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must be the truth/...]”
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Resumo

Nesta tese, discutimos aspectos mistura de neutrinos em supernovas passadas e futuras.
Mostramos nossa analise de dados sobre a emissao e mistura de neutrinos da supernova
SN1987A, rejeitando com limites superiores a 20 a solucao de hierarquia invertida de
massas para conversao de sabor. Também fornecemos uma extensa descricao dos efeitos
de descoeréncia quantica gerada por gravidade quantica ou outra fisica exética equivalente
em supernovas para diferentes modelos. Além disso, examinamos a possivel dependéncia
da energia pelos parametros de descoeréncia quantica (I' = I'g(E/Ey)"™) com diferentes
leis de poténcia (n = 0,2,5/2). Nossos resultados indicam que os detectores de geracao
futura (DUNE, Hyper-K e JUNO) podem restringir significativamente os parametros de
descoeréncia quantica em diferentes cenarios. Para uma supernova localizada a 10 kpc da
Terra, DUNE poderia potencialmente estabelecer limites de 30 para I' < 6,2 x 1074 eV
no cendario de hierarquia de massa normal, enquanto Hyper-K poderia impor um limite de
20 em I' < 3,6 x 107* €V para a hierarquia de massa invertida com n = 0 — supondo
que nao haja troca de energia entre o subsistema de neutrinos e ambiente nao padrao.
Esses limites se tornam ainda mais restritivos para uma supernova mais proxima da
Terra. Quando relaxamos a restricao de troca de energia, para uma supernova a 10 kpc,
DUNE pode estabelecer um limite de 30 de I's < 4,2 x 10728 eV para hierarquia normal,
enquanto Hyper-K poderia restringir I's < 1,3 x 10727 €V para hierarquia invertida (n = 0)
com 20, representando os limites mais restritivos reportados até o momento. Além disso,
examinamos o impacto da perda de neutrinos durante a propagacao em uma futura
deteccao de supernovas por efeitos de descoeréncia quantica, também estabelecendo limites

estatisticos para esse fendmeno.

Palavras-chave: Neutrinos. Descoeréncia quantica. Supernovas.



Abstract

In this thesis, we discuss aspects of past and future supernova-neutrino mixing. We show
our data analysis concerning SN1987A emission and mixing, rejecting with more than
20 bounds on inverted hierarchy solution for flavor conversion. We also provided an
extensive framework to understand quantum decoherence effects in supernovas engendered
by quantum gravity or other equivalent exotic physics for different models. Additionally,
we examine the potential energy dependence of quantum decoherence parameters (I' =
L'o(E/Ep)™) with different power laws (n = 0,2,5/2). Our findings indicate that future-
generation detectors (DUNE, Hyper-K, and JUNQO) can significantly constrain quantum
decoherence parameters under different scenarios. For a Supernova located 10 kpc away
from Earth, DUNE could potentially establish 30 bounds of I' < 6.2 x 107'* eV in the
normal mass hierarchy scenario, while Hyper-K could impose a 20 limit of I' < 3.6 x 107! eV
for the inverted mass hierarchy with n = 0 — assuming no energy exchange between
the neutrino subsystem and non-standard environment. These limits become even more
restrictive for a closer Supernova. When we relax the assumption of energy exchange, for
a 10 kpc supernova, DUNE can establish a 3o limit of I's < 4.2 x 1072% €V for normal
hierarchy, while Hyper-K could constrain I's < 1.3 x 10727 eV for inverted hierarchy
(n = 0) with 20, representing the most stringent bounds reported to date. Furthermore,
we examine the impact of neutrino loss during propagation for future Supernova detection,

also establishing statistical limits to this phenomenon.

Keywords: Neutrinos. Quantum decoherence. Supernovas.
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Introduction

In the last decades, the neutrino sector has revealed interesting and intriguing aspects
of our growing knowledge of particle physics. Particularly, in flavor physics, the neutrino
mixing models provide a framework where the flavor states do not have well-defined
mass, as well as energy states do not interact through Standard Model, allowing our
measurement of quantum effects in macroscopic scales, a discovery awarded with Nobel
prize. Despite advances in neutrino physics and many years of an active community, some
central questions are still to be answered, such as the origin of neutrino mass, CP violation
in neutrinos, and details of neutrino mixing models, relevant to characterizing any neutrino

flux across all sources.

Amongst the possible neutrino sources, with some of them briefly mentioned in
Chapter 1, in this thesis, we devote our attention to supernovas. In this extreme event
in astrophysics, neutrinos play a relevant role, carrying almost all gravitational binding
energy of the dying star as well as changing the dynamics and thermodynamics of the
explosion. This challenging neutrino environment is under intense research, and it is unique
for a number of reasons. The most prominent is the only place in the current Universe
with the existence of a dense neutrino gas, generating non-linear unsolved neutrino mixing
effects nowadays. If this event occurs in our galaxy, the neutrino flux crossing Earth can
be orders of magnitude higher than the solar neutrino flux. Finally, although we were
able to measure extra-terrestrial neutrinos in the past, we have never detected such a
well-characterized source, with high flux, and a large baseline as a galactic supernova.
The baseline of thousands of light-years shows to be a notable feature to be explored and
used in the investigation of many works such as neutrino decays [2], making supernovas
natural laboratories of particle physics. In this thesis, it is not the single characteristic of
a future galactic supernova detection we are interested in, but the distance from Earth
makes our analysis unique. The specific phenomenon we prospect here is the spontaneous
transition of pure neutrino states to mixed ones or quantum decoherence. This effect is
expected in different candidate theories of quantum gravity by the so-called quantum foam
[3, 4]. Although we inspire part of our analysis in works where quantum gravity is an
extensive subject, we remain agnostic, limiting ourselves to phenomenologically modeling

the neutrino propagation through open quantum systems formalism, which provides a
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robust framework to understand quantum decoherence effects, and we attempt to bring

this discussion to an eventual future supernova neutrino detection.

In spite of the fact that the main goal of this work is to provide a consistent and
testable solution to the quantum decoherence problem in a future supernova neutrino
detection, the path to cross in order to achieve this goal makes this thesis be divided
into two main parts: in the first one, we show a very brief scenario of neutrino physics
in Chapter 1. Then, we focus on the basics of neutrino mixing in vacuum and inside
matter in Chapters 2 and 3. In Chapter 4, we start our discussion on supernova neutrinos
and neutrino mixing in this environment, followed by an introduction to the supernova
SN1987A physics and our analysis of this astrophysical event in Chapter 5. Afterward, in
part two, we introduce the quantum decoherence formalism in addition to its effects on
neutrino propagation in Chapter 6. In Chapter 7 we apply the concepts developed in other
chapters to a possible future supernova detection, bounding quantum decoherence not
only the first time in this neutrino source but also finding the most stringent statistical

limits on quantum decoherence parameters up to date.
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Chapter 1

Brief status of neutrino physics

Since its proposal in the 1930s, its discovery in the 1950s, evidence of mixing amongst
flavors in the 1990s, and many other questions and answers made in this almost one
century of intense research, we should recognize that neutrino physics became fairly huge.
In this sense, this chapter has no intention at all to cover the entire neutrino physics, but
just gives a very brief historical status of the current scenario in which (part of) this topic

of particle physics is placed in the view of the author.

Firstly, it is worth mentioning that neutrinos are fermions with three different flavors:
Ve, v, and v, partners to their corresponding charged leptons e™, 1~ and 77, interacting, as
far as we know, only through gravitational and weak interactions, and then, not electrically
or strongly charged, making interaction rates (or cross sections) very low compared to other
fundamental particles. We show some details on neutrino interaction with ordinary matter
in Chapter 3. They are also incredibly light, compared to other massive particles of the
Standard Model. However, probably, the most remarkable feature for the purposes of this
thesis is the propagation basis is not the same as the interaction basis, and consequently,
flavor state a can be written as a combination of energy states v, = > Uyvi, with
amplitudes U,; being elements of the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix
[5], parameterized with three mixing angles 61, 613 and 3 and a charge-parity (CP) phase
dcp. For a more complete description of neutrino properties, we refer to [6]. We start
the discussion about neutrino mixing in Chapter 2, and all other chapters, as well as
our results, will be focused on this neutrino feature. In the following, we discuss three
individual aspects of neutrino physics that are a focus of intense research and are also a
starting point to discuss this particle: neutrino mass, neutrino mixing parameters, and

some neutrino sources.

Neutrino mass: Currently, there is no concise, complete, and experimentally proven
mechanism to explain neutrino mass existence or nature. As nature, we mean that nowadays

we do not know if neutrinos are Dirac or Majorana particles. Consequently, the question
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Table 1 — Current global fitted parameters [1], used in all calculations in this thesis. The
normal neutrino mass hierarchy is considered in the fit of the parameters above.

Parameter Best Fit (10)
012(°) 33.45707
015(°) 8.62013
0a3(°) 42.154

Am3; x (10° eV™?) 7.427038
Am2, x (103 eV™2)  2.51070937

of the neutrino as its antiparticle is still to be answered. Experimental efforts through
neutrinoless double-beta decay (0v3/3), a decay expected only for Majorana neutrinos,
and then potentially define neutrino nature, are ongoing (see a review in [7]). From a
theoretical point of view, suggestions for the neutrino-mass mechanism through the so-
called seesaw models is a very active research subject and basically states that the most
general Lagrangian for neutrino masses would allow the existence of a large Majorana mass
compared to an also present Dirac mass term, making this unbalance in the diagonalized
neutrino mass matrix provide a very tiny effective mass. A review of the topic can be seen
in [8]. In the context of experimental v-mass limits, the most promising limits are from
tritium (-decay experiments, with the best limits coming from the KATRIN experiment,
with m,, < 0.9 eV with 90% C.L [9]. Limits from cosmology are more stringent, however,

extremely model-dependent.

Neutrino mixing parameters: It is clear that a precision era of neutrino mixing
has arrived with recently decommissioned, in current operation, and future-generation
detectors, such as KamLAND [10], Daya Bay [11], Super-Kamiokande [12], NOvA [13],
T2K [14], Hyper-Kamiokande [15], DUNE [16], JUNO [17], and many others. We were able
to measure with good precision the three neutrino mixing angles, as well as the two mass-
squared differences Am3, and Am3, (the details of these quantities and their implications
will be clear in Chapter 2), and improvements from future generation experiments, are
expected. The same enhancement is valid for the dcp phase. However, it is a quantity
still not precisely measured nowadays, and more data is crucial to determine a non-null
CP phase. Table 1 shows the most recent global fitted mixing parameters, being the ones

assumed to obtain our results further in this work.

Grand-unified neutrino flux: Neutrino detection from natural and human-made
sources across a very large spectrum was a great achievement in the last decades. Neutrinos
from our Sun correspond to the most abundant flux that crosses Earth, with an energy
scale of few MeV. The solution to the solar neutrino problem was an extensive problem in
neutrino physics with the solution provided by the resonant matter effect and we discuss
it in Section 3.2 (see also [19] for a recent review). Neutrinos from nuclear reactors also

gained importance with precise experiments such as Daya Bay and KamLAND, with the
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Figure 1 — Neutrino flux from many sources. Dashed lines correspond to antineutrinos and
solid ones to neutrinos, with a possible fraction of antineutrinos for Supernovas,
atmospheric, the thermal flux of the Sun, DSNB, CNB, and extragalactic
neutrinos measured by IceCube. The bands represent the expected range of
flux. Data taken from [18].

former also able to detect geoneutrinos or neutrinos coming from inside the Earth’s crust
and mantle [20, 21]. Cosmic rays interacting with the Earth’s atmosphere also produce
a non-negligible high energy neutrino flux, being a source of background to dedicated
experiments [22]. One promising neutrino source is particle accelerators, with controlled
initial flux, where future experiments such as DUNE claim precise measurement of dcp.
Finally, ultra-high energy neutrinos could be detected through the IceCube experiment,
with neutrino energies beyond the PeV scales, and more than that, from outside the Milky
Way, which opened the extragalactic ultra-high energy neutrino astronomy era. Neutrinos
from the Big Bang, which constitute the Cosmic Neutrino Background (CNB), are expected
to be abundant, but with the lowest energy known. This is not a single diffuse neutrino
flux, since exploding stars from different galaxies provide a Diffuse Supernova Neutrino
Background (DSNB), expected to be detected in the near future. Galactic supernovas are
also an important neutrino laboratory and will be the focus of this work. Figure 1 shows
the neutrino spectrum across these sources. It is possible to see that supernovas have a

high flux and accessible detection energy for contemporaneous experiments.

