

solar standard model for solar neutrinos [2]. This gave rise to the solar neutrino

problem, which consisted in the apparent loss in the flux of neutrinos on their

way to Earth.

Then came the Sudbury Neutrino Observatory (SNO). The experiment was able

to measure different neutrino flavors through their reactions with deuteron (νe+

d → p+ p+ e− and νx + d → p+ n+ νx). The total neutrino flux it obtained

was in agreement with the predicted solar neutrino flux, even if the mechanism

for this result was not clear [3]. There was, nevertheless, a hint of neutrino

flavor change.

Atmospheric neutrinos have been an interesting case on their own accord, as

they provided the first indication for neutrino oscillations, i.e., a periodic change

in the flavor of a propagating neutrino. Extragalactic sources emit charged par-

ticles that—after arriving at the Earth’s atmosphere—interact with nuclei there

and cause an electromagnetic and a hadronic shower. Pions produced in the

latter then decay at about 15 km above the Earth’s surface and it is expected to

measure νµ and νe particles, in a ratio of 2 to 1. However, experiments test-

ing this neutrino source, once again, measured a different flux. That was until



3

Super-Kamiokande measured the energy and direction of incoming neutrinos.

As the Earth is not a perfect sphere, the direction from which an atmospheric

neutrinos reach the detector gives information about differences in the length of

their path. This gave a key aspect of the aforementioned neutrino flavor change:

this transition was actually dependent on the length they traveled [4].

From these results, Bruno Pontecorvo suggested that neutrino flavors were nei-

ther eigenstates of the evolution operator nor massless. Similarly to the K0−K0

particle system, the neutrinos we observe are quantum superpositions of eigen-

states of the evolution operator, which have defined and distinct mass (meaning

the mass of the three neutrino flavors is not defined but is not zero). This im-

plies that mass states do not evolve the same as they propagate, due to the fact

that their energy depends on their mass value. This allows the original neutrino

flavor (the superposition) to be changed or, at least, have the possibility of be-

ing detected as a different neutrino. This periodic change in flavor, induced by

mass differences, is formulated by relating the mass and flavor bases through

a rotation angle, θ , which is a parameter in nature, and constitutes the most

accepted theory for neutrino oscillations. This solution is what will be referred

to as standard oscillations in this work.

While neutrino flavors do not have a defined mass, they are not massless, mak-

ing neutrino oscillations one of the most significant examples of Beyond Stan-

dard Model (BSM) Physics. In the same way that standard oscillations could be

proposed, it is possible to still include other BSM phenomena in our description

for nature, in order for it to be more exact. There are currently anomalies in ex-

perimental data, which could be explained by introducing BSM effects as sub-
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leading to standard oscillations. Several BSM scenarios have been proposed,

but differences in their effect on expected neutrino oscillation observations are

not clear. Nature’s preference for any scenario has also not been established.

In the following chapters, we will focus on Non-Standard Interactions. This

framework considers the possibility of neutrinos interacting with matter through

processes other than the ones set in the Standard Model. Thus, Non-Standard

Interactions could be causing effects incorrectly attributed to standard interac-

tions and oscillations and misleading parameter measurements.

From a perspective independent from theories that could generate this scenario,

we aim to evaluate the impact on the behavior of detected neutrino oscillations,

considering representative cases from the large set of parameters offered by

Non-Standard Interactions. In the context of the Deep Underground Neutrino

Experiment (DUNE) and taking advantage of its long propagation path which

allows neutrinos to interact with matter, we look to identify patterns and signa-

tures for each case and systematize their characteristic effects on observations

and model fitting.



Chapter 2

Neutrino oscillations and interactions

2.1 Standard neutrino oscillations in vacuum

As mentioned before, neutrino oscillations is the term used to refer to a peri-

odic change in a neutrino flavor as it propagates through space, and is due to

neutrinos having non-zero mass, though it is not defined. Neither of the three

neutrino flavors are mass (energy) eigenstates, but they are superpositions of

them:

|να⟩= ∑
i

Uαi |νi⟩ , (2.1)

where α = e,µ,τ denotes the neutrino flavors; i = 1,2,3 represent the mass

states for the full three-neutrino-generation case; and U is our mixing matrix.

The evolution of a neutrino flavor given by:

|να(t)⟩= ∑
i

Uαie−iHt |νi⟩ (2.2)

will then have us apply the evolution operator on the mass eigenstates. These

5



6 Chapter 2. Neutrino oscillations and interactions

do have a defined mass and, therefore, a distinct value for its energy can be

obtained for each one of them, according to the relativistic dispersion relation:

E2 = p2 +m2, (2.3)

where p = |p⃗| is the modulus of the linear momentum of the neutrino mass

state.

2.1.1 Two-generation oscillations

To form an idea of the implications of having neutrino flavors be superpositions

of mass states, let us first consider the particular case of only two generations

of neutrinos, να and νβ . The mixing, represented by U, is a rotation matrix,

depending only on a parameter from nature, θ :

U =

cosθ −sinθ

sinθ cosθ

 (2.4)

Each of the two mass states we have in this case, |νi⟩, has an energy Ei, giving:

|να(t)⟩= e−iE1t cosθ |ν1⟩− e−iE2t sinθ |ν2⟩ (2.5)

Then, the probability of having the initial neutrino flavor α transition into a

flavor β , given by
∣∣⟨νβ |να(t)⟩

∣∣2, is:

Pνα→νβ
= sin2 2θ sin2

[
(E2 −E1)

2
t
]

(2.6)

The energies, given by Eq.(2.3), can be expressed using a relativistic approxi-
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mation of mi ≪ pi:

Ei ≃ pi +
m2

i
2pi

(2.7)

According to [5], this approximation is justified given current experimental

boundaries: hints for neutrino masses seem to indicate that they should be less

than 1 eV and their energy needs to be higher than 100 keV to be detected.

This bears a ratio of ∆m2

p2 ≤ 10−10. This can also justify an ultra relativistic ap-

proximation, allowing us to consider that neutrinos travel at the speed of light,

meaning t = L (in natural units), their masses are extremely small and their

momenta are the same: pi ≈ Ei and p1 = p2 = E.

We can then obtain the master formula for two generation oscillations:

Pνα→νβ
= sin2 2θ sin2

(
∆m2

4E
L
)

(2.8)

Fig.2.1 shows the probability described by this formula with respect to the en-

ergy. We will usually plot the probability with respect to it, as experiments have

detectors at a fixed distance from the source.

2.1.2 Three-generation oscillations

The mixing matrix relating the flavor and mass bases becomes more complex

when taking into account all neutrino flavors:
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Figure 2.1: Transition probability for two-generation neutrino oscillations in vacuum, with θ=
8.594◦, ∆m2= 2.528×10−3 eV2, L= 1300 km and δCP = 0◦.

UPMNS =


c12c13 s12c13 s13e−iδCP

−s12c23 − c12s23s13eiδCP c12c23 − s12s23s13eiδCP s23c13

s12s23 − c12c23s13eiδCP −c12s23 − s12c23s13eiδCP c23c13


(2.9)

where cmn = cosθmn, smn = sinθmn. These angles represent the mixing between

pairs of the three mass eigenstates, analogous to the two-generation case. We

also note a new parameter, δCP, which is a CP-violating phase and describes

the difference in the behavior of neutrinos and antineutrinos.

A formula for the transition probability for three generation mixing becomes

considerably more difficult and new approximations are needed.

As an example, we show the formulae found in [6], using atmospheric neutri-

nos. The assumptions here are:
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Figure 2.2: Transition probability for three-generation neutrino oscillations in vacuum, com-
paring the numerical solution with the analytical approximated solution. The parameters used
are θ12= 33.44◦, θ23= 49.2◦, θ13= 8.57◦, ∆m2

21= 7.42×10−5 eV2, ∆m2
31= 2.515×10−3 eV2, L=

1300 km and δCP = 0◦.

∆m2
atm ≡ ∆m2

32
∼= ∆m2

31 ∆m2
sol ≡ ∆m2

21
∼= 0 (2.10)

And the approximations give:

Pνµ→νe = sin2 (2θ13)sin2 (θ23)sin2
(

∆m2
atmL

4E

)
(2.11)

We are generally interested in Pνµ→νe, as it corresponds to the main transitions

process in long baseline experiments. Fig.2.2 shows this three-generation tran-

sition probability, comparing the approximated formula and the result obtained

numerically. It is clear approximations require adjustments and the context (at-

mospheric, solar, reactor experiments, etc.) in which they are made is relevant.

When matter is introduced, the impact of the context becomes larger. From this
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point, we will use numerical solutions for three-generation oscillations.

It is important to mention that the calculations described above are simplified

versions of the more appropriate approach that accounts for the space-time and

energy-momentum degrees of freedom for a neutrino state, as seen in [5]. A

complete discussion can be made about the precise way to define neutrino flavor

states and its properties, as well as the actual argument on which the transition

probability will depend. While a more strict procedure may arrive at different

results under different assumptions for calculating the probabilities, they can all

be reduced to be equal without loosing accuracy and falling into contradictions

(See [7]).

The reason for this is a key point for neutrino oscillations. Note that they are

observed because of quantum interference between mass states, which calls for

mass values to be quasi-degenerate and the states to be spatially close enough.

These are called coherence conditions and imply some experimental limita-

tions, such as the baseline of an experiment [8]. These restraints will not be

the focus of this work, but the specific physics scenario in which we are inter-

ested is a matter effect, as will be seen in the next chapter. To evaluate this

type of phenomena, experiments include a long path for neutrinos to travel, so

they have more possibility to interact with matter. Thus, coherence conditions

should not be forgotten when probing neutrino oscillations and other physics.

Before delving into other physics, though, let us take a look at neutrino inter-

actions, as established in the Standard Model.
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W+

νl

l

l

νl

Z0

νl

νl

X

X

Figure 2.3: Feynman diagrams for charged (left) and neutral (right) current neutrino processes.
X represents any other interacting particle, l is any lepton, and νl is its corresponding neutrino.

2.2 Oscillations in matter

Neutrino oscillations are a phenomenon caused by the properties of the particles

themselves, not by any sort of interaction. As neutrinos travel in a vacuum, they

will change flavor anyway. However, the Standard Model considers they can

interact through weak force. It is the only type of interaction they can have, as

they are established as left-handed, and it can happen with either charged (with

a W+/− boson) or neutral (with a Z boson) current. Thus, when neutrinos travel

in a medium, oscillations may be affected by their interactions with nucleons

and electrons present in matter.

For introducing matter interactions into neutrino oscillations, the hamiltonian

responsible for their evolution must be modified to include the interaction po-

tential, which can be computed as a forward scattering matrix element [9].

2.2.1 Evolution equation

Let us recall the Schrödinger equation:

i
d
dx

ν = Hν , (2.12)
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where H is the evolution operator and corresponds to the total Hamiltonian of a

system. In the case of neutrinos in a vacuum, the Hamiltonian was directly the

energy of the neutrinos, depending on their momenta and mass. Now, a new

term is added for matter effects:

H = H0 +HI (2.13)

Now, each of these terms operate on different bases. As it was shown before,

the vacuum Hamiltonian operates on mass states (H0 |νi⟩ = Ei |νi⟩), while the

interaction Hamiltonian operates on flavor states (HI |να⟩=Vα |να⟩). The latter

description is due to the fact that interactions are given between flavor states and

other interacting particles, and not mass states directly.

Furthermore, Vα is the matter potential that will modify the energy the neutrino

would have in vacuum. Its expression can be found from the scattering formu-

lation in electroweak theory, for both charged current (CC) and neutral current

(NC) processes in Fig.(2.3):

H CC(x) =
GF√

2
[νe(x)γρ(1− γ

5)e(x)][e(x)γρ(1− γ
5)νe(x)] (2.14)

H NC(x) =
GF√

2 ∑
α

[να(x)γρ(1−γ
5)να(x)]∑

f
[ f (x)γρ(g

f
V −g f

Aγ
5) f (x)], (2.15)

where f represents the interacting fermion, and g f
A and g f

V are real dimension-

less parameters for the axial and vector couplings of the Z boson to fermions
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[10]. Their values are shown in the following table [11]:

Fermion g f
A g f

V

νl
1
2 gν

V = 1
2

l −1
2 gl

V =−1
2 −2s2

W

u,c, t 1
2 gU

V = 1
2 −

4
3s2

W

d,s,b 1
2 gD

V =−1
2 +

2
3s2

W

Table 2.1: Values of g f
A and g f

V for fermions

where s2
W = sinϑW

2 and ϑW is the weak mixing angle.

Note that, for the charged current interaction, we only consider electrons and

electron neutrinos. This is because the main process that will affect neutrino

oscillations in a medium is coherent scattering at low energies. Incoherent

scattering can also happen, but, as stated in [11], it is a small fraction of the

total scattering events (the neutrino mean free path in normal matter can be

demonstrated to be about 0.1 light years). Thus, our interactions essentially

leave the medium exactly as it was before them. As normal matter contains

electrons and not muon or tau leptons, the only possible charged current process

of interest is the one between electrons and electron neutrinos. Neutral current

events do include all neutrino flavors and electrons and nucleons in matter.

To obtain the matrix elements to include in Eq.(2.13), we actually need to cal-

culate:

H
CC/NC

(x) = ⟨
∫

H CC/NC(x)dx⟩ , (2.16)

where each H is averaged over the electron and nucleon background, integrat-

ing over their energy distribution and spin.
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This computation will lead to:

H
CC

(x) =VCCνe,L(x)γ0
νe,L(x) (2.17)

H
NC

(x) =VNCνα,L(x)γ0
να,L(x) (2.18)

where VCC =
√

2GFNe, VNC = ∑ f V f
NC = ∑ f

√
2GFN f g f

V , and Ne and N f is

the number density of electrons and fermions. As neutrinos will interact with

protons and neutrons rather than quarks directly, it is also important to mention

that:

gp
V = 2gu

V +gd
V , gn

V = gu
V +2gd

V (2.19)

The sum over particles f appears because the interaction is not limited to only

electrons and electron neutrinos. As such, the potentials for the interactions

with protons and electrons will cancel out (their values for g f
V are the same,

with opposite signs). Then:

VNC =−1
2

√
2GFNn (2.20)

Finally, the interaction potential for a neutrino flavor α in a medium is [11]:

H e f f (x) = ∑
α=e,µ,τ

Vανα,L(x)γ0
να,L(x) (2.21)
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Vα =VCCδαe +VNC =


VCC +VNC 0 0

0 VNC 0

0 0 VNC

 (2.22)

The total Hamiltonian in matrix form can now be found by taking into account

that the eigenstates of H0 are the neutrino mass states, so we apply the corre-

sponding change of basis with the mixing matrix, UPMNS =U , while the eigen-

states of HI are the flavor states. We also use the relativistic approximation for

the energy. Then, the total H in the flavor basis is given by:

H =U


p+ m2

1
2E 0 0

0 p+ m2
2

2E 0

0 0 p+ m2
3

2E

U† +


VCC +VNC 0 0

0 VNC 0

0 0 VNC

 (2.23)

The terms with VNC in HI will add a global phase to any flavor state and will

not affect oscillations behavior and so will the term p+ m2
1

2E from H0. Then, we

can express:

H =
1

2E
(UM 2U† +A) (2.24)

where M 2 and A are defined as [11]:

M 2 =


0 0 0

0 ∆m2
21 0

0 0 ∆m2
31

 (2.25)
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A =


ACC 0 0

0 0 0

0 0 0

 (2.26)

with ACC ≡ 2EVCC = 2
√

2EGFNe.