To understand supernova neutrinos in order to explore their particular features
aligned with the purposes of this thesis, we need to describe the foundations of neutrino

mixing in the next chapters, starting with neutrino mixing in vacuum in the density matrix



Chapter 1. Brief status of neutrino physics

20

formalism in Chapter 2.
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Chapter 2

Neutrino mixing in vacuum

The neutrino mixing is already a widely accepted framework to describe how v mass
degeneracy plays a role in neutrino flavor composition from many sources [6]. The idea
behind neutrino mixing is that the generation and the propagation basis are fundamentally
different: since neutrinos are created in a well-defined flavor basis in order to conserve
leptonic numbers in a quantum field theory interaction, it should propagate in a well-
defined mass basis, given the form of the equations of motion of quantum mechanics.
In the neutrino flavor basis, we define the three known states as v., v,, and v,, while
for the charge current interaction, the charged partner lepton is part of the generation
process. However, these states are a mixing of a number of mass states, or vy, vy, and vs.
To understand the implications of this related basis on neutrino propagation, we devote
this chapter to describing the most basic aspects of neutrino mixing. Firstly, we can define

a neutrino density matrix as

p(t) = ij v (@) v (1] (2.1)

where w; is a statistical weight corresponding to a specific mass state and |v;(t)) respects
the Schrodinger equation (in Schrodinger picture). The trace of this operator is one at any

time

% %

Te[p(t)] = D il plt) |vi) = ZZU};’ ()] ilvs(t)) = 1, (2.2)

and also p?(t) has the trace

Te[p*()] = > w? (2.3)

which is equal to unity if the neutrino ensemble is pure. Hence, a probability to measure a

neutrino with state 7 after a time ¢ is
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Bij(t) = Te[pi(0)p; ()] = il p;(8) [ (2.4)

In quantum mechanics, a way to calculate such probability is to evolve the density
matrix in time through the Liouville-von Neumann equation (in natural units, i.e. h = 1):

d

2P(8) = il p(1)]. (2.5)

Let us use the example of a two-neutrino system in order to follow flavor evolution
after some propagation in vacuum.

2.1 Two-level system
Since in the mass basis the ¥ Hamiltonian is diagonal, we can write the two-level

system as
Ey O
' , (2.6)
0 £,

with E; = /p? + m2, with ¢ = 1,2. For all purposes studied in this thesis, m; « p and
the energy can be expanded in Taylor series with m?/p* — 0, with p — E, thus

2
ms
E,~F L, 2.7
+ o (2.7)

It is possible to expand the Hamiltonian into SU(2) generators, the Pauli matrices
such that

m2+m?2 —Am?2
E+ 1tmy 0 21 0 2 2 A 2
H ~ < 4E m2+m2>+< 41E Am2> _ (E+m1+m2)]1_ may
0 E+ 14E 2 0 21

or

H = ho]l + h30'3 >
hen obtaining by = E + ™™ and h A with by = h
then obtaining hy = £ + 52 and hy = — =72, wit 1 =hy =0.

Let us make the hypothesis that the neutrino is generated in the mass state v, and
we define

p(0) = pr = |y Gl = (; 8) . (2.9)
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Let us also suppose that we are interested in finding the probability that, after some
propagation, the neutrino arrives in a v; state. Using eq. (2.4), it is possible to get
Py = Tr[p(0)p(t)] = Tr[pip1] = Tr[p1] = 1. There would be no need for such analysis

since the v Hamiltonian in (2.6) is diagonal in the mass basis.

However, it is well known that neutrinos are created in defined flavor states and
undefined mass states. In quantum mechanics, it implies that it is possible to write a flavor

state as a superposition of mass states, or

[Voy = 23 Ui [13) (2.10)

with a = e, u, 7 and © = 1,2, 3 for active known neutrinos and U,; are elements of the

rotation matrix

—sinf cosf ,

cos 6 sin 0
U= ( ) (2.11)

that connects both bases. The same unitary transformation can be applied to the density

matrix:

pa = UpUT | (2.12)
where the subscript a denotes the flavor basis.

If the neutrino is created in a specific flavor state, e.g. v., with an initial density

matrix in the flavor basis

a(0) = i = ) el = (; 8) , 213

and using the initial condition

2.14
sinfcosf  sin?f (2.14)

P(O)ZUTPa(O)U:( cos? 6 smecosg> |

it is possible to use (2.5), after expanding in SU(2) generators in order to find the coefficients

from an evolved density matrix such as

M®:<m@+m@ M@_Wﬂv’ (215)

p1(t) +ipa(t)  polt) — ps(t)
to find the coefficients in (2.15)
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1 sin26 |

po(t) = = pa(t) = sin wt
2 2 (2.16)
sin 26 cos 26 ’ '

pi(t) =

and finally the density matrix

COS2 4 sin 29€—iwt
p(t) = (sinQGeiwt ’ ? (217)

.9
5 sin“ 0

coswt p3(t) =

2
where we short-handed w = A;nEﬂ and w represents the oscillation frequency in vacuum. To
get the time-evolution in the flavor basis, we need to use again (2.12) to find the electron

neutrino survival probability

P.o = Tr [pa(0)pa(t)] = sin® @ + cos® 6 + sin 6 cos 0 sin 26 cos wt
¢ , (2.18)
— 1 —sin?20sin? <°‘;)

where we used the identities

sinx cosx = 3 sin 2x

4

sin*z + cos* z = cos? 2z + 2sin’ x cos® z - (2-19)

cos2z =1 —2sin’z

2.2 Three-level system

In a more realistic analysis, with the complete set of three active neutrinos, the

procedure is similar, despite the expansion of operators in SU(3)

p=p"A,  H=h"\,, (2.20)

where ), are the generators of SU(3), the Gell-Mann matrices. As in a two-neutrino system,
in the mass basis the neutrino Hamiltonian is diagonal, but now it contains two oscillation

frequencies, given the two squared mass differences:

. 0 0 0
H = 5% 0 Am2, 0 ; (2.21)
0 0 Amj
and when applied in equation (2.5), no mass state evolve to any other. However, let us
again use the hypothesis of a created flavor state v, evolving in time. The initial density

matrix on the flavor basis would be
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pa(0) = (2.22)

S O =
o O O
— O O O

that we rotated to the mass basis to a version of (2.11) for three neutrino families, but

now with three mixing angles and a phase [5]

—is
C12C13 512€13 S13€”°0F
_ is is,
U = | —s12C23 — €12513523€"°°F  C12Ca3 — S12513523€"°CF C13S523 ) (2.23)
is is,
$12823 — €12513C23€"°°F  —C12823 — $12513C23€" 7P C13Ca3

with ¢;; = cos6;; that historically is referred as PMNS matrix [5]. Instead of the mixing
angles, for a more clear notation, we will generally refer to the elements of this matrix as

U, for a = e, u, 7 representing the rows and i = 1,2, 3 the columns, then (2.23) becomes

‘Uel|2 UeZ 6*1 Ue3U€*1
p(0) = | UaU% |Uel® UsUs | - (2.24)
UaUl UeaUl  |Uesl?

To get the coefficients in (2.20), it is possible to solve the system of linear equations

resulting from the SU(3) expansion

V3
+ Yos

ag + as ap — Qo as — 105
A= ai + tas ap — as + @ ag — a7 s (225)
as + tas ag + tay ap — M%

where A stands for p and H. However, we also can use the trace properties

v

Tr[AN,] = Tr [Z al,/\V/\H] = kZ a,0,, = ka, , (2.26)

to get

1
4 =7 Tr[AN,] (2.27)

where p, v runs from 0 to 8, k is 2 for u # 0 and 3 otherwise. With (2.27), it is straightfor-
ward to see that hy = hy = hy = hs = hg¢ = h7 = 0 and
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B — 1 Amj, _ Amj,
o 2F 2F

B LAmy,
T4 9F ’
Am?
2 31
)

1 [Am?
h _ 21
® ( 2F
for the mass basis Hamiltonian. On the other hand, using the same method, the density

(2.28)

43

matrix coefficients will be

o ‘Uel|2 ‘U62|2 ‘U63‘2 ) ]
-3 3 3 _ _Wals | iUsUs
_UalUs | Ualy & 2 2
o= 2 2 6 = UeaUZy i UesU,
iUAU%  iULUY 0T 2 2
pr=——pg Tty iUl | iU (2.29)
UL Ul T 2
N 2 2 _ \/§|Uel|2 + \/§|U62|2 . \/§|U€3|2
P4 = UelUgg + Ue3Ue*1 Ps 6 6 3
2 2
LOm |
} M
0.8 \ F
0.6
s
04f
0ok -—- 2v (5 MeV) ) {
' —— 3 v (5 MeV)
—— 3 v (10 MeV)
— 3 v (80 MeV)
0.0 ' ' ' ' ]
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Figure 2 — Survival probability for electron neutrinos in vacuum as a function of a propa-
gated distance r for two and three flavors for various neutrino energies.

Of course, looking at (2.5), it is possible to deduce that hy and py in the SU(3)
expansion do not play any role in the propagation since they are proportional to the

identity and such terms vanish in the commutator. The solution for p(t) becomes
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|Ue1 |2 UnU%, eiw21t U.sU% plws1t
pt) = | UagUle vt U.s? UsUyeiwn—wslt | (2.30)
UaUge ™1t UpUgeltenwant |Ues|®

where we placed the oscillation frequency in vacuum as wy; = Am};/2E, which can be
transformed back to the flavor basis with (2.12) to use (2.4) in order to calculate the

survival probability of electron neutrinos:

Poo(t) =|Uet|* + |Uea|* 4 |Ues|* + 2|Uer|?|Ues|? cos wart + 2|Ue1|?|Ues|? cos wsit+

|Ues* [e™ ' (2.31)
‘UeQ‘ ‘UeB‘ [e—Z(Wm-‘rwsl)t+€z(w21—w31)t]

The solutions of (2.18) and (2.31) are shown in Figure 2 for a propagation length r, where
natural units were used, then ¢ = 1 and z ~ ¢ for ultrarelativistic neutrinos (i.e. neutrino

speed is approximately c).
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Chapter 3

Neutrino mixing in matter

Neutrinos and antineutrinos only interact by the weak force through the bosons Z°
and W+ with charged current interaction to charged leptons and neutral current with all

fermions of the standard model:

Vo o Vo Ve

Figure 3 — Feynman diagrams for charged (left) and neutral (right) current neutrino
interactions to charged leptons (o) and fermions (f) respectively. Similar
diagrams could be placed for antineutrinos v,, switching the signal of charged
particles in the charged current diagram (and consequently, the direction of
arrows).

implying a very suppressed (anti)neutrino cross-section. One situation where we should
care about these interactions and their exact strength is in experimental detection, where
many problems in neutrino physics need precise measurements, as shown in the history of

neutrino detection, with much effort spent on the subject.

However, in this chapter, we focus our attention on these interactions with matter,
with a higher length of propagation (astrophysical objects, such as Earth or stars) to see

the implications of neutrino mixing introduced in Chapter 2.
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3.1 Effective potential in matter

If a photon is emitted at the Sun’s core, it could spend thousands of years to get
out until vacuum, eventually reaching Earth, given its relatively high electromagnetic
cross-section. On the other hand, neutrinos, with weaker interactions, exit the Sun seconds
after being generated, which does not prevent neutrinos from interacting with the dense

stellar medium.

In the Sun, most stars, supernovas, and Earth, despite the essentially different
composition of these objects, basically are fulfilled with electrons, protons, and neutrons
(with residual species of other fundamental or composite particles, such as muons, in a
supernova environment). All neutrino species can interact with matter through neutral
current interactions, as represented in the Feynman diagram of Figure 4. This interaction
does not affect flavor transition and an eventual phase difference of energy eigenstates

could be eliminated by a phase shift.

Va ya
ZO

p7n76_ p7n7€_

Figure 4 — Feynman diagrams for neutral current with nucleons.

In addition, low-energy astrophysical neutrinos (up to ~ 100 MeV), generated in
the Sun (and other stars) and Supernovas, can also interact through charged current to

electrons, with Feynman diagrams shown in Figure 5.

Ve e Ve Ve

Figure 5 — Feynman diagrams for charged current of v, and 7, with electrons in matter.

Notice that all neutrino flavors are capable of interacting with matter through neutral

current, but only electron (anti)neutrinos can interact in the charged current channel®.

L Note that other interactions of neutrinos to protons and neutrons are possible, such as the inverse
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This unbalance of (anti)electron neutrinos with more interaction channels than
other flavors leads to a modification in the framework described in Section 2, resulting

in an effect in neutrino mixing, first realized in mid of the 1970’s and 1980s named
Mikheyev—Smirnov—Wolfenstein (MSW).