As noted in [12], ACC can take different values and, with that, it can be classified

into regions. The first one is the vacuum-dominated region and corresponds to

cases where ACC ≪ ∆m2
21, ∆m2

31. There is also the case on the other extreme,

the matter dominated-region, where ACC ≫∆m2
21, ∆m2

31. The case in between is

the resonance region, where ACC ≈ ∆m2
21, ∆m2

31. According to the value of the

matter potential, changes in the observed behavior of neutrino oscillations and

corrections to their parameters may appear. Some examples and implications

of this, will be explored next.

2.2.2 Two-generation oscillations in matter

For the two-generation case, the new term in the Hamiltonian will modify the

mixing parameter that caused vacuum oscillations. With the mixing matrix in

Eq.(2.4) and the matter potential, we get:

H =

−∆m2

2E cos2θ +
√

2GFNe
∆m2

4E sin2θ

∆m2

4E sin2θ 0

 (2.27)

From here, the transition probability gives a formula that is completely analo-

gous to Eq.(2.8), as:
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Figure 2.4: Transition probability for two-generation neutrino oscillations in matter, with stan-
dard interactions, in comparison to vacuum oscillations. Both plots use: θ= 8.594◦, ∆m2=
2.528×10−3 eV2, L= 1300 km and δCP = 0◦. For interaction with matter, we consider electron
number density, N = 0.494.

Pνα→νβ
= sin2 2θM sin2

(
∆m2

M
4E

L
)
, (2.28)

However, the parameters involved are:

∆m2
M =

√
(∆m2 cos2θ −Acc)2 +(∆m2 sin2θ)2 (2.29)

sin(2θM) =
∆m2 sin2θ

∆m2
M

(2.30)

The distortion of oscillation parameters is translated in transition probability.

Fig. 2.4 shows both vacuum and matter two-generation oscillations. Flavor

conversion is enhanced, especially for higher energies.
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Figure 2.5: Transition probability for three-generation neutrino oscillations in matter, with
standard interactions, in comparison to vacuum oscillations. Both plots use θ12= 33.44◦, θ23=
49.2◦, θ13= 8.57◦, ∆m2

21= 7.42×10−5 eV2, ∆m2
31= 2.515×10−3 eV2, L= 1300 km and δCP =

0◦. For interaction with matter, we consider electron number density, N = 0.494.

2.2.3 Three-generation oscillations in matter

The work in [13] offers several series expansions for three-generation neutrino

oscillations in matter, using a constant density matter profile. For this, the

following parameters and abbreviations are defined:

α =
∆m2

21
∆m2

31
∆ =

∆m2
31L

4E
A =

V L
2∆

(2.31)

where V is the matter potential from eq.(2.22). In an expansion up to the first

order in α and s13, we get:
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Pνµ→νe =α
2 sin2 2θ12c2

23
sin2 A∆

A2 +4s2
13s2

23
sin2 (A−1)∆
(A−1)2 +

2αs13 sin2θ12 sin2θ23 cos(∆+δCP)
sinA∆

A
(A−1)∆

A−1

(2.32)

Fig. 2.5 also shows this comparison for three neutrino generations. Transition

is also enhanced, but mostly for middle range energies.

Mikheyev-Smirnov-Wolfenstein Effect

A particularly interesting feature of neutrino oscillations in matter is that there

will appear a resonance in the transition probability when ∆m2
M reaches its min-

imum at:

ACC = ∆m2 cos2θ (2.33)

This can be reached when we have a resonance density [14]:

NR
e =

∆m2 cos2θ

2
√

2EGF
(2.34)

At this resonance, the initial flavor can completely disappear [11]. This is the

Mikheyev, Smirnov, Wolfenstein (MSW) Effect.

When neutrinos travel in a medium with constant matter density, the effective

mixing angle, θM, is constant, leading to enhanced transitions, but keeping the

oscillatory behavior of propagating neutrinos [14]. Also, the effective potential

for normal matter is positive and the resonance density in Eq. (2.34) can only

happen if θ < π/4. Then, the probability is not symmetric if we change θ for
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π/2−θ , as it is in vacuum [11].

Furthermore, the oscillatory behavior can be lost when the neutrino travels in

varying media. If neutrinos travel in a medium made of several layers of differ-

ent densities, so that an adiabatic transition can take place, a transition proba-

bility of sin2
θ can be found, which is not an oscillatory function [14].

2.3 Other interactions

We have shown some examples of how neutrino oscillatory behavior changes in

the presence of matter, i.e., how parameters are measured with different values

if conditions vary. The impact of matter is notorious when we take into account

just the interactions established by the Standard Model. As we will see, other

types of interactions can be justifiably introduced into our framework and make

parameter measurements more confusing.

There are several new physics phenomena that can be included, such as quan-

tum decoherence or invisible decay of neutrinos. Our focus will be, however,

on Non-Standard Interactions, which is a Hamiltonian-level effect. This implies

that they modify directly the energy of our states, thus modifying oscillations.

We will describe the formulation of this scenario in the following chapter.
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Non-Standard Neutrino Interactions (NSI)

The fact that neutrinos have mass points to the Standard Model of elementary

particles not being final. This does not mean the paradigm has been destroyed,

but rather that some adjustments to the particle content, their properties and

interactions are to be made.

As pointed out in [15], the Standard Model is actually a robust theory to ex-

plain most of our observations of Nature’s behavior. This means that it is an

effective theory and new physics effects–such as the ones that would appear

by including a mechanism to generate neutrino masses–are suppressed at low

energy ranges. It is not unreasonable then to introduce new beyond Standard

Model (BMS) hypotheses for describing nature more accurately through an Ef-

fective Field Theory approach. This allows whichever new effect we propose

to remain model-independent, as we only consider its translation to lower en-

ergies. Furthermore, even though mass-induced neutrino oscillations explain

experimental observations and are considered as the “standard” solution for the

flavor changes, sub-leading BSM effects may still be present. See, for example,

[16] and [17].

21
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The aforementioned generic way to introduce beyond Standard Model physics

is the usual formulation of Non-Standard Neutrino Interactions (NSI), in which

we will focus. We are specifically interested in axial-vector NSI, whose op-

erator is similar to electroweak currents and makes this effect important when

considering neutrinos propagating in matter. Scalar NSI can also be included,

supported by neutrino mass models that induce scalar-mediated NSI. See, for

example, [18] for an exhaustive classification of various mass generation mod-

els and their implications on NSI.

We are, however, motivated by Wolfenstein’s initial proposal to use an axial-

vector interaction, to solve the solar neutrino problem [19]. In said proposal,

NSI were a mechanism to induce flavor changes due to interactions with matter,

while maintaining neutrinos massless.

3.1 First proposal of NSI and motivation

In his 1978 paper, Wolfenstein proposed a model that included only two neu-

trinos, with flavors a and b, and still massless. While he considered the exact

same interactions established in the previous chapter, the neutral current in the

new model included new diagonal and off-diagonal terms. The interaction was

proposed as:

Lλ = cos2
α[ν̄aγλ (1+ γ5)νa + ν̄bγλ (1+ γ5)νb]

+ sin2
α[ν̄aγλ (1+ γ5)νb + ν̄bγλ (1+ γ5)νa]

(3.1)
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What interested Wolfenstein here was the way it could possibly explain how

neutrinos traveled from the core to the surface of the sun. However, even if

neutrino flavor was always set to change in neutral current scattering processes

(sin2
α = 1), it was found that the deficit of electron neutrinos from the sun

could not be completely accounted for. Furthermore, this extreme scenario was

far from possible, as sin2
α = 1 is not in accordance with the constraints given

by hadron-lepton universality [19].