To incorporate matter effects in neutrino propagation, a natural path would be to
find the corresponding effective potential in matter given by the diagrams in Figures 4
and 5 and include it into the » Hamiltonian as an interaction part summed to the vacuum

Hamiltonian

HfIH}/aC-f—H] , (31)

where the subscript f means flavor basis, and

Hilva) =V o) (3.2)

with contributions of neutral and charged currents, or V' =V + V. However, as seen in
Section 3, neutrino mixing is an interference phenomenon, and only differences amongst
flavor states can be measured. Consequently, an effective interaction for the neutral current
does not affect the v mixing since an interaction Hamiltonian would be proportional to

the identity in the flavor basis, but the same is not true for the charged current.

To calculate the effective contribution of the latter interaction, we need some field

theory using the diagrams in Figure 5, and the target value is

Viv(z) = We(p1, 51), e(p2, s2)| Hw [ve(p1, 51), €(p2, 52)) - (3.3)

Considering electron neutrinos, if the propagation occurs in isotropic, non-magnetic

matter, the corresponding four-current is

" = e(x)y"(1 = 7°)e(z) | (3.4)

leading to a Hamiltonian density

Hw () (3.5)

_ JF ot
NG Jud -
To proceed, we needed to consider the electron density distribution in the medium as well

as to average over their spins, or

Hr(o) = 5 [ F(ELT) Y g dps (3.6)

beta decay, but let us neglect these interactions by now to focus on matter effects in neutrino mixing.
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where f(FE.,T) is the normalized Fermi-Dirac distribution and the subscript 2 refers to
the electron, as shown in eq. (3.3). To achieve (3.3), we can first use the second quantized

field definition

Z \/7 [as, (P2)usy (P2)e ™" + blg (P2)vs, (P2)e™]
p2

P2 (3.7)
s Pe =+ bs s e
322;;2 \/m 52 p2 u 2(p2) z(pZ)U 2(p2) ]
and
asl pl Usy (pl) e + bl (p1>vs1 (pl)eipa:
slzp:l V 2va1 ' ]
, (3.8)
———[al, (p1) s, (P1)e™* + b, (P1) Vs, (P1)e™ "
SIZp:l 2va1 ' :|
to check that
bl (ps) [Ve(p1, $1), e(pa, 52)) = 0 (3.9)

(Ve(p1,51), e(p2, 52)| bs,(Pi) = 0

in order to conserve the lepton number, since we do not expect any considerable fraction
of positrons in matter and we are treating only electron neutrinos in this problem (at the
end of the derivation it is shown how the antineutrino interaction leads to a similar result),
remaining only the first terms on the right-hand side in (3.7). We can insert the bracket

from (3.3) in the currents of (3.6) and also make the Fierz transformation to get

We(pr, 51), €(p2, 82)| 3ud"! [Ve(p1, 51), e(pa, 2)) =

We(pry 81), e(p2, s2)| [E(@)Y" (1 = 7°)ve(@) ] [Ze(2)7. (1 — v5)e(@)] [Ve(p1, 51), e(p2, 52))

We(pr, 51), (D2, 82)| [Pe(2)7" (1 = 7°)we(@)] [E(2) 7, (1 = y5)e(@)] [ve(pr, 1), e(p2, 52))
(3.10)

and use the fields as defined in (3.7) and (3.8) in (3.10), obtaining
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! ipx 5 —1ipx
4V2Eue(P1)Ee(p2) <Ve(p1751 p2,52 ’Z p1 Usg, pl) P 7ﬂ(l - )asl(pl)usl(p1)€ D ] %
> Lol (P2)tisy (P2) €™ (1 = 75) s, (P2) sy (P2)e™ ] [ve(pr, 51), €(p2, 52)) =

1

) (Ve(p1, 51), e(p2, s2)| ZGL (P1)as, (p1) [ﬁsl(Pl)’Y“(l - 75)U31(P1)] X

S1

4V2Elle (pl)Ee(p2

Dl (P2) s, (P2) [its, (P2)7u(1 = 75)ttsy (P2)] [ve(p1, 1), €(p2, 52))

52

(3.11)

where af (p;)as, (p;) is the number operator N, (p;), and we defined wy, in (3.7) as the
energies F(p;). We identify that

NSQ (p2)
%
is the electron number density in the medium and N, (p1) = 1. We use Casimir’s trick in

ne(p2) = (3.12)

order to obtain

D L, ()7 (1 = 35)us, ()] = Te[(p, + me)y™ (1 = 7°)] = piaTe[y*y*(1 = 7)) = 4p!'

) (3.13)
that we can use for ¢ = 2 (and further for i = 1, as we will see in the derivation). We showed
here the form of this procedure opening all quantum fields in terms of creation-annihilation
operators and spinors, which is not so common in the literature, but provides a reference
for a future interested reader. However, in order to simplify the calculations, let us recover

the neutrino quantum fields in the v.(x) and v.(z) as in equation (3.10), leading to

27;;6(8;)55 [%(CL’)%(l — 75)%(1’)] |Ve(p1, $1), e(p2, S2)) (3.14)

that, when replaced in (3.6) becomes

(Ve(p1, 51), €(p2; 52)

oy (2) :(jg@e(pl,sl),e(m,sg! j f(Ee,T)%dpz -

[I;E(I)’}/M(l - ’}/5)V8(I)] |Ve(p17 Sl)? 6([)2, S2)> :

This result can be simplified over the isotropic assumption of § f(E., T)p2dps = 0, changing
ph — pY = E.(p2) and 7, — 70, and also using { f(E., T)n.(p2)dps = ne, we obtain

neGF

Hw(x) = \/5

We(p1, 51), €(p2, 52)| [Ze(®)70(1 = 77 )ve(@)] [ve(pr, 51), e(p2, s2)) , (3.16)
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and we can use eq.(3.13) again, resulting in

2ner P
EVe (pl)\/iv

where we consider normalized states as

Hw(r) = Y (Ve(pr, $1), €(pa, 82)|Ve(p1, 51), €(pa, $2)) | (3.17)

<Ve(p1,31)76(292782”%(]?1,81)76(]92,52» =1. (3-18)

Finally, the effective potential can be calculated using (3.3), (3.17), and the fact that
Hy = {,, Hw(x)dx to obtain

2
Viy = Y2Grme de , (3.19)
Vv
that leads to
Viv = V2Gpn, . (3.20)

Such potential and implications were first derived from [23, 24, 25] and can be seen in
less detail, but in a more complete picture in [26] and [27]. For electron antineutrinos, the

single difference from (3.19) concerns a minus signal in the result as

Vi = —V2Gpn,. (3.21)

The implications of the potential in (3.19) in the neutrino Hamiltonian are as strong
as higher the matter density and v energy can be. However, we will see that the smoothness
of the density profile plays an important role in the final v state, given the equation of

motion of quantum mechanics.

As shown in the last section, under a matter potential, the v Hamiltonian in the

flavor basis becomes

M
Hf = ﬁ + Vw(t) , (322)

where M = 2EUHU' = 2EHY*, and H is the Hamiltonian in the mass basis in (2.6) (for

a two-level system). Note that Vi (¢) in matrix form is written as

Vi (1) = <\/§Gg ne(t) 8) , (3.23)

with only the first line-column term non-null since this potential only affects v, in a
two-level system of V}F = (Ve,Vs), where a takes the place of any active non-electron

neutrino flavor.
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Figure 6 — Survival probability for electron neutrinos (left) and antineutrinos (right) in
constant matter densities with F, = 10 MeV. N, is the Avogadro number and
n. is the electron number density (per volume) shown in the last section. The
densities 100 N, cm~ and ~ 10N, cm ™ are typical of the Sun and Supernova
cores, although the density in these environments is variable.

In order to understand the effect of the potential in neutrino mixing, let us simplify
the effective potential to a constant one, or Viy (t) — Vi = v/2G pn, and see the effect of
the additional constant matter potential in the neutrino propagation using the equation
of motion discussed in Chapter 2, which leads to Figure 6. It is possible to see that for
a very high matter density, no oscillation is expected for v, (red curve in Figure 6), i.e.
the matter potential suppresses the neutrino coherence, making the flavor Hamiltonian

approximately diagonal when high values of electron number density are achieved.

However, a constant matter density is an idealization since in realistic astrophysical
environments (stars, Earth, Supernovae), the electron number density is variable along
their layers, or Hy — Hy(t). Let us use our Sun as a study case to understand how this

fact changes the neutrino flux composition in compact astrophysical objects.

3.2 Neutrino mixing in our Sun

The solar neutrino problem is a long-term scientific endeavor related to the v, flux
disappearance in Earth detection, solved by the MSW hypothesis, i.e. using the framework
designed in this section. Solar models provide a consistent description of the interior of the
Sun, and a density profile such as given by Figure 7 is a robust prediction. As we can see,
the solar matter density is far from constant, and the neutrino Hamiltonian in the flavor
basis from generation to propagation until the Sun’s surface is not constant. Our intention

is still to solve the Liouville-von Neumann equation to determine the neutrino’s final state.

In this case, a solution for p,(t) and consequently, P,s5(t) can be obtained from the

proper time evolution operator defined as a time-ordered exponential as
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Figure 7 — Electron number density profile of Sun from the BS20050P solar model taken
from [28].

- (T / ’ t t t1
Ul(ty, t) = T{e‘z&odt H“)} =1+ (—i)f dt H(ty) + (—z’)2f dtlf dtoH(ty)H (ts) + - --
to to to
(3.24)
Instead of solving this Dyson series analytically, it is possible to divide the density profile
into small fragments with At — 0 in which the Hamiltonian is about constant in each step

of the propagation, and the time evolution operator becomes

Ui(to,t) = e~ Hriltat (3.25)

where the index 7 corresponds to the fragment At;, with H;, being the instantaneous
Hamiltonian in the flavor basis at time ¢; (edge of At;). Such matrix exponential can be
easily solved by diagonalizing the Hamiltonian, taking the exponential of the eigenvalues,

and using the proper transformation matrix U, as

Z/{i(tifl,ti) = Ume_iHmAtiUTL (326)

A0
Hy, =" , (3.27)
0 A

and U, is a matrix composed of the eigenvectors of the diagonalization. This basis with

with

diagonalized flavor Hamiltonian is denoted as mass basis in matter, or effective mass basis.

Using this procedure and the recursive application of such operators as
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Figure 8 — Survival probability in matter of v, along the Sun radius for £, = 10 MeV,
obtained using the solar profile from Figure 7. The orange curve represents
the moving average of P. Asymptotically, P ~ |U|?, but it does not reach
this value, which is a signal that, for the energy used, the v closely but not
completely incoherent.

Paltioi,ti) = Uti1, t)patio) U (im0, 1) (3.28)
it is possible to solve problems with variable matter density. We will denote this method

as the slab approach from now on.

An important conceptual remark concerning the neutrino propagation in variable
matter density is that the adiabatic theorem, firstly formulated by Landau [29] and Zener
[30], could affect neutrino propagation [23, 31, 25]. In summary, it suggests that if an energy
state crosses the closest region of two eigenvalues from different eigenstates, a crossing
between states is possible if the changes in eigenvalues are fast enough. We introduce a
useful condition for the adiabaticity of the system [32]:

O,
A2 — A

<1, (3.29)

’}/:

where 6,, is the mixing angle in matter, \; and Ay are the eigenvalues of a two-level system,
and gamma is commonly denoted as adiabaticity parameter. The mixing angle in matter
can be associated with the diagonalization matrix U,,, where its entries are cos#,, and
sin@,,. The condition in (3.29) (where we refer the derivation in [32] to the interested
reader) means that if v « 1, the system evolves adiabatically, or, more than that, if the
mixing angle in matter, and consequently, the matter density, changes slowly, transitions

of the kind v;,, — v}, will be suppressed.