So the solar neutrino problem is not solved purely by NSI, but–as our cur-

rent paradigm establishes–by mass-induced neutrino oscillations. We know the

standard model does not include neutrino masses and, as pointed out in [20],

zero neutrino mass is not a result of any gauge symmetry. Rather, neutrinos

were introduced as being massless for simplicity. When trying to induce neu-

trino masses, new interactions appear and may lead to the NSI described in this

chapter. For example, see-saw models explain small neutrino masses. SU(2)L

singlets can be added to the Standard Model and lead to an extended leptonic

mixing matrix, and interactions involving light and heavy mass states. Then, for

observations at lower energies, the neutral current interaction operator must be

projected onto a subspace of light mass states, giving a submatrix UPMNS that

is not necessarily unitary, and we can get off-diagonal matrix elements [21],

unlike the standard interaction. See [22] for a formalism to induce NSI from

mass models.

The same parameterization is also used to introduced other BSM models [20].

Thus, this proposal may not be as simple to discard as it may seem from

Wolfenstein initial paper.
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3.2 Theoretical framework

When considering only axial-vector operators, non-standard interactions can

be:

• Flavor Changing Neutral Currents (FCNC), which give way to the process:

να f → νβ f (3.2)

for α ̸= β , possible.

• Flavor Diagonal Neutral Currents (FDNC), where we have the process:

να f → να f (3.3)

Eq. (3.3) is identical to the standard process. The difference between

the two, though, is that the corresponding parameterization will allow this

type of NSI not to be universal. Then, these interactions should be distin-

guishable in the states resulting from the process.

It is worth mentioning that NSI can also happen through charged currents.

However, these are strongly constrained in comparison to the neutral current

processes; therefore only neutral currents will be considered for neutrino prop-

agation in matter.

Now, non-standard interactions of neutrinos with a fermion f , that causes the

mixing of flavors α and β are described by:
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L =−2
√

2GF ∑
P

ε
f ,P

αβ
(ν̄αγ

µPLνβ )( f̄ γµP f ), (3.4)

In eq. (3.4), GF is the Fermi constant, P represents {PR,PL}, for the interaction

with both the left and right chirality parts of the fermion, each interaction quan-

tified by ε
f ,P

αβ
. The Lagrange density can also be written with explicit terms of

the vector and axial components of the interaction [23]:

L =−
√

2GF(ν̄αγ
µPLνβ )[ f̄ γµ(ε

f
αβV + ε

f
αβAγ

5) f ], (3.5)

This equation is completely analogous to Eq. (2.15). Then, directly by com-

parison, our new matter potential will also depend only on the vector part (this

is the case for chiral interactions), resulting in V f
αβ

=
√

2GFN f ε
f

αβV .

In their processes with normal matter, neutrinos will interact with electrons and

quarks present in nucleons, i.e., f ∈ {u,d,e}. The complete neutrino evolution

will still be Eq. (2.24), except that the interaction matrix, A, will be:

A = ACC


1+ εee εeµ εeτ

εµe εµµ εµτ

ετe ετµ εττ

 (3.6)

Each εαβ = ∑ f=e,u,d ε
f

αβV
N f
Ne

, to account for all interactions previously men-

tioned. Finally, the hamiltonian must be hermitian, so every diagonal ε is a real

number, and all off-diagonal elements have the form εαβ = |εαβ |eφαβ and fulfill

the condition εβα = ε∗
αβ

.



26 Chapter 3. Non-Standard Neutrino Interactions (NSI)

3.2.1 Two-generation neutrino oscillation in matter with NSI

The previously found analytical solution for neutrino oscillations in the two-

generation case will inevitably change in the presence of the new interactions

proposed by NSI. The new matter potential shown in Eq. (3.6) now has to be

introduced in the effective hamiltonian, originally in Eq. (2.27), to give:

H =

−∆m2

2E cos2θ +
√

2GFNe(1+ εee − εαα)
∆m2

4E sin2θ +
√

2GFNeεeα

∆m2

4E sin2θ +
√

2GFNeεeα 0


(3.7)

The calculation of the probability for an initial flavor να to transition into flavor

νβ will still give Eq. (2.28) as the solution. However, Eq. (2.29) and (2.30)

become:

∆m2
M =

√
(∆m2 cos2θ −ACC(1+ εee − εαα))2 +(∆m2 sin2θ +2ACCεeα)2

(3.8)

sin(2θM) =
∆m2 sin2θ +2ACCεεeα

∆m2
M

(3.9)

Thus, the presence of NSI will change the mixing parameters and, once again,

the transition probability. Fig. 3.1 shows vacuum, standard only matter inter-

actions and standard and non-standard interactions two-generation oscillations.
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Figure 3.1: Transition probability for two-generation neutrino oscillations in matter, with stan-
dard and non-standard interactions, in comparison to vacuum and matter oscillations with only
standard interactions. Both plots use: θ= 8.594◦, ∆m2= 2.528×10−3 eV2, L= 1300 km and
δCP = 0◦. For interaction with matter, we consider electron number density, N = 0.494, and for
NSI, we use εeα= 0.1.

Figure 3.2: Transition probability for three-generation neutrino oscillations in matter, with stan-
dard and non-standard interactions, in comparison to vacuum and matter oscillations with only
standard interactions. All plots use θ12= 33.44◦, θ23= 49.2◦, θ13= 8.57◦, ∆m2

21= 7.42×10−5
eV2, ∆m2

31= 2.515×10−3 eV2, L= 1300 km and δCP = 0◦. For interaction with matter, we con-
sider electron number density, N = 0.494, and, for NSI, εeµ = εeτ = 0.01
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3.2.2 Three-generation neutrino oscillations in matter with NSI

The transition probability for the process νµ → νe (called appearance channel)

can be obtained by considering sinθ13 and the non-diagonal ε parameters to be

small. By making an expansion in them, as done in [24], the probability gives:

Pνµ→νe = x2 f 2 +2xy f gcos(∆+δCP)+ y2g2 +4Âεeµ{x f [s2
23 f cos(φeµ +δCP)

+ c2
23gcos(∆+δCP +φeµ)]+ yg[c2

23gcosφeµ + s2
23 f cos(∆−φeµ)]}

+4Âεeτs23c23{x f [ f cos(φeτ +δCP)−gcos(∆+δCP +φeτ)]

− yg[gcosφeτ − f cos(∆−φeτ)]}+4Â2g2c2
23|c23εeµ − s23εeτ |2

+4Â2 f 2s2
23|s23εeµ + c23εeτ |2 +8Â2 f gs23c23{c23 cos∆[s23(ε

2
eµ − ε

2
eτ)

+2c23εeµεeτ cos(φeµ −φeτ)]− εeµεeτ cos(∆−φeµ +φeτ)}

+O(s2
13ε,s13ε

2,ε3),

(3.10)

where

x = 2s13s23, y = 2rs12c12c23, r = |∆m2
21/∆m2

31|, Â =

∣∣∣∣ A
∆m2

31

∣∣∣∣ ,
f , f̄ =

sin[∆(1∓ Â(1+ εee))]

(1∓ Â(1+ εee))
, g =

sin(Â(1+ εee)∆)

Â(1+ εee)
,

∆ =

∣∣∣∣∆m2
31L

4E

∣∣∣∣ , si j = sinθi j, ci j = cosθi j

(3.11)

For antineutrinos, the probability must be used making the following changes:

f̄ , Â →−Â, δCP →−δCP and φαβ →−φαβ .