Now we have most of the tools in order to handle the solar neutrino problem, and

we will use the solar density profile shown in Figure 7, obtained from the solar model
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Figure 9 — Eigenvalues of the v mass basis in matter. The dashed vertical line is the
median of the resonance region, with the highest conversion probability of mass
states in matter. However nowadays it is well established that this resonance
region is adiabatic in the Sun.

presented in [28]. We make the evolution of the density matrix as described previously to
get the survival probability of v, or P.. and (P,.) (average probability) along the Sun
radius. The results are shown in Figure 8. It is possible to see that {P..) — |Ue|? when
neutrinos approach vacuum. Let us describe the dynamics of neutrino propagation: only v,
is created since there is not enough energy density to generate v, and v, in the Sun’s core;
then P, ~ 1, or the electron neutrino is created as almost only neutrino in mass state 2
in matter, i.e. v, & vy,;,; the neutrino conversion along the Sun is adiabatic, meaning that
Pj]” = 0 for 4, from 1 to 3, or no conversions amongst mass states in matter are expected,
then PJ7 ~ 1; finally, when the neutrino is going out of matter layers, it crosses a resonance
region (inflection point of the sigmoid part oof the orange curve in Figure 8), reaches a
mean value of Py, ~ |Ug|®. Summarizing these statements, we get P.. = Py Ps Ps., which

is a simple but important method used for the results of this thesis.

Another way to view this phenomenon is by looking at the instantaneous eigenvalues
of H,, along propagation in the Sun in Figure 9. The center of the resonance region is
highlighted, and we conclude that the resonant conversion in matter happens closer to the
outer layers of the Sun, and higher energy neutrinos (in the Sun’s spectrum, i.e. =2 5 MeV)

are almost incoherent since the probability is averaged out.

Since the electron number density is smooth in the Sun, conversions of the type
Vim — Vjm are not relevant; however, for astrophysical neutrinos crossing the Earth before
being detected, a density profile from very different matter layers is expected, and we will

discuss this possibility in the next section.
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Figure 10 — Pictorial view of a neutrino entering Earth (small red dot), propagating (white
dashed) and going out (star) along the entire Earth diameter (left), and
charged current potential felt by the same neutrino (right), both as functions
of Earth radius. The (0,0) km point means the Earth’s center. It was obtained
from the density profile from the PREM model [33].
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Figure 11 — Probabilities of a neutrino vy (left) and v, (right) arriving at the Earth’s
surface (left blue dots), passing through the Earth, going out (right blue dots),
and being detected as v, or v, after crossing the entire Earth’s diameter. The
solid (dashed) line is for a neutrino of 10 (50) MeV.

3.3 Neutrino mixing inside Earth: regeneration effect

The Earth’s matter can be divided into three main layers: crust, mantle, and core,
with more detailed geological models including sub-layers. To show the effects of neutrino
mixing inside the Earth, we use the so-called PREM (Preliminary Reference Earth Model)
[33], in order to have a density profile from Earth. In Figure 10, we show the profile of
Earth’s matter in terms of the charged current potential Vj; for neutrinos. We see the high
difference in the potential in the interface of mantle and core, differing from the smoothness
found in the Sun. Consequently, a neutrino crossing these rough interfaces would suffer
non-adiabatic effects in the propagation. Using the same procedure of Section 3.2, we can

make some predictions concerning the neutrino mixing after crossing Earth. To take a
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Figure 12 — Probabilities of a neutrino v; (left) and v (right) crossing the entire Earth
diameter and being detected as v, at the exit point as a function of wy; /2 =
Am3, /AE.

convenient situation for the purposes of this thesis, we will let an incoherent (pure) neutrino
propagation state v; arrive at Earth from space and cross the entire Earth’s diameter. Note
that the convenience of this scenario comes from the fact that such states fit well with solar
and supernova neutrinos. Figure 11 shows the corresponding probability of this particular
case for v, and v,. It is possible to see that P, is constant before the neutrino crosses
through Earth’s matter, and this quantity has an oscillation pattern after passing Earth’s
surface, or the incoherent neutrino gains some coherence given fast changes in the electron
number density. This gain of coherence can be explained by the fact that when the neutrino
crosses different Earth layers, an amount of initial v; state is converted to v;, creating some
coherence. It is worth mentioning that the neutrino energy plays an important role in Earth
matter effects, as we can see in Figure 11, once for 10 MeV negligible effects are expected,
whereas for 50 MeV and beyond, the neutrino composition could be highly affected. To
compute this dependency, we can calculate the same probabilities as a function of energy,
but now fixing the detection point to the final Earth surface, which is a realistic point of
view. Figure 12 shows this dependency as a function of wy;. Recall that we; = woi(E), and
the range of values of this parameter shown in Figure 12 corresponds to E, ~ 1.9 MeV
(wo1 = 1071 V) and E, ~ 1.9 GeV (wy; = 1071 V), showing that only for significantly
higher neutrino energies (£, 2 40 MeV) Earth matter effects would start to be more

relevant in the overall propagation.

By the end, if some detector is capable of measuring neutrinos that cross the Earth,
a common coordinate used to analyze the direction of the entrance is the zenith angle,
in which the values of 6, = 0° correspond to a neutrino that comes to a detector from
the sky in a perpendicular direction to Earth’s surface in the detector point (v does
not cross Earth matter), 6, = 90° is the horizon direction (v also does not cross Earth
matter), and 6, = 180° the neutrino arrives at a detector after crossing the entire Earth

diameter. Figures 11 and 12 correspond to 6, = 180°. We also could be interested in
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Figure 13 — Probabilities of a neutrino v (left) and vy (right) crossing the Earth in different
zenith angles for a range of neutrino energies. Lines in color scale represent

|Ue1|? (black) and |Ug|? (yellow).

checking the dependency of P on the zenith angle. Figure 13 shows these probabilities
as a function of neutrino energy and zenith angle in the energy scale of the Sun and
supernovas. For the further achievements in this work, the remarkable result taken from
Figure 12 and Figure 13 is that with neutrino energies of < 20 MeV, regeneration effects

are approximately negligible.
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Chapter 4

Supernova neutrinos: an inevitable galac-

tic messenger

Stars with m = 10 Mg undergo different stages of nuclear fusion. The formation of
an iron core with ~ 1 Mg and external shells in an onion structure composed of elements
with lighter atomic masses are characteristic of the final stage of such stars. However, iron
is a very stable element, that consumes instead of producing energy in a fusion process
(iron peak). The result is a fast decrease of the pressure of degenerated electrons in the
stellar plasma and the balance of gravitational force and internal pressure reaches a turning
point to a collapse of external layers to the core. This event is denoted as a Core-Collapse
Supernova (SN) and its consequence is a massive explosion, with no parallel to other events
in astrophysics. Of course, large amounts of stellar matter and radiation are expelled and
heavier elements are produced in the process, but a remarkable result that we can highlight
is the production of neutrinos, with ~ 99% of the gravitational binding energy of the
progenitor star emitted as v’s, or ~ 10% erg, with the flux decreasing proportionally to the
distance L as L™2. In the Milky Way, the rate of core-collapse SNs is ~ 1 per century [34],
and the next galactic SN is a promising event to test neutrino physics, stellar evolution,
and dynamics. The complete process involved in a core-collapse Supernova is out of the

scope of this thesis since it would require dedicated work on the subject.

However, we provide a timeline that summarizes the processes emphasizing the

neutrino emission [35]:
< 0 s Before the collapse, the central density and temperature of the progenitor star are

~ 10 g em™ and 1 MeV. Because of the iron peak, nuclear fuel ends, and the core

contracts, then the temperature increases causing the following photo-dissociation

v+ Fe — 13a + 4n | (4.1)
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25 ms

~ 0.5 s

~10 s

in which is a reaction that absorbs 124 MeV, reducing the degenerate electron

pressure. Electron Fermi energy is high, favoring the captures

e +N—>N"+vu,, (4.2)

and
& +p—on+u, (4.3)

of nuclei (N) and free protons (p). The reactions decrease the pressure, lowering
the Chandrasekhar mass to smaller values. At this point, electron pressure cannot
sustain the gravitational force and the star starts to collapse to its core. In the
initial phase of electron capture, v, propagates freely, until the core density reaches

~ 3 x 10" g em ™3, becoming opaque to neutrinos;

After ~ 1 s of spatial instability of the star, density reaches ~ 10* g cm=3 (which
is the approximate nuclear density) stopping the collapse in the core region given
by the pressure of the degenerated non-relativistic nucleons, producing a rebound
followed by a supersonic shock wave, that is weakened by the energy dissipated
in photo-dissociation of nuclei into nucleons. It leads to the production of a large
number of electron neutrinos in the process (4.3). This starting point is denoted as

bounce;

The shock wave reaches the density of ~ 10! g cm™3 a few milliseconds after the
bounce, becoming transparent to neutrinos, releasing a large amount of trapped
ve (and a lower amount of ., v,, v, ,, and v,) with a luminosity of 2 10°! erg
s~!. This phase is known in the literature as neutronization burst and it is a robust

prediction in core-collapse SN;

The neutrino energy deposition behind the weakened shock wave can lead to its
revival when matter keeps accreting to the core. This phase is known as accretion and
occurs in the ~ 0.5 s after the bounce, followed by the supernova explosion with outer
layers expelled and the release of ~ 20% of v’s in energy. In the innermost region
of the SN core, neutrino density increases rapidly to very high values, with v — v
potential overcoming the neutrino-matter potential, and a non-isotropic neutrino gas
is formed in a region denoted as neutrinosphere. Neutrino propagation is treated as
a fluid in this region, until reaching a decoupling region where it propagates freely

(still interacting with matter in outer layers);

A formation of a proto-neutron star is induced and cools down emitting ~ 80% of
v’s (all flavors) in energy with a thermal flux. This phase is known as cooling. The

neutrinosphere is still active in this phase.
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Historically, we were capable of detecting neutrinos only once from a supernova. The
SN1987A was an important event in neutrino physics and it is discussed in Chapter 5, but
first, let us understand the standard supernova v mixing in more detail since it is related

to the main topic of this thesis.

4.1 Neutrino-matter effects in supernovas

In Section 3, we discussed the MSW effect in the context of solar neutrinos, where a
2-level system was enough to describe a solution of the solar flavor composition. As we will
see, in the supernova framework, we need the 3-v system to describe supernova matter
effects. We can rewrite (3.22), the flavor Hamiltonian for neutrinos propagating in matter

for a 3-level system as

m?, + 2EViy () m2, m?

1 e er
Hf(.T) = ﬁ mie mzu mZT 5 (44)
w2, omd, w2,

where m? 5 short-handed elements from M as m 5 = m3,,. If we provide a proper rotation

that diagonalizes the sector ur as

m?, + 2EViy(z) m2, m?2,

Hf(x) = ﬁ mile mi;ul O , (45)
m2 0 m2/ /

T'e

the physics remains unchanged [36], and the Hamiltonian becomes approximately diagonal,

or Hy ~ 5(2EViy (), m2 .,

in incoherent states inside the supernovas, given the high matter density in the creation

m?,_,). It means that, in this picture, neutrinos are created

region. It is worth mentioning that v,, v, v,, and v, are indistinguishable in the detection
since the only possible detection channel for these flavors is the elastic scattering, in which
the flavor can not be determined. For this reason and the fact that their initial fluxes from
the SN are approximately equal, we set any non-electron neutrinos as v, (as widely used

in the literature).

As in Section 3, we again resort to diagonalizing H to get eigenvalues and eigenvectors
from a proper unitary transformation in order to understand MSW effects inside the SN.
Figure 14 shows the eigenvalues of the flavor Hamiltonian. It is possible to see that
when we consider a 3-v system, a new resonance region arises for higher densities (an
electron number density of ~ 103 n./N, cm™3 for a ~ 10 MeV neutrino energy), allowing
transitions of the kind vy, <> v3,,. This density is not achievable in the Sun, but it is easily
realizable in a typical supernova. For this reason, this resonance is commonly denoted

as H (High-density resonance), whereas the “solar” resonance, inducing transitions of
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Figure 14 — Eigenvalues of H; as a function of the electron number density n. for normal
mass hierarchy (NH). The neutrino energy E, is taken to be 10 MeV in 2E,\.

Vim <> Vg, in densities about ~ 50 n./N, cm™ is denoted as L (Low-density). Note
that the non-electron neutrinos are labeled as v, and v,/, highlighting that these are
not the conventional flavor states v, and v,, but a rotated basis where these two flavors
coincide to mass states in matter. It is not the case for v, and v,, since they are created
as a combination of vy, and 1s,, instead. It is also important to mention that Figure 14
corresponds to NH (least to most energetic state is vy, — Vo, — V3n), and a different
scenario is expected to IH (vs, — Vi — Vo). In NH, the most energetic state in matter
is 13, then, it is associated with v, given the increase of effective energy of this flavor by
the charge current potential Viy (). As we can note, in IH v, coincides to vs,. The flavor

states in both hierarchies are generated in the following instantaneous energy states in

matter:
NH IH
Ve =V3m Vpr = Vo Vy =Vim Ve =Vom Vy =Vim V¢ = V3m (46)
Vpr = Uy Du’ = Vo Ve = Vipm Eu’ =Vom VUp =V Ve = V3n

where equal signs could be taken with a grain of salt, since a residual superposition of
energy states does exist, but for all purposes of neutrino mixing, they are completely

negligible.

As discussed in Chapter 3, in the MSW effect, the conversion of mass states in matter

Vim 18 possible in the resonance regions (minimum distances in energy from eigenvalues of
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Figure 15 — Snapshot (at 27 ms after the core bounce) of simulated SN electron density
profile from a progenitor mass of 40 M, [40].

Figure 14). This probability (sometimes referred to as flipping or crossing) in a simplified
format is given by [37, 38]

_
2

PHL:€

)

(4.7)

that decreases with the adiabaticity parameter v, defined in eq.(3.29), and we explicitly

write as [30, 31]:
o AmijQ sin Gij
~ 2Fco0s20;;(1/n.)dn./dr

Note that v depends on flavor conversion parameters, neutrino energy as well as the

(4.8)

v

density profile of the medium. More specifically, large variations in the electron number
density increase the probability of changing between energy levels. As it is widely discussed
in the literature, the L resonance is adiabatic, which makes P, ~ 0 from now on [39].
The H resonance could be non-adiabatic in accretion or cooling when the shock wave
propagates along the resonance region, but for the neutronization burst, the complete

neutrino propagation is adiabatic.

Using Figure 14, we can calculate the probabilities of v mass states at the surface of
the SN when the generated neutrino is v,. The electron neutrino in NH is created as v3,,,
then the probability of generation in this mass state in matter is Py = 1. The probability of
keeping the state v3, in propagation is a measure of how unlikely the transition vs,, — vo,
would occur, which is 1 — Py (since Py is the flip probability related to this transition
in NH). Then the probability of obtaining the state v3 becomes P.3 = PP = 1 — Py.
For vy, and vy, we get Py = Py P35 = Py and P,y = PP} = PyPy. Note that the L
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resonance is adiabatic, then P,; ~ 0. Now it becomes easy to include a detection of v, at

Earth, writing the survival probability as

P(ie:P€1P1€+P€2P2€+P€3P3e:PHP26+(]—_PH)P367 (49)

where P, = |Ue|? and Ps. = |U,s|?. Following the same procedure for 7, we obtain

P.. = P (4.10)
in NH. We also can work out the probabilities for IH, that differ from the above ones,

since each flavor is generated in other mass states in matter:

Pee:P2e

T o (4.11)
Pee:PHP13+<1_PH)PSe

For an adiabatic propagation Py = P, = 0 and the above probabilities become

NH IH
Pe@ = |U€3|2 Pee = |Ue2|2 . (412)
pee = ’U61’2 pee = ‘U63’2

Of course, the same numerical calculation of P,.. shown in Chapter 3 in the context
of solar neutrinos could be performed for SNs. Our knowledge of the solar density profile is
much more accurate than that of a typical SN; however, advanced supernova simulations
could in principle provide matter density profiles varying along the time of the explosion,
as shown in Figure 22 of [39]. Different working groups generate supernova simulations
with such information. In Figure 15, we show the electron number density of simulated SN
with a progenitor mass of 40 My at 27 ms after core bounce, provided by the Garching
group [40, 41]. Using this simulated profile and the procedure described in Chapter 3, the
slab approach, it is possible to calculate P.. and P... These probabilities are shown in
Figure 16 for both neutrino hierarchies. Note that the conversion for this specific matter

density profile is adiabatic since asymptotically the probabilities go to |U|? values.

These two probabilities are special because they can completely parameterize the
neutrino flux at Earth. To show it, we can use the initial (¢9_) and final (¢,,) neutrino
fluxes from a SN, where o = e, z, in addition to the corresponding antineutrinos. Note
that we set again non-electron neutrino flavors as x. If the requirement of flux conservation

is achieved, the flux at Earth can be written as follows [36]:
bv. = by, Pec + 0}, (1 = Prc)
o, = O, Pee + 0, (1 — Pec) . (4.13)
Gvy = @0 (1= Poe) + 0 (24 Pee + Pee) + ¢, (1 — Pre)
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Figure 16 — Numerically solved survival probabilities of 1, and 7, inside a supernova.
The density profile simulation used is shown in Figure 15. The left column
corresponds to NH and the right one the IH scenario.

In Figure 17, a snapshot of different flavors is shown in the instant of time ¢ ~ 27 ms
(end of neutronization burst), using initial fluxes ¢3ﬂ from the simulated SN explosion
with progenitor mass of 40 Mg used to calculate the survival probabilities above. It is
possible to see that both hierarchy scenarios provide a large difference from initial fluxes,
and more than this, with a precise measurement of v., a future SN detection would
potentially determine the neutrino mass hierarchy. We will discuss more about these

modern simulations in Chapter 7.

This flavor conversion scheme establishes the current standard picture of supernova
neutrinos, and we will recall this construction when we start to discuss possible quantum
decoherence effects in supernova neutrinos in Chapter 7. Detailed studies beyond the
presented scenarios in this section have been carried out [42, 43], but they are dependent on

more precise SN simulations and further improvements in the knowledge of SN formation.
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Figure 17 — Initial neutrino flux (solid), and neutrino flux after conversion for NH (dashed)

and TH (dash-dot) at 30 ms for a simulation of a progenitor star with 40 Mg
provided by the Garching group [40]. We take the assumption of adiabatic
conversion in the calculation.

4.2 Challenges in supernova neutrino mixing

Although the mechanism beyond the MSW effect is very well known, as shown

in Section 4.1, a complete solution for the supernova neutrino-mixing is far from being

accomplished nowadays. It is given by a number of distinct factors we briefly describe in a

random order of importance:

e Supernovae simulations: a number of research groups have been extensively

generating sophisticated simulations of supernova explosions. We refer here to recent
works such as [39, 44]. Despite the great advances in the topic, there is much to
be done in order to get a realistic scenario of a supernova explosion, such as the

inclusion of flavor conversion in neutrino evolution of the simulated neutrino path;

Non-adiabatic MSW effect: considering this resonant effect led by neutrino
interaction to matter (discussed in Section 4.1), in accretion and cooling emission
phases, there is a possible non-adiabatic transition along Supernova layers, induced
by the v-crossing of the shock-wave or turbulent regions [42]. Detailed simulations
should be needed to precisely understand how MSW effects would affect flavor
conversion in this regime. It is worth mentioning that in the neutronization burst

phase, the propagation is completely adiabatic;

Collective effects: the large v-luminosity induces a dense neutrino gas in the
supernova core, being one of the only places in the Universe with such an environment.
In addition to the conventional matter interactions, a non-isotropic neutrino potential
is induced in a very inner region denoted as neutrinosphere, and flavor conversion
could be highly affected by the presence of v — v potential in the equation of motion,
leading to a so-called collective effect, with the origin of the name given by the fact
that incoherent neutrinos start to oscillate collectively in equal frequency, given by

effects of forward neutrino scattering with other neutrinos [39, 45, 46]. The difficulty
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in solving the equation of motion is given by the non-linear nature of the v — v
potential, leading to a non-linear partial differential Boltzmann-like equation of

motion:
atQp,x,t + Vp - Vpr,x,t = _i[Qp,x,ta Qp,x,t] + C(Qp,x,t) ) (414)

where g5, is the matrix of densities', v, is the neutrino velocity, C(0px:) is a
collision term, and
Qp = Qvac + QMSW + QVI/ ) (415)

with Q... and Qygw corresponding to the vacuum and matter Hamiltonian respec-
tively, already discussed in previous chapters. The €2, term regards the v — v
potential and is given by
d3q _

Q,, = \@GFJW(Qq—gq)(l—Vp-Vq) : (4.16)
Solving the equation above for approximate neutrino backgrounds leads to slow
flavor oscillation effects, where the neutrino can be converted in a timescale of
vacuum oscillation frequency w = Am?/2E =~ 6.1 km™'/E (MeV). In more realistic
scenarios in terms of neutrinos generated in a SN, also the so-called fast oscillations,
engendered by different decoupling regions of flavors in the neutrinosphere could
make the neutrino flavor composition even harder to be calculated since transitions
could be induced in timescales orders of magnitude lower than slow oscillations, and
instabilities of solutions of the equation of motion are expected [45]. The problem
becomes even more difficult when we take into account that it affects the supernova
simulations, and it is also dependent on the output of the simulations, making it a
recursive problem still unsolved at the time this thesis is been written. Due to the
high uncertainties surrounding the results for a realistic scenario involving collective
effects in SN emission, we will not address this issue here in any of our analyses. It
is also important to mention that we do not expect the neutronization burst to be
affected by collective effects, but it could completely change flavor conversion in the

accretion and cooling phases;

o Neutrino mass hierarchy: despite our precise measurements of the square dif-
ference of neutrino masses Am3; and Am3, from flavor conversion experiments, we
still do not know if m3 > mg > m; (normal hierarchy, or NH) or my > m; > mg
(inverted hierarchy, or IH). It is known in the literature as neutrino mass hierarchy
(or ordering). As we saw in Section 4.1, the solution to the resonant matter effect is

highly dependent on the v-hierarchy scenario.

Although the community has made efforts to be experimentally and theoretically

prepared for the next galactic SN, we were able to detect neutrinos from a neighboring

1 Field theory correspondent to quantum mechanical density matrix, defined as gp x.¢ = (ah(t)ap (t)).
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galaxy in the past, the SN1987A, which provided valuable information from the dynamics

of a supernova neutrino emission, and we will discuss this important event in neutrino

physics and astrophysics along the next chapter.



Chapter 5

SN1987TA

o1

In 1987, in the Large Magellanic Cloud, the progenitor star Sanduleak-69 202 with
M ~ 20 Mg became a supernova. At 50 kpc from Earth (outside the Milky Way), it was

the first detection of neutrinos created outside our solar system, inaugurating the era of

experimental neutrino astronomy.

Since it was outside our galaxy, the v flux was limited at Earth, but even though,

three detectors were capable of observing a neutrino signal: Kamiokande IT [47, 48],
IMB [49, 50] and Baksan [51]. Figure 18 shows the time and energy of the detected events.
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Figure 18 — SN1987A events. E. refers to the positron energy detected.

To clarify the ideas concerning the data analysis of such important astrophysical

phenomena, in the next section, we show results from our publication in [52]. In the

sequence, in Section 5.2, we also discuss possible limits in neutrino flavor conversion using

SN1987A data in our publication in [53].
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5.1 Understanding and visualizing the statistical anal-
ysis of SN1987A neutrino data

As shown in Figure 18, the statistics of SN1987A measurements is very limited. To
extract any physics from a data analysis using those events requires more than a binned
statistical method, such as least squares. Therefore, as proposed in [52], we will describe
the maximum likelihood estimation using this data, fitting a simplified neutrino emission
model for that SN.

5.1.1 Modelling SN1987A event-by-event likelihood

Frequently, the likelihood treatment in particle physics involves the usage of the
Poisson distribution P(u,n), which fits well to phenomena that have a small probability
of occurring, but a large number of tries. Given a measured variable set Z, the Poisson

likelihood is given by:

Nbins u<xz)nz .
L= H Te“(“) s (51)
=1 v

where n; can be a particular number of events that occurs in a x; + dx; interval of our

variable, in a number N of intervals, or bins, and p(z;) is the expected value in the same

interval. It is convenient to write pu(z;) as a distribution function on the variable x;, or
AN

p(x;) = R(x;)0x;, with a given event rate R(x;) = ¢ in an equally spaced bin of variable

dz; and a number of counts n;. Including it in equation (5.1), we obtain:

N, ins n;
’ [R(.Z'Z)(Sl'] e—R($i)59€

L =

i=1

-t R T [B(z)ox]™ (5.2)

= e

However, binning the data to use a single expected value of a set of points requires
assuming a given statistical distribution of such a bin, that generally is considered to be
Gaussian for a higher number of entries. If the low statistics scenario does not allow this
assumption, then it is possible to model the likelihood (5.2) to account for each event
apart. This can be made by taking the bin to an infinitesimal width éz — dz and number
of counts n; — 1, so we consider only infinitesimal bins with one event and drop the others,
then (5.2) becomes

Loce SO TT R(a;) (5.3)
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that also has the change from the total number of bins Ny, to the total number of
observed events N, and the index ¢ accounts for each individual event. The idea behind
maximum likelihood is to maximize the quantity in (5.3), or given the correspondence
£ = e X*/2 minimize the X*(Z) = —2log L(F) with respect to a free set of parameters 7.
If we have a single event at 2 = Z, this expressions reduces to e~ $#@% R(z). For different
models with a normalized expected event rate § R(z)dx, the likelihood is maximized for
the model with the highest value of R(x;). Letting the normalization run freely, it is
maximized for { R(z)dx = 1. It is straightforward to note that if we consider more than

one single event, this maximum occurs on the total number of events.