Flavor conversion is even more enhanced when considering NSI. Fig. 3.2 shows

the same comparison for three neutrino generations.
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3.3 Effects of NSI on neutrino oscillations in matter

3.3.1 Degeneracies

The standard oscillation case gives us a framework in which we can describe

the phenomenon with the use of six parameters. Some of these are consid-

ered to have been measured precisely, such as the θ12 mixing angle. Other

parameters–like the CP-violating phase–do not have such robust estimations,

even when considering only standard oscillations in vacuum. This is due to

the degeneracies that appear when working with periodic functions, as the ones

present in all transition probabilities shown. Different combinations of param-

eters will lead to the same oscillation probability, resulting in several possible

and statistically significant values for the parameters. The degeneracies can be

summarized as [25]:

1. Neutrino mass hierarchy: It has not yet been established whether the third

neutrino mass state is heavier than the first one, leading to normal mass

hierarchy (NH), where ∆m2
31 > 0, or lighter than it, giving inverted mass

hierarchy (IH), where ∆m2
31 < 0. Both cases are possible and parameter

fits are usually performed considering each scenario separately.

2. θ23 mixing angle octant: The mixing angle θ23 may have its value in a

higher octant (HO) if it is larger than 45◦, or in a lower octant (LO) if it is

smaller than 45◦.

3. δCP value: The CP-violating parameter can take values between -180◦and

180◦and has not been robustly measured. This is due to the fact that its
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Figure 3.3: Transition probabilities obtained with different sets of parameters. All plots use
θ12= 33.44◦, θ23= 49.2◦, θ13= 8.57◦, ∆m2

21= 7.42×10−5 eV2, ∆m2
31= 2.515×10−3 eV2 (NH)

or -2.498×10−3 eV2, L= 1300 km and δCP as specified in legend. For interaction with matter,
we consider electron number density, N = 0.494, and, for NSI moduli and phase as shown.

effect can be seen when comparing neutrino and antineutrino behavior,

particularly in their interaction with matter. Thus, CP-violation and the

measurement of the corresponding parameter usually involves matter ef-

fects, which become significant in long baseline experiment and could

lead to fake CP-violating signals [26] that fit several δCP values different

to the actual one.

Fig.3.3 explicitly shows degeneracies. We present three transition probabilities,

all with different oscillation parameters, following examples from [24]. Though

in different energy ranges, both the red and blue curves can be described exactly

with the same parameters used for the dotted curve. Experiments may then find

degeneracies depending on their energy range.
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3.3.2 Fake CP-violation signals

The effect of CP-violation can be directly measured from the CP-asymmetry,

defined as [27]:

ACP(δCP) =
Pνµνe(δCP)−Pν̄µ ν̄e(δCP)

Pνµνe(δCP)+Pν̄µ ν̄e(δCP)
(3.12)

A leading-order approximation of this formula, using the probability for stan-

dard oscillations, gives:

ACP(δCP)≈
cosθ23 sin2θ12 sinδCP

sinθ23 sinθ13

(
∆m2

21L
4E

)
+matter effects, (3.13)

It can be seen that the actual CP-violating phase can account for only a part of

the asymmetry and that effects resulting from neutrino interactions with matter

contribute to and distort the asymmetry. Then, long baseline experiments aim-

ing to determine δCP are, at most, able to show CP-violation, but not lead to a

precise or correct value of the parameter.

Note that NSI parameters, as shown in Eq. (3.6), also carry a phase, which will

directly contribute to CP-violation if these new interactions are, in fact, present.

The effect of these phases cannot be distinguished from Eq. (3.12). Then, any

observable CP-asymmetry will have its sources also completely indistinguish-

able.

The work in [28] proposes a very clear way to evaluate the effect of NSI on
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Figure 3.4: CP-asymmetry possible range when varying NSI εeµ from 0 to 0.15. All plots use
θ12= 33.44◦, θ23= 49.2◦, θ13= 8.57◦, ∆m2

21= 7.42×10−5 eV2, ∆m2
31= 2.515×10−3 eV2, L=

1300 km and δCP=0. For interaction with matter, we consider electron number density, N =
0.494.

CP-violation signals, by estimating the modification of oscillation probabilities

due to standard interactions with matter, NSI moduli or NSI phases, in compar-

ison to vacuum oscillations. The resulting signals show how misleading matter

effects are, as the patterns seem to correspond to values of δCP other than the

one actually used.

Following said work, fig.3.4 shows the CP-asymmetry range that includes the

curves we may obtain with different NSI εeµ values between 0 and 0.15. The

horizontal line at ACP= 0 is what we should observe for neutrino oscillations

in vacuum for δCP = 0◦. When we introduce interactions with matter, fake CP-

vilolation signals appear, even for standard interactions, as shown by the green

curve. Varying NSI gives a wider range for mistaken signals.
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3.4 Current status

The previously mentioned effects have been widely considered when revising

the precision of parameter fits and different remaining anomalies in neutrino

observations. We will now briefly report some of the most important results

reported in recent literature, to highlight the value of studying NSI and keep

track of the advances in the field, where our work will be useful.

The modification of neutrino mixing parameters in presence of matter has been

pointed out in [29], for scenarios with standard interactions (SI) and SI+NSI.

The authors derive approximate analytical expressions for the effective mixing

angles and mass squared differences, so that they are able to directly identify

their evolution with energy when interacting with matter. On the one hand, it is

found that θ m
23 is not greatly modified by SI, but the presence of a negative NSI

parameter εµτ causes the angle to increase or decrease, if it lies on the upper

of lower octant, respectively. On the other hand, θ13 is actually affected by

SI, depending on the mass hierarchy evaluated and the choice of neutrinos or

antineutrinos. It is also affected by SI+NSI, depending additionally on the sign

of the εeµ and εeτ parameters. These parameters also impact θ12 substantially.

In the case of the mass squared differences, interestingly, ∆m2
21 increases by

a considerable amount with energy for both SI and SI+NSI, which does not

happen for ∆m2
31. While current estimations of θ12 and ∆m2

21 seem to be correct

due to their prediction’s agreement with solar neutrino experiments, it has been

observed that NSI allowed a degeneracy for θ12 keeping the value of ∆m2
21,

giving way to the ”LMA-D solution” [30]. The recently found evolution of
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parameters may explain this result, but it may also hint towards solving its

disagreement with the values established as true, by allowing θ12 to change.

In the same way, we can see that the presence of matter and NSI causes apparent

CPT violation, i.e., a distinct behavior of neutrinos, in contrast to antineutrinos,

seeing as, from Eq. (3.8) and (3.9):

∆m2
M sin(2θM) = ∆m2 sin2θ +2ACCεεeα

(3.14)

∆m2
M cos(2θM) = ∆m2 cos2θ −ACC(1+ εee − εαα) (3.15)

for neutrinos, while for antineutrinos:

∆m2
M sin(2θM) = ∆m2 sin2θ −2Accεεeα

(3.16)

∆m2
M cos(2θM) = ∆m2 cos2θ +Acc(1+ εee − εαα) (3.17)

The Standard Model predicts CPT to be a symmetry, so, if only SI were present,

the difference shown above should not be observed. However, the CPT-violation

signal was, in fact, reported by T2K in [31], and NSI were proposed to be the

solution to the anomaly in [32]: by using a fit value of the NSI parameter, the

CPT violation signal was effectively reconstructed.

NSI were also the solution to the tension in results reported by NOvA and T2K

for their measured values of δCP. The proposals in [33] and [34] rely on the fact

that both experiments have a very different baselines and mean energies. This
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causes NOvA, with the longer baseline and higher energy, to be more sensitive

to NSI effects and measure a δCP value that needs corrections due to its fake

CP-violating contributions.

Current works are mostly interested in future experiments potential to detect

NSI and determine δCP. See, for example, [35], [36], [37]. Their results show

that DUNE is highly sensitive to deviations caused by new physics due to its

baseline and beam energy. While it is considered that the collaboration of dif-

ferent experiments will be key to precise and robust measurements, DUNE will

be able to distinguish different BSM scenarios, including NSI, and determine

the CP-violating phase. This is the motivation for our evaluation of NSI in the

context of DUNE, as will be seen in the next chapter.



Chapter 4

Method and Results

4.1 About DUNE

The Deep Underground Neutrino Experiment (DUNE) is a long baseline neu-

trino experiment that is being built with the most advanced system to produce

and detect neutrinos to date. Expected to start taking data by 2026, it includes

a beam of trillions of neutrinos per second, thanks to Fermilab’s accelerators

being improved as part of the Proton Improvement Plan II (PIP-II) [38]. The

produced neutrinos will pass through a near detector on site and travel 1300 km

to the Sandford Underground Research Facility, where they will be detected in

liquid argon time-projection chamber far detector [39], as sketched in Fig. 4.1.

Among its primary goals, DUNE aims to measure CP violation, by evaluating

the differences in the behavior of neutrinos and antineutrinos. It will also al-

low the determination of the mass hierarchy and, particularly relevant for this

work, the exploration of Beyond Standard Model physics resulting from matter

effects, as its baseline length increases DUNE’s sensitivity to them.

For this reason, and according to its relevance for NSI exploration, pointed out

36
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Figure 4.1: Deep Underground Neutrino Experiment: Neutrino beam path from production to
far detector. Credit: Fermilab.

in [35]-[37], we will also perform our analysis in the context of DUNE.

4.2 Simulation

All data used for our statistical analysis was obtained using the General Long

Baseline Experiment Simulator (GLoBES). It uses specific files containing the

details of experiments, including the matter profile, baseline, detector cross-

sections and efficiencies, beam characteristics and detection channels. The

DUNE collaboration has provided their own file to be used in GLoBES in [40].

Here, the earth profile is considered to be a layer of about 1.5 km of depth and

constant matter density of ρ = 2.96 g/cm3, the beam power is 1.07 MW and

the average energy is Em=2.6 GeV.

GLoBES includes functionalities for obtaining the number of events detected

and the calculation of χ2, which allows us to choose free and fixed parameters

for fitting the results. Its default probability engine, however, works only for

the standard oscillation scenarios and its six parameters. The simulation of

BSM scenarios can be done by using GLoBE’s functionality to register a new
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Parameter Normal Hierarchy Inverted Hierarchy

sin2
θ12 0.304 ± 0.013 0.304 ± 0.013

sin2
θ23 0.573 ± 0.023 0.578 ± 0.021

sin2
θ13 0.02220 ± 0.00068 0.02238 ± 0.00062

∆m2
21/eV 2 (7.42 ± 0.21) ×10−5 (7.42 ± 0.21) ×10−5

∆m2
31/eV 2 (2.515 ± 0.028) ×10−3 (-2.498 ± 0.029) ×10−3

Table 4.1: Values for our true standard oscillation parameters

probability engine, which allow the modification of the parameter vector used

by the program. After this, we can assign values to the BSM parameters or

include them in model fitting.

In the case of NSI, we register the new probability engine with nine new param-

eters, along with the six standard parameters. The hamiltonian in the probabil-

ity engine file also had to be modified according to Eq.(3.6). The hermiticity of

the new hamiltonian is ensured in this definition.

4.3 Method

For this work, the standard oscillation parameters were obtained from NU-fit

[41], and are shown in Table 4.1. The value for δCP was set on 0, π/2 or −π/2,

to examine the NSI impact when nature has either minimum or maximum CP-

violation. On the other hand, only three NSI parameters were used, one at a

time, thus setting three scenarios to be evaluated: εeµ , εeτ and εµτ . The first

two were chosen for being the parameters most directly present in Eq.3.10,

while the latter was included for completeness. We set all our cases to be ana-

lyzed from the combination of these scenarios and parameters, along with the
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neutrino mass hierarchy. Then, we have performed our method and will show

results for 18 cases.

These cases were analyzed by running our simulation to generate events with

each of them (i.e., the 18 cases are the true scenarios), by using the νe, ν̄e ap-

pearance and νµ , ν̄µ disappearance channels. The modulus of the correspond-

ing NSI parameter was set using a newly defined parameter, ξ , which quantifies

the intensity of the BSM scenario as:

ξε =
ACCL|ε|

E
, (4.1)

while the phase of the parameter is set to zero. The definition of this quantity

was established due to the fact that it is the distorting term in oscillation argu-

ments, which can be noticed in the two-generation formula. It is amplified by

a factor of 2 to allow a better observation of its impact. For this work, ξ was

chosen from the interval [0, 0.05], where 0 represents no BSM effect.

Once events were generated for a specific case and ξ value, we performed 3 fits

for each one, using standard oscillations and the two other NSI scenarios (i.e.,

there are 3 test scenarios for each true one). All fits were done by minimizing

the χ2, defined as:

χ
2 = ∑

i

(Ntrue
i −Ntest

i )2

Ntrue
i

, (4.2)

where i is the number of a bin from the generated events, and Ni is the number

of events in said bin. For each fit, we set only δCP and the NSI parameters (both

modulus and phase) free.
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NSI parameter Constraint

|εeµ | 0.036

|εeτ | 0.167

|εµτ | 0.033

Table 4.2: Upper constraints for NSI parameters. The corresponding phase is not subject to
constraints.

As our goal is to compare solutions rather than examine a specific one, we

do not scan over the entire parameter space or the degeneracies due to mass

hierarchy. This means that fits for true normal (inverted) ordering events are

done for only normal (inverted) ordering parameters. Now, from the fits, we

are interested in χ2 and δCP. Additionally, we use the found value of the NSI

modulus as a filter to keep or discard a fit. A test scenario is discarded as a

potential solution for the true events if the fit BSM parameter is not allowed by

certain NSI constraints. Comparing the true and test scenarios is not possible

then. The constraints used in this work are described in Table 4.2, obtained

from [42].

I would like to point out that we have found that degeneracies do exist because

δCP is a free parameter in the fits and the local and global solutions may be very

similar. However, once the parameter space is examined, the global minimum

for each fit is clearly distinct: a 1σ region is formed around the global mini-

mum, while we get 3σ regions around the local minima. The characterization

of degeneracies, however, is not included in the scope of this work.
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4.3.1 Systematization of findings

The systematization of our fits has been the key point of this work, as the pre-

sentation of the found patterns and comparison between scenarios is basically

our final product. As our goal is to give the most information about the behav-

ior of fits with different combinations of scenarios, plots were designed so that

they show features of them in the most complete way.

Our findings are represented in two key ways:

• Significance of Fits (Nσ ): This gauges the significance level of the dis-

tinction between our true hypothesis and the theoretical one. It is found

using:

Nσ (χ
2) =

√
F−1[GX [χ2]], (4.3)

where GX is the cumulative distribution function for the χ2 distribution

with 3 degrees of freedom (d.o.f), and F−1 is the quantile function for the

χ2 distribution with 1 d.o.f.

• Fit δCP: Our plots will directly show the found values of δCP. We have

also quantified how many standard deviations (σ ) separate the fit value of

δCP from the (assumed) true value. This separation in terms of units of

σ in this context are calculated based on the uncertainties associated with

the true value. As different angles may be equivalent, we used this quan-

tity to monitor the behavior of the separation, i.e., if it increases with the

NSI effect, regardless of jumps in the actual CP-phase value, to correctly
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establish the distinguishability.