In a supernova detection, such as SN1987A, the variables x are the neutrino energy,

the detection time, and events scattering angle, i.e. R = R(E,t,cosf) [54]:

do(E,,cos0) d*¢y, (E,,t) dE,
dcosf dE,dt dE, ’

with n, being the number of free protons of each detector, o(E,,cosf) is the inverse

R(E,t,cosf) =n,

§(cos O)n(Ee) (5.4)

beta decay cross section [55], ¢5, (E,,t) represents the electron antineutrino flux at Earth,
&(cos ) is an angular bias of IMB detector and n(E,) is an efficiency function taken from

[51] that fits the reported efficiency points from each collaboration.

Then eq. (5.3) becomes:

Nobs
L = e~ 1R(Etcost)dEdtdcost 1_[ R(E;, t;,cos6;)dE dtdcosb (5.5)
i=1
where R is a triple differential equation, R = % and N is the expected number of

events at the detector. A complete analysis, including other details such as background

and energy resolution, can be seen in [54, 56, 57, 58, 59, 60].

5.1.2 Single event distribution

The main ingredient to construct the likelihood is the theoretical triply differential
expected rate. However, since there is no way to convert the theoretical predictions into
some quantity to be compared with individual events, we can instead modify the events
to match the theoretical probability distribution. For instance, all SN1987A events are
published with uncertainty in energy, so the true information we can take from each
event is a probability distribution around some most probable results. Assuming such
distribution to be Gaussian, a specific event with measured energy E, + o, where o is

the energy uncertainty, measured on time ¢ + oy, with o; being the uncertainty in time, is
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Figure 19 — Theoretical cumulative event rate integrated over time (eq. 5.7) (blue) and
normally distributed data as proposed in (5.8) (red) changing along the relative
detection time since the first measured neutrino from SN1987A. The time
scale runs logarithmically in the first second and linearly afterward to better
show the data structure for early time events (see the animation here).

related to the following probability distribution:

d*P(E, 1) L 1(EV—E)2
dE, dt aE\/zw P 2

g

atmexf’ l( - ;;)2)] |

where P(E,,t) is the probability that the event had true energy between E, and E, + dE,,

(5.6)

and was measured in the true time between ¢ and ¢ + dt.

This result can be compared with the theoretical probability of inducing an event on

the detector:
d*N _Ad2¢(El,,t)

dE, dt _ © dE, dt o(Ey)

where A is a normalization constant that takes into account the number of targets in the

(5.7)

detector and its efficiency. The neutrino interaction cross section is given by o(E,), and
¢(E,,t) is the neutrino flux. The specific parameterization of these two last functions will
be presented in the sequence. To properly visualize the data points being collected, we
can create an animation with the detected event probability integrated on time!. Since

the uncertainty on time is very small, the distribution converges to a é-function, and such

L The reader is invited to check the animations of this section in order to follow the discussion. The

links are in the description of each Figure.
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animation would advance in steps while the data gets collected:
dP,(E,,1t) d*P,(E,,t)
dt
; dE, J Z dE, dt
1 1(E, — E,;)? '
S I — v ot -t
ZO‘E,\/QTF exp[( 2 U%i )] ( )

Such animation is presented in Figure 19 (red curve). Since what is presented is the

(5.8)

cumulative result after integrating on time, the final moment of this animation, when
integrated also on energy, provides all the 29 events detected by the three experiments.
The comparison with theoretical predictions can be made visually if we produce a similar
animation for the expected number of events, integrating eq. (5.7) on time, also presented
in Figure 19 (dashed curve). This method of a model-independent curve representing the
spectrum has already been fully discussed in [61, 62, 63], where references [62, 63] also

bring a comparative analysis to neutrino emission models?.

The parameterization of the electron antineutrino® flux ¢(E,,t) in eq. (5.7) follows
the model of reference [54] and consists of a two-component emission (accretion + cooling)
with nine free parameters that come from the proposed flux ¢ = ¢(t, E,cos @, y), with
y= (Te, Rey 7o, Toy My, 74), where T, (T,) is the initial antineutrino (positron) temperature
from the cooling (accretion) phase, R, is the radius of the neutrinosphere, 7. (7,) is the
characteristic time from the cooling (accretion) phase and M, is the initial accreting mass.
In the following, we state the emission models used in this section with the initial accretion

and cooling fluxes:

o Accretion flux: physically, a flux of positrons in static neutron targets generating
neutrinos reasonably mimics the expected v, generation process when the star mass

accretes to its core; then this situation can be given by:

8rc
al/e (Emt) (hc)g [Nn<t)ge+n(EV)ge+ (E6+>Ta)] ) (5'9)
N, () = Y. M, x J(t) 7
my, 1+1/0.5s

e+ (Eey, T,) = (5.10)

1+ exXp [Ee+/Ta] ’

where N, (t) is the neutron distribution as a function of the emission time, o.+,(E,)

is the positron-neutron cross-section, and g+ (Fey,T,) is the thermal distribution of

While reference [62] compares the data curve to a Fermi-Dirac spectrum, [63] uses a neutrino fluence
OCE2/T46*E/ T where E and T are energy and temperature of the electron antineutrino.

Since the detectors in 1987 were capable of measuring a single channel, the inverse beta decay
(Ue + p — €T + n), only electron antineutrinos could be detected.
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positrons with energy E., in a temperature 7T,. The number of neutrons is given by
the initial accreting mass M, with a fraction of neutrons Y,,, and its time behavior is
given by the factor ji(t) = exp [— (t/Ta)k], with 7, being the characteristic time of

the accretion phase and the parameter k& = 2 following the parameterization in [54];

e Cooling flux: this flux can be modeled by a black body emission of the recently

created proto-neutron star:

EQ
0 (Byt) = ——AnR? v 5.11
N I e RO o4y
with the cooling temperature being a function of time
To(t) = Te.p, exp[—t/ (47.)]- (5.12)

The parameters of the model above are estimated from an event-by-event maximum

likelihood, and the best-fit values of our analysis, used in Figure 19, are:

T, =5.1MeV, R, = 12km, 7. = 4.35, (5.13)
T, = 1.7MeV, M, = 1.2 Mg, 7, = 0.7s . (5.14)

As described before, the maximization of the likelihood depends on two terms. The
term in the exponential factor is related to the number of events and drives the theoretical
parameters to those who provide the right expected number of events, i.e., the area under
the curves at the end of the animation in Figure 19. It is quite easy to grasp if the

theoretical model fits well the data in this aspect.

The second term assesses how close the theoretical curve is to the experimental one
at the data central points, both in energy and in time. Since the uncertainty in time
is negligible, we can visually compare the curves at the moment new data is collected,
providing a visual tool for this second ingredient of the statistical analysis. By performing
these two analyses in Figure 19, we can expect that, although not perfect, the theoretical

prediction would provide a reasonably good fit to the data.

It is useful now to analyze a set of theoretical parameters that do not fit well the
data. This is done in Figure 20, where we chose two sets of parameters that are excluded
at 90% C.L. according to our analysis. These parameters were chosen in a way not to
change the total number of predicted events, so we can focus on the energy spectrum
information. It is clear, again using a visual comparison, that this new set of parameters

produces a worse fit to the data, a fact that is confirmed by a full statistical analysis.

As was pointed out earlier, the two main neutrino observables that we are taking
into consideration are the neutrino energy and the time of detection. After discussing the
first in the above analysis, we will now focus on the second. The best way to do this is to

determine the limits in neutrino mass that can be achieved using this statistical method.
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Figure 20 — To visualize the effect of spectral distortion impact on event rate, we used two
sets of parameters for T, and M, (in green and in cyan) that are excluded at
90% C.L. according to our analysis. The green curve produces a distortion for
low-energy events, while the cyan produces a distortion that favors high-energy
events. Also on light grey we present the best-fit point of our analyses, shown
in Figure 18 (see the animation here).

5.1.3 Neutrino mass limits

An important remark is that the neutrino detection spread in time is an important
source of physical information, allowing us to probe both Supernova explosion mechanisms
and neutrino properties. One important neutrino property with effects seen in the time

spread of the distribution of events is its mass.

The first difficulty in this kind of analysis is that the data itself does not allow us
to correlate the time of arrival of the neutrino burst at the detectors with the unknown
time at which the neutrinos left the Supernova. The solution is to use the data itself
to establish, through statistical analysis, the match between the theoretically predicted
neutrino flux and the data, taking the time of arrival of the first neutrino event in each
detector as a marker. The time of the following events, t; are taken as relative ones to the

time of arrival of the first event, ¢;:

(Si = tl — tl
and t; is left to vary freely to best match the theoretical prediction in a previously
established time scale.

This simple picture arises when we assume massless neutrinos. In this case, the
relative time between events is identical to the relative time between the emission of these

detected neutrinos on the production site since the time delay due to the travel between


https://github.com/santosmv/Animations-visualizing-SN1987A-data-analysis/blob/main/events_rate_worse_fit.png
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the supernova and the detectors does not depend on the neutrino properties. In Figure 19
a vanishing neutrino mass is assumed, and the time shown in the animation corresponds

to the time since the supernova offset.
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Figure 21 — Effect of neutrino mass delay on the SN1987A detected burst compared to
the standard flux for a 30 excluded neutrino mass. The gray line corresponds
to the fitted theory in Figure 19 (see the animation here).

However, since the neutrinos have mass, neutrinos with different energies have
different velocities, which changes the described scenario. More energetic neutrinos travel
faster than less energetic neutrinos, meaning that the relative times between events do
not correspond to the relative times of the neutrino emission. The correction is done by a

simple kinematic analysis:

L L m2 L m?
t’ld:tup—{_;:t’b,p_‘_z 1—72"“t27p+z 1—27El2

7 7

where L is the distance to the supernova, and m and E are the neutrino mass and event
energy. The sub-index p (d) refers to the time at production (detection). The emission time

of each event is then calculated from the relative times ¢;, and the kinematic corrections:

tia = tig+0;

L m? L m?

For more details see [64, 65].

Instead of making the correction on the time of the production, presented here to
give proper credit to the authors that proposed and performed this analysis, we prefer to

correct the theoretical predictions by a continuous spread in time on the neutrino flux
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spectrum at the detector. So, instead of converting the time of the detected events to the
supernova emission, we adjust the theoretical prediction to the detector site. Clearly, both
choices are equivalent, but with this second procedure we can use the same data animation

presented in Figure 19, and adjust the theoretical curve by making the replacement:

in eq. (5.7).

An animation evidencing this model-independent limit is shown in Figure 21, where
we chose an exceeding neutrino mass of 30 eV, highly beyond astrophysical limits of
~ 5 eV [64, 65] in order to effectively visualize the delay caused by mass, with the same
astrophysical parameters used to produce Figure 19, and then with the same neutrino flux
at the source. However, due to the different time lags of neutrinos traveling to Earth with
different energies, the time history of the expected number of events changes significantly,

allowing us to place a limit on neutrino data analysis using proper statistical techniques.

The pedagogical view of the particular SN1987A data analysis in this section provided
a first step further to face possible problems to be investigated with SN1987A detection.
In the next section, we perform a very similar analysis to potentially impose limits on

neutrino mixing in this supernova.

5.2 SN1987A neutrino burst: limits on flavor conver-

sion

In the context of the SN1987A analysis elucidated in the last section, we could
be interested not only in how the data translate the SN-v properties through emission
parameters but also in understanding if this data would possibly provide some limits
over expected ranges of parameters. It enables us to provide more accurate reporting
of our expectations and prevents outcomes based on simple statistical fluctuations that
best-fit values are susceptible to. In summary, every measurement should be aggregated
into more detailed studies of their uncertainties. Using the same maximum likelihood
estimation described in Section 5.1, in addition to a more sophisticated treatment of
detector efficiencies shown in detail in [53], we perform this uncertainty estimation in
Figure 22, which describes the allowed regions considering the cooling parameters R,
(neutrinosphere radius) and 7T (initial cooling temperature) for 68% and 90% C.L. We also
compare our analysis to previous ones in the literature. The differences in the results are
related to updated oscillation parameters and different approaches to detector efficiencies

as well as in the statistical method.
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Figure 22 — Allowed regions for cooling temperature (7..) and neutrinosphere radius (R,)
with 68% and 90% C.L (blue). LL shorthand Loredo and Lamb from [64]
(orange) and Pagliaroli et. al refers to [54] (green).

The above discussion shows the possibility of bound SN-v emission models, and one
could ask if limits on the neutrino flavor conversion could also be achieved using SN1987A
data. Any analysis should deal with scenarios that we better understand in neutrino
mixing, such as the resonant matter effect, or MSW (explained in Chapter 4). Of course,
amongst the possible flavor conversion scenarios, the MSW is the most robust prediction,
taken as the standard neutrino mixing scheme in SN-~ in most of the prospective works in
the literature. As already explained, this effect describes v, and v, creation in incoherent
propagation states v;,,. At the resonance regions in supernova layers, the conversion of
mass states in matter of the type v, — v, could occur. In any case, these flavor states
are converted to v, in an amount proportional to the module square of entries of the
PMNS matrix, even in the adiabatic regime. Note that for adiabatic propagation, the
survival probabilities P.. and P.. are simply constants (see eq. 4.12). Using the statistical
analysis of the last section, an idea that appears is: could we treat P,. as a free parameter
and also marginalize it to check if SN1987A data would prefer some region of parameter
space? The answer to this question is yes if we consider the MSW as the single conversion

effect, with the assumption of adiabatic propagation.

Using the same emission model described in Section 5.1 and performing the maxi-
mum likelihood estimation, marginalizing over P.., we can impose limits on this survival
probability. Figure 23 shows this marginalization. The remarkable feature of this result is
that adiabatic MSW in IH is rejected with more than 2o of significance, favoring the NH

scenario as the correct solution of neutrino mass hierarchy. Note that different fixed initial
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Figure 23 — Ax? for P., using SN1987A data, considering the cooling + accretion model
for various initial temperature ratios (7) of nu, and .. The horizontal dashed
lines correspond to 1, 2 and 30 of C.L. Vertical lines show the MSW adiabatic
solution for normal and inverted hierarchies.

temperature ratios 7 = T, /T, were tested, with minor impacts on the results. More details

of this analysis are in reference [53].
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Chapter 6

On the issue of pure to mixed quantum

states

In the 1970s, Hawking established the so-called black hole thermodynamics and
stated the possibility of particle creation in black hole event horizons in his seminal papers
[66, 67]. Surprisingly, analyzing the implications of such effect, he shows, through an
analysis of the final stage of black hole evaporation, and based on expected fluctuations of
the space-time metric in candidate theories of quantum gravity, that pure quantum states
could be induced to mixed ones [68, 3]. Many authors discussed the subject over the next
decades [69, 70, 71, 72, 73, 74, 75], but the quantum gravity problem and its stochastic

nature remain unsolved nowadays.

One argument that prevailed in the community is the possible open nature of quantum
systems, immersed in this stochastic “foamy” quantum gravitational environment (even
in vacuum), and proposals to evolution equations concerning an extension of quantum
mechanics were done in mid-1984 [70, 69]. Curiously, years before such derivation, in
1976, proposals for a generalized equation of motion for open quantum systems were
rigorously detailed in the simultaneous works of Gorini, Kossakowski, Sudarshan [76] and
Lindblad [77], resulting in the known Gorini-Kossakowski-Sudarshan-Lindblad (GKSL)

master equation.

In order to test open quantum systems in particle physics, detailed analyses using
neutral kaon oscillation and neutron interferometry were performed [69, 78, 79], and the
first hints in the use of the macroscopic quantum oscillation length of neutrinos came
along in 2000 with the works of Lisi, Marrone and Montanino [80] and Benatti and
Floreanini [81], with also almost simultaneous works. Since then, many authors carried
out phenomenological discussions on the subject using neutrino mixing. An important
remark in our terminology here is that we will denote such effects as quantum decoherence

(QD) from now on, since it is a term mostly spread by the neutrino community, despite,
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as we will see, decoherence, or the damping in the neutrino oscillation probability, is not

the single effect of quantum decoherence.

It is worth emphasizing that in this thesis, we limit ourselves to phenomenological
discussions of the implications related to the subject of pure neutrino states being induced
into mixed ones. This is motivated by the fact that the microscopic details of quantum
gravity in quantum fields or quantum mechanics are simply not fully understood. Even
though, we will try to elucidate that a phenomenological approach to investigate open
quantum systems in neutrinos is a powerful tool to test, indirectly, if neutrinos could be
affected by this (or any other) exotic physics that extends quantum mechanics to be open

in nature.

6.1 Open quantum systems and the evolution equa-

tion

In Chapter 2, we introduced the neutrino oscillation in vacuum through the Liouville-
von Neumann evolution equation for the neutrino density matrix p. If the quantum system
is considered open, (2.5) no longer provides a reasonable formulation of the evolution
and additional statements should be formulated in order to accomplish a more general
equation of motion, which is the GKSL equation [76, 77]. The first one is that we model
the neutrino as in contact with a larger system, which is commonly associated with a
thermal bath, with an infinite number of degrees of freedom, we denote this larger system
as an environment. In this case, the total density matrix can be written as the product
p = ps ® pg, with the fundamental assumption of no correlations in the initial time in the
propagation, where pg is the density matrix of the neutrino subsystem and pg a reference
state of the environment. To get ps(t), we need to trace out the total system over the

environment:

ps(t) = Trg[A(t)p] = Tee[U(t)ps ® peU'(t)] (6.1)
with the derivation of an equation of motion for pg is all about finding a family of time-
evolution operators {A(¢)} that enable to have pg(t) = A(t)ps. This “super-operator” (in
the sense of operating in ordinary operators) is denoted as a dynamical map and {A(t)} is
a quantum dynamical semi-group with generator £, sometimes regarded as generalized
Liouville super-operator [82]. Using these concepts and removing the S index of the
neutrino density matrix, i.e. pg — p for simplicity of notation (still having in mind that the
neutrino concerns a subsystem), we can derive the GKSL equation for a N-level quantum
subsystem as [77]

dp , N 1
p=1
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where it is possible to see a Hamiltonian term, corresponding to the conventional evolution
in quantum mechanics and an additional term, with a new quantity V), that we denote
as jump operators, with the non-Hamiltonian term (second term in the r.h.s) commonly

called dissipation part of the evolution. Writing (6.2) in a more compact way:

W il + D), (6.3
with
N2-1 1 1 N2-1
D(p) = )] <prVJ — 2{‘@%70}) =5 2 VeV 1+ Ve VD). (64)

A more complete derivation of this equation of motion can be found in Appendix A.

It is worth mentioning that we require an additional physical assumption for (6.4),
which is the increase of von Neumann entropy S(p) = —Tr(plnp) at all times. It can
be fulfilled by making V, = V.l and the derivation of this property can be found in [83].
Applying this assumption, eq. (6.4) is simplified to

[\'J\»—l

2 [V 1.V, (6.5)

Another important remark concerning the equation of motion arises from the question:
if the quantum system is modeled from a subsystem in contact with the corresponding
thermal bath, is some exchange of energy between both allowed in the propagation? The

answer is yes if the neutrino Hamiltonian does not commute with the jump operator, i.e.

[H,V,] # 0 [70, 71].

There are a number of approaches to solving the equation (6.3). We adopt a simple
one, which is the expansion of all operators in the generators of SU(N), with N as the
number of levels of the system, i.e. for two neutrinos, N = 2. We devote the rest of this
chapter to solving the equation of motion in (6.3) for two and three neutrino systems in
vacuum and see the implications of considering a dissipation effect in quantum mechanics.
In the next chapter, we can include in this framework the v-matter interaction in order to

apply these achievements in the supernova environment.

6.2 Two-level system in vacuum

Our goal in this section is to solve the evolution equation for a 2-v system, considering
a particular case of v, created and detected in vacuum. The quantity we are interested in

is the survival probability P.. as in previous chapters. Firstly, we can expand the operators
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in the neutrino mass basis with Pauli matrices as

3
H = h'/JO-/J = hO +Zh10'2

=1

3
p=Puou=po+ Y pio; (6.6)
j=1
3

Vp = Upp0p = Vpo + Z UpkOk

k=1
and make the substitution in eq. (6.2),
d & 1 g
g PO =~ >, hipsloso5] + 5 Y vipivllon o5, o]
Z7]=1 p,’i7j7k:1 6 7
) , (67
%Pu% =2 Z €ijkhipior — 2 Z (vﬁmjoj — UpiUp;jPj0i)

i?j7k p7i7j
where p ranges from 0 to 3 and 7,5 from 1 to 3. It is straightforward to note that
equation (6.7) is a set of coupled equations with expanded coefficients of initial operators.

If we perform the above sum, we have

d
7P =2 [(haps — hapa)or + (hspr — hips)os + (hipa — hapr)os]

_2[(V§p1 + V%pl — V1Vape — V1V3p3)0 (6.8)
+(vips + V%pg — V1Vop1 — VaV3p3)02
)

+(Vips + Vips — ViVapr — Vavipe)os)

where we simplified the sum over the p index as v, = 22:1

It is convenient to rewrite eq. (6.8) to use the coefficients of the density matrix in a vector

form (p)* = (po, p1, p2, p3), changing eq. (6.8) to

Up,, with no loss of generality:.

p=-2Lp, (6.9)

with

L=H, + D, (6.10)

being the Liouville super-operator. This vectorized form of the density matrix in the
equation of motion is referred to as Liouville space in the literature [84, 85]. Recall that
in the SU(2) expansion one simply could make D(p) = D(p),0* = D,,p"c*, to get the

dissipation part D,,, that in matrix form is given by

0 0 0 0
0 V2+Vv2Z —vivy —ViV
ij _ 2 3 1vV2 1V3 ’ (611)
2 2
0 —vive Vvi+vVvi —Vvavy
0 —vivy —vVvavy V4 Vi
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as well as the Hamiltonian term is written as

00 0 0
0 0 hy —h
H,, = s 2 (6.12)
0 —hy 0 M~
0 hy —hy O

Note that (6.11) is a symmetric matrix whereas (6.12) is antisymmetric and both are

hermitian. Equation (6.11) can be parameterized as

00 0 O
0 b
Dw=1|_ %" °, (6.13)
0 b a p
0 ¢c B v
with

a=u§+v§ a=vf+v§

b= —UV1V2 5 = —U2V3 , (614)

c= —U1V3 yzvf—kvg

and in order to preserve a strong requirement of open quantum systems formalism, the
complete positivity of the density matrix, these parameters should respect the inequalities
[31]

RS-V >0
2R=a+v—a=0
25 ) =0 (6.15)
=a+v—a= , .
! ST —3%=>0
l'=a+a—-—v=20

RST — 2bcf3 — RB* — S —Th = 0

in order to make the evolution to positive density matrices at all times. A remark about

(6.13) is that we do not know its form from the first principles.

To understand the impact of the dissipation term in the neutrino evolution and
avoid managing with the nine additional parameters, we will solve the special case of the

following diagonal dissipation matrix

Dy = (6.16)

o O O O
S O =2 O

o R O O
=2 O O O
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The mass basis Hamiltonian in Liouville space is given by

0O 0 00
0 0 ¢ 0
H,, = 2 , (6.17)
0 -5 00
0 0 00
where we can recall that w = AQLE%P The resulting set of coupled equations becomes
po(t) =0

S
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: 6.18
) (6.18)
)

with the solution given by

po(t) = po
t) = e 2t cos wt — py sin wt
p1(t) (1 P2 | | (6.19)
pa2(t) = e 2" [py cos wt + py sin wt]
ps(t) = pse™"

To find the survival probability of a v, generated and detected in vacuum, we use the
initial density matrix in flavor basis p,(0) = diag(1,0), and also recall the initial condition
found in (2.14)

cos?f sin2f
p(O) = UTpa(O)U = <m29 2 ) )

.9
5 sin“ 0

where the density matrix on the mass basis becomes:

(t) B % + 672’Yt2C0529 6722’# sin 20671'(4)15 (6 20)
P T e e 27t cos 20 ) :

: iwt 1
5 sin 20e 5 5

and, consequently, the density matrix in the flavor basis with the transformation p,(t) =
Up(t)UT, to finally find the survival probability through P, = Tr[pa(0)pa(t)]:

1 1 t
P.(t) = 5+ e l2 — sin® 26 sin? <°;)] : (6.21)

Equation (6.21) is consistent with our result for the expectation of the conventional
quantum mechanical v, oscillation, since when v — 0, we recover the P,. from (2.18).
Note that in (6.21), we have an exponential term multiplying a constant as well as the
oscillation term. So it is possible to infer that two effects are expected: one related to

damping in the oscillation pattern where a system initially created coherently would lose
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coherence along the propagation, and another one translating the average probability
to a specific value, and surprisingly it is not any value but the fraction of one over the
number of levels of the system, that is 1/2 for eq. (6.21). The latter is independent of the
coherence in the creation: it potentially affects even systems with diagonal Hamiltonians.
It is important to note that the relaxation effect appears only when we choose a D,,, in
which [H,V,] # 0, i.e. some exchange of energy between the neutrino and environment
is allowed, otherwise only decoherence effects would be possible. Different works [86, 87]
provided a detailed description of such decoupled effects as decoherence and relaxation for
the damping and the equipartition of states (or maximal mixing) respectively. The former
effect will be important when we discuss the possible implications of this formalism in

supernova neutrinos.

Note that we used the neutrino mass basis as the starting point of the equation
of motion, and the literature also assumes the same procedure (see [81]). However, one
could ask why the dissipation term can not be defined on flavor basis. It is not a discussed
subject in the literature and we do not worry about this concept in this thesis for some
reasons: the statement of neutrino dissipating energy or losing coherence in a basis with
well-defined mass is a reasonable assumption; if we transform V), operators to flavor basis,
the dissipation matrix D, would be affected by mixing angles, but the essential behavior
provided by dissipative effects would be similar. Despite these assertions, we admit that it

is a question to be better addressed in the literature in the future.

6.3 Three-level system in vacuum

For a three-neutrino system, we do a similar procedure of Section 6.2, but now
we expand the operators in SU(3) using the Gell-Mann matrices \,. After imposing the

increase of von-Neumann entropy, the resulting dissipation matrix becomes

0 0 0 0 0 0 0 0
71 Bz Bz B Bis Bie Bir Bis
Bz =72 P2 Baa P Pas Bar Pos
P13 Baz —v3 Bza B3 Bse B3 Pss
Bia Pau Bz —va Bas Bas Bar Bas | (6.22)
Bis B2 B3 Bais —5 Bs6  Os7 Oss
B Bas Pz Bac  Bse —v6 Ber DBes
Pz Bar Par Bar Bst Ber —vr DBrs
Bis P2 Pz Pas Pss Bes  Bris —s

where we show in Appendix B each parameter in terms of V), expansion coefficients.
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Figure 24 — Survival probability for v, propagating in vacuum in a distance L with quantum
decoherence effects. The energy assumed was E, = 10 MeV and we took
I' = 10713 V. The neutrino is assumed to be ultra-relativistic, i.e. v, ~ c.

As we can see, the equation of motion has 64 parameters when the dissipation
part is considered. These parameters are also related to each other in order to guarantee
the complete positivity of the evolution, with inequalities found in [88]. Considering
all the above parameters is unmanageable and we also assume some simplification in
order to check the possible effects in the neutrino evolution. Then, we take (6.22) to
be diagonal, then 3,, = 0 for all p,v. We also let v, = T" for all y, resulting in D, =
diag(0, I, T, T, T, T, ", T, T).

We can write the Hamiltonian in Liouville space on mass basis for three neutrinos as

00 0 0 0 0 0 0 0
00 -0 0 0 0 0 0
0% 0 0 0 0 0 0 0
00 0 0 0 0 0 0 0
Hy,=|0 0 0 0 0 —eu 0 0o 0], (623
00 0 0 @ o 0 0 0
00 0 0 0 0 0 wa _wm
000 0 0 0 0 —epem g @
00 0 0 0 0 0 0 0
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with w;; = Am,;;/2E. Recall that we are interested in solving the evolution equation in
(6.9), and £ = H,, + D,,,,. Using similar procedures as in the last section we can find the

v, survival probability:

1
P.. = 3 + Be ™' + e7M[C cos (woyrt — wait) + Fcoswat + G coswat] (6.24)

with

2
4,4 4 2 4 2 2 2 2 4 2 2 2 2 4
B = 5(012013 — C19C13512 — C12C13513 T Cl381 — C13519513 + 513)

6.2 2 2
C = 21357513

5.2 4 2
F' = 2¢{,c135715

52 2 2
G = 2015013513

where ¢;; and s;; concern cos 6;; and sin §;; respectively. As in the SU(2) solution, we can

I multiplies the oscillation factors of (6.24), where we

note that the exponential term e~
expect a damping in the oscillation probability, and in our terminology it is an effect of
decoherence. The exponential multiplying the B constant is responsible for a relaxation of
the system to the maximal mixing expectation for three neutrinos, i.e. 1/3. In Figure 24
we show the survival probability for v, considering the solution in (6.24). We see the
combination of the damping in the oscillation (the amplitude decreases for larger distances),
as well as the asymptotic value of P,. asymmetrically goes to 1/3, given relaxation effects.
We used a value of I' = 10712 eV. It is worth mentioning that we could use neutrino
experiments to test the behavior found in Figure 24. Actually, it is an effort already
done for many neutrino sources, experiments, and works and the resulting bounds lead
to excluding such a scenario with a certain confidence level (for this particular value of
[' and in the scale of energy used in Figure 24). In the next chapter, we will apply this
formalism to the particular case of supernova neutrino emission and see its implications in
a future neutrino detection as well as address how a future SN would potentially restrict
these effects.

6.4 Three-level incoherent system

As discussed in Chapter 3 and Chapter 4, the neutrino coherence does not hold
when the medium of propagation is high-density matter, since the neutrino Hamiltonian
becomes approximately diagonal in this regime. In this section, we briefly show that even
in this situation, quantum decoherence could affect neutrino mixing. To evaluate this

effect, instead of using a matter potential to provide loss of coherence, we simply adopt
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Figure 25 — Survival probability for v, propagating in vacuum in a distance L for an
incoherent v, = v;, with ¢ = 1,2, 3. Each initial state is highlighted in the
legend. The energy assumed was E, = 10 MeV and we took I' = 10713 eV.

the starting state to be incoherent in vacuum, i.e. v, ~ v;. Let us take the example of an
initial electron neutrino created as any mass state. Let us also use the same format of the
dissipation matrix taken in the previous section, D, = diag(0,I',I',T", I, ", I, T",T"). The
neutrino Hamiltonian in the mass state is also eq. (6.23). Solving the equation of motion
(6.3), we get

1 1

P. = 3 +e 1t (cécfg - 3) ve.(0) = 1
1 1t 2 2 1

P.. = 3 +e S19C13 — 3 ve(0) = vy, (6.25)
1 1

P. = 3 +e 1t (sf3 — 3> ve(0) = v3

where 1,(0) means electron neutrino state in initial time ¢y = 0, i.e. po(t = 0) = |v;) (4]
for 1 = 1,2,3. It is worth mentioning that no interference term is present, but even for
this incoherent initial neutrino state, quantum decoherence could impact neutrino mixing
with relaxation. We note that for T' — 0 the |U|? solution is recovered, which is the
expected solution for P,. considering an incoherent initial state. We also see that if I' — oo,
the maximal mixing 1/3 is reached. Figure 25 shows these probabilities as a function of

propagated distance where an ultra-relativistic limit is taken, or v, ~ ct. Note that the
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same probability could be obtained using the factorization P, = )| ; P,; P;; Pje, which will
be crucial to the discussion in the next chapter. It is important to mention that QD effects
are not expected in incoherent neutrinos when [H,V,] = 0, since in this regime, relaxation

effects are suppressed, and only decoherence would possibly occur!.

Note that despite the fanciful scenario explored in this section, it fits very well with
the situation of a neutrino created in a compact object with high-density matter and
is emitted to vacuum, which is the exact supernova scenario and approximately what

happens in stars, and it is an important issue that we address in SN context in Chapter 7.

L The additional assumption [H, V,] = 0 would mean D33 = Dgg = 0 in addition to rescaling other

parameters.
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Chapter 7

Quantum decoherence in supernova

neutrinos

A large number of phenomenological studies designed to test if quantum decoherence
could affect neutrino measurements were performed in the past, and no results indicate a
strong signal of such an effect. However, neutrino detection data was able to impose strong
bounds on this phenomenon, with analyzes performed in atmospheric [80, 89], accelerator
(90, 91, 92, 93, 94, 88, 95, 96, 97], reactor [98, 97], solar [89, 99, 100], and ultra-high energy
extra-terrestrial [101] neutrinos with different approaches, for past, operating, and future
neutrino experiments. In this chapter, we include a new possible source to test quantum
decoherence effects as well as eventually bound this phenomenon: supernovas. Although
we do not claim the first worldwide work on the subject, since in 2010 the pre-print [102]
suggests some analysis of the topic, we provide here the first analysis as complete as

possible! in supernova neutrinos, and most of our results can be found in [103].

In the next section, we show the convenient models to be discussed here, making some
choices concerning the already mentioned dissipation D,, matrix. Although we do not
go into quantum gravity phenomenology, we guide our analysis through some definitions
presented in the literature, particularly, the terminology and interesting ideas that connect
possible quantum gravitational effects to open quantum systems formalism for neutrinos
shown in [104].

7.1 Selected Models

We devote this section to connecting possible quantum decoherence models to
different physical situations in a future SN detection. We decided to take only diagonal
versions of (6.22) for simplicity, then /3, = 0 for all  and w.

1 As discussed in Chapter 4, many challenges are involved in a complete framework of SN-v mixing.
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Figure 26 — Coherence length (L., = 1/7) for values of n in a power law of decoherence
coefficients v = ~o(FE/Ep)" for a “natural” scale of quantum gravity, with
Eplanck = 1. The region in yellow corresponds to the solar system edge, while
the region in blue is the Milky Way diameter, and the dashed grey line is to
respect the observable universe.

As discussed before, in works such as [105, 99] it is shown that quantum decoherence
can give rise to two disentangled effects when the evolution occurs in vacuum: the pure
decoherence, where a coherent state becomes incoherent along propagation; and the
relaxation effect, responsible to lead the ensemble to a maximal mixing. As coherence on
SN neutrinos is suppressed due to matter effects on the mixing angle and long propagation
lengths?, we do not expect pure decoherence effects to play any role in the propagation,

being only (possibly) affected by relaxation.

Up to this date, and to the author’s best knowledge, there is no consistent theory in
which we can get the parameters of D, from quantum gravity, or even if the parameters
are constant. Different works [80, 106, 89, 104] suggested the possibility of a dependency
on energy as y; = v, (E/Fy)"™ motivated by quantum space-time phenomenology, where Ej
is an arbitrary energy scale. In this work, we chose Fy = 10 MeV to match the energy scale
of supernova neutrinos. As for the energy dependence, we explore the scenarios with n = 0
and n = 2, given that most of the works check this power law exponents for ~;, which

enables us to compare SN limits to other sources (and works), and n = 5/2, well-motivated

2 If neutrinos are only affected by MSW effect, it is possible for v, and v, oscillate to each other.

It generally does not affect the analysis of flavor conversion, once they are indistinguishable in the
detection, and therefore generally denoted as v,,. However, as we will see in Section 7.2, their creation
in coherent states changes one of the tested QD models here.
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by the natural Planck scale for the SN energy range of 0 — 100 MeV. By natural scale,
we refer t0 Yo, = Eptanck/Mpianek With Epranck ~ 1 [107, 104], making Yo; = Eptanck M plancis

—1 —3/2 . _
Eptanck Mplanas aNd Epranck Mppane for our choices of n = 0,2 and 5/2.

With dimensional analysis (which can be further justified when solving the evolution
equation), we expect that the effects of decoherence would show up for distances larger than
a coherence length, defined by Lo, = 1/7. In Figure 26 we show the expected coherence
length for these values of n. We see that if this “natural” scale holds, n = 0 and 2 would
be possibly ruled out by terrestrial and solar experiments, whereas for n = 3, L., is out
of the observable universe for the expected SN-v energy scale. For the mentioned values of

n, we analyze the following models:

Mass State Coupling (MSC): The neutrino mass basis is coupled to the environ-
ment and the relaxation effect leads to maximal mixing. In 3-v mixing, it means a 1/3
(equal) probability of detecting any state. In this model, we test two possible scenarios

related to energy conservation in the neutrino subsystem:

i) MSCF ([H,V,] = 0): Here, the neutrino energy is conserved for any non-standard
mixing process in vacuum?®. It means that Vp = V33 +vgAg, where ), are Gell-Mann
matrices and v, = Zi:l Up,,» With p ranging from 0 to 8 in the SU(3) expansion of
V,. To simplify the analysis, we choose a diagonal version of the dissipation term in
(6.22) with a single parameter I'. Additionally, using complete positivity relations
[88], we can find the special case of D, = diag(0,T',I",0,1'/4,1'/4,T'/4,1'/4,0), with