We will first present two types of plots. The first of these is the Nσ vs ξ plot.

We generated different sets of data for one of our 18 possible true scenarios.

Each set corresponds to one value of ξ , from 0.01 to 0.05, and the fit is per-

formed with all 3 test scenarios. Thus, there are several Nσ values for every test

hypothesis and a curve is formed. We show a plot for each NSI (true) scenario,

each with 3 curves, where we are able to see not only how well the distinction

between hypotheses can be made, but also how this evolves as the true effect

strengthens. Curves may be cut short due to parameter constraints.

The second type of plots is the δCP vs ξ plot. These are constructed under the

same reasoning of the first type: there is a plot for each true scenario, with 3

curves that show how the test δCP gets distorted with respect to the true δCP as

the true effect grows stronger.

We will also show summary tables for each of these quantities, constructed

under the following reasoning: we look for the ξ value that causes enough

distinction, i.e., where Nσ values of 1 and 3, within the parameter constraints

of each scenario. Ideally, we would look for Nσ of 3 and 5. However, we will

see those values are rarely reached.

Finding the values for the summary tables is straightforward for Nσ , as it is

always an increasing function. For the summary table corresponding to the fit

values of δCP, we use the deviation of each fit δCP described above, in order to

find the true scenario strength, ξ , where we reach a separation of 1σ and 3σ .

This is, however, not always direct. Due to degeneracies, the distortion in δCP
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Test hypothesis Curve color

Standard Oscillations (SO)

NSI εeµ

NSI εeτ

NSI εµτ

Table 4.3: Color code for curves of our test scenarios

can be found to have jumps and abrupt changes in its tendency with ξ , resulting

in a discontinuous function.

4.4 Results

4.4.1 Nσ and δCP plots

Figures 4.2-4.7 show our results for the behavior of the fit significance, Nσ , and

the fit values of δCP, both for ξ in the range of 0 to 0.05. All plots follow the

same color code for each test hypothesis, as seen in Table 4.3. The scenario

considered to be true for each plot will not appear as a test hypothesis. All plots

also show some guide lines. In the case of the Nσ plots, a dashed line marking

the 1σ value is included. For δCP plots, the 1σ , 3σ and 5σ error curves for the

true CP-phase value are shown, as a dashed, a dash-dotted and a dotted line,

respectively, to directly evaluate the separation of the fit values with respect to

it.

As we have mentioned before, some curves may be cut short. This is the case

when the specific test hypothesis cannot fit the true scenario while having the

test parameters within their constraints, for a certain true BSM effect intensity,

ξ . For any test scenario, once the true effect reaches intensities where fits
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cannot be found, the will also not be found in the remaining ξ domain. Thus,

in some cases, we can only construct curves up to ξ values lower than 0.05.

As can be seen from Nσ plots of all scenarios, we obtain monotonic increasing

significance curves, which points to better telling apart test scenarios from the

true BSM effect as it grows stronger. Separation between test hypotheses also

tend to increase with ξ . However, this does not mean actual distinctions can be

drawn. When our true scenario is εµτ , test hypotheses fit the data well within

1σ , so they are not really distinguishable. Fits for this test scenario are also

rarely found for greater values of ξ , because they require parameter values

larger than its constraints.

As may have been expected from Eq.3.10, true scenarios considering εeµ and

εeτ give the greater effect on oscillations and cause better distinguishability,

with the former giving the greatest significances. It is important to note that for

all cases, NSI scenarios give the best fits, meaning, these solutions are similar

to each other, while the standard oscillation hypothesis is always further. This

may lead to considerable distortions when interpreting experiments results in

the standard framework, should BSM effects be present in nature.

Significance does not directly translate to deviations in fit δCP values. Specifi-

cally, a small significance does not mean small deviations in δCP, and it may be

this parameter which will be more greatly affected by the presence and testing

of different scenarios. Large deviations for δCP may be found, as it compensates

for strong priors on the other standard oscillation parameters, as some of these

are considered to be robust estimations. In our analysis, for example, when

evaluating the true εeµ scenario, the εeτ test scenario is very similar to it when
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examining the significance, but the distortion in δCP is quite noticeable with the

true and other fit values. Then, even when two hypotheses may be mistakable,

they are never the same and further exploration is needed. This feature in the

behavior of εeτ not only is a part of the description of its distinguishability, but

it also points towards the requirement of several statistics and analyses fitting

models to data.

Finally, note that similarities (or differences) cannot necessarily be established

between fits for normal and inverted hierarchy, for any one true BSM scenario.

For example, all test hypotheses when evaluating true normal hierarchy εµτ give

results close to the ones obtained with true inverted hierarchy εµτ . However,

this is not the case for εeµ and εeτ . In these cases, for a certain δCP, the εµτ test

curve may occupy all the ξ range for true inverted hierarchy, but not for true

normal hierarchy. Thus, distinguishing scenarios must still depend on which

ordering we consider, and will, in fact, change with the CP-phase.

4.4.2 Summary tables

We now present summary tables for a quick reference of which scenarios and

quantities may be of interest when evaluating NSI scenarios. The tables show

all scenarios considered in this work. Each cell contains, for that specific

true/test scenario combination, the ξ value (divided by 10−3) for which 1σ (3σ )

is reached for the significance of fits in Tables 4.4 and 4.5 for normal and in-

verted hierarchy, respectively, and for the fit δCP values, in Tables 4.6 and 4.7,

also for normal and inverted hierarchy, respectively.

Here, a selection of true and test scenarios can be clearly made, as we can
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True
Test SO NSI εeµ NSI εeτ NSI εµτ

0◦

NSI εeµ x(x) - x(x) x(x)
NSI εeτ x(x) x(x) - x(x)
NSI εµτ x(x) x(x) x(x) -

90◦

NSI εeµ 3.55(-) - x(x) x(x)
NSI εeτ 3.95(-) x(x) - x(x)
NSI εµτ x(x) x(x) x(x) -

-90◦

NSI εeµ 3.71(-) - x(x) 4.67(-)
NSI εeτ 3.88(-) x(x) - x(x)
NSI εµτ x(x) x(x) x(x) -

Table 4.4: Fit significance (Nσ ) summary table for all scenarios in normal hierarchy. For each
case combination, we show the quantification parameter, ξ (×10−3), where 1σ (3σ ) is reached.
Cells are black for combinations where the true and test hypotheses are the same scenario.
A dash is shown when the 3σ significance is not reached. Cells colored in gray represent a
scenario combination where a fit does not reach even 1σ .

True
Test SO NSI εeµ NSI εeτ NSI εµτ

0◦

NSI εeµ x(x) - x(x) x(x)
NSI εeτ x(x) x(x) - x(x)
NSI εµτ x(x) x(x) x(x) -

90◦

NSI εeµ 2.51(-) - x(x) x(x)
NSI εeτ 4.88(-) x(x) - x(x)
NSI εµτ x(x) x(x) x(x) -

-90◦

NSI εeµ 2.48(-) - x(x) x(x)
NSI εeτ 4.36(-) x(x) - x(x)
NSI εµτ x(x) x(x) x(x) -

Table 4.5: Fit significance (Nσ ) summary table for all scenarios in inverted hierarchy. For each
case combination, we show the quantification parameter, ξ (×10−3), where 1σ (3σ ) is reached.



4.4. Results 47

True
Test SO NSI εeµ NSI εeτ NSI εµτ

0◦

NSI εeµ 1.85(-) - x(x) x(x)
NSI εeτ 1.71(-) x(x) - x(x)
NSI εµτ x(x) x(x) x(x) -

90◦

NSI εeµ 1.51(3.69) - x(x) 1.99(3.35)
NSI εeτ 3.22(-) 4.42(-) - x(x)
NSI εµτ x(x) x(x) x(x) -

-90◦

NSI εeµ 1.55(3.91) - -273.(4.02) 1.98(4.31)
NSI εeτ 3.58(-) x(x) - x(x)
NSI εµτ x(x) x(x) x(x) -

Table 4.6: Fit δCP summary table for all scenarios in normal hierarchy. For each case combina-
tion, we show the quantification parameter, ξ (×10−3), where 1σ (3σ ) distortion with respect
to the true CP-phase is reached. A dash is shown when the 3σ distortion in the fit δCP with
respect to the true value is not reached. Cells colored in gray represent a scenario combination
where the fit δCP does not reach even a 1σ distortion with respect to the true value. The cell
highlighted in red indicates an anomaly, discussed in the text.

True
Test SO NSI εeµ NSI εeτ NSI εµτ

0◦

NSI εeµ 1.73(4.7) - x(x) x(x)
NSI εeτ 1.9(-) x(x) - x(x)
NSI εµτ x(x) x(x) x(x) -

90◦

NSI εeµ 2.96(-) - 2.1(4.03) 2.19(-)
NSI εeτ x(x) 4.87(-) - x(x)
NSI εµτ x(x) x(x) x(x) -

-90◦

NSI εeµ 2.9(-) - 2.03(3.87) x(x)
NSI εeτ x(x) 4.45(-) - x(x)
NSI εµτ x(x) x(x) x(x) -

Table 4.7: Fit δCP summary table for all scenarios in inverted hierarchy. For each case combi-
nation, we show the quantification parameter, ξ (×10−3), where 1σ (3σ ) distortion with respect
to the true CP-phase is reached.
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directly notice that most cases do not reach the necessary distortion. Let us

remember, however that all quantities must be taken into account before dis-

carding a combination for being indistinguishable. There is one last detail I

would like to point out. In Table 4.6, for true scenario εeµ and test scenario εeτ ,

the ξ value to reach 1σ is clearly an anomaly. This is due to the compensation

of the CP-phase when all other parameters are constrained and the fact that an-

gles may present more degeneracies, causing jumps in the curve as the BSM

effect increases (see Fig.4.2, δCP =−90◦).
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Figure 4.2: Fit significance and δCP for SO and NSI εeτ and εµτ when considering NSI εeµ as
the true effect, with a strength, ξ , in the range of 0 to 0.05, and normal ordering. Black thin
curves on the right represent the 1σ (dashed), 3σ (dash-dotted) and 5σ (dotted) errors for the
true δCP, specified on each row.
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Figure 4.3: Fit significance and δCP for SO and NSI εeτ and εµτ when considering NSI εeµ as
the true effect, with a strength, ξ , in the range of 0 to 0.05, and inverted ordering. Black thin
curves on the right represent the 1σ (dashed), 3σ (dash-dotted) and 5σ (dotted) errors for the
true δCP, specified on each row.
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Figure 4.4: Fit significance and δCP for SO and NSI εeµ and εµτ when considering NSI εeτ as
the true effect, with a strength, ξ , in the range of 0 to 0.05, and normal ordering. Black thin
curves on the right represent the 1σ (dashed), 3σ (dash-dotted) and 5σ (dotted) errors for the
true δCP, specified on each row.
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Figure 4.5: Fit significance and δCP for SO and NSI εeµ and εµτ when considering NSI εeτ as
the true effect, with a strength, ξ , in the range of 0 to 0.05, and inverted ordering. Black thin
curves on the right represent the 1σ (dashed), 3σ (dash-dotted) and 5σ (dotted) errors for the
true δCP, specified on each row.
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Figure 4.6: Fit significance and δCP for SO and NSI εeµ and εeτ when considering NSI εµτ as
the true effect, with a strength, ξ , in the range of 0 to 0.05, and normal ordering. Black thin
curves on the right represent the 1σ (dashed), 3σ (dash-dotted) and 5σ (dotted) errors for the
true δCP, specified on each row.
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Figure 4.7: Fit significance and δCP for SO and NSI εeµ and εeτ when considering NSI εµτ as
the true effect, with a strength, ξ , in the range of 0 to 0.05, and inverted ordering. Black thin
curves on the right represent the 1σ (dashed), 3σ (dash-dotted) and 5σ (dotted) errors for the
true δCP, specified on each row.
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Conclusions

Neutrino oscillations were a first hint of Physics Beyond the Standard Model

(BSM). The fact that this phenomenon is induced by neutrino mass has revealed

several other unsolved problems, such as the measurement of parameters re-

lated to neutrino oscillations, in particular, the CP-violating phase, δCP and

neutrino masses themselves, and the mechanism to generate them. This makes

neutrino physics a very active research field, as it allows for the exploration of

not only methods to determine the aforementioned quantities, but the implica-

tions and consequences of theoretical proposals for neutrino mass generation.

This leads to a variety of BSM phenomena that may or may not explain experi-

ments results and the need of a way to distinguish them. We have explored one

particular BSM hypothesis: Non-Standard Neutrino Interactions with matter

(NSI).

We have reviewed a bit of history to explain the discovery of neutrino oscil-

lations, the accepted quantum mechanics formalism to describe them, both in

vacuum and in matter, considering the interactions included in the standard

model. We have also revisited the introduction of NSI in the formalism and

55
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their impact on neutrino propagation, to understand the effect on experiments,

specifically on the observations of the Deep Underground Neutrino Experiment

(DUNE).

DUNE is a 1300 km baseline neutrino experiment, currently in development

with the most advanced systems to date. Its baseline allows neutrinos to in-

teract with matter, resulting in observable CP-asymmetry and making DUNE

a suitable context to examine the existence and effects of NSI, as parameter

fit has been shown to be affected. Then, directly considering only standard

oscillations will lead to incorrect parameter fits.

This work has presented a proposal of alternative statistics to be analysed and

interpreted to try and establish patterns to distinguish the presence of a par-

ticular NSI case in contrast to standard oscillations and other NSI cases. By

evaluating the distinction of scenarios with several different effect intensities, it

was noted that fit significance does increase with effect strength, meaning that

we could potentially rule out scenarios if the NSI present in nature is strong

enough. However, given that they are highly constrained, significance may not

reach large enough values. However, further analysis of fit features may allow

significant distinguishability.

It was found that as small as significance separation may be, this does not trans-

late directly on fit δCP distortion with respect to its true value. Even when two

scenarios may be mistaken, the δCP value needed for them may very well be

distinct with a reasonable error between them. Furthermore, some anomalies in

the behavior of this error may be found, as δCP, being a phase, may encounter

degeneracies. This will only contribute to a description of scenario signature
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and allow distinguishability, proving the importance of analysing several statis-

tics and fit features to correctly discard or keep theoretical proposals.

Finally, I would like to mention that the posterior statistical analysis of the

data for hinting at the ”theoretical origin” of observed effects has been previ-

ously proposed in [43]. There, the discovery limits of hamiltonian level effects,

such as NSI, and probability level effects are examined. The approach includes

classifying an encountered inconsistency or anomaly as a hamiltonian or prob-

ability level effect, rather than directly identifying the phenomenon.

While the proposal may be useful considering that we do not know what we

are looking for [43], our strategy is also useful. As it has been discussed in

[44], testing frameworks needs model-independent parameterization of differ-

ent phenomena, which we aim to with our effect intensity parameter. Our alter-

native statistics could then be interpreted to try and establish a ”hierarchy” of

nature’s preferred theoretical descriptions.
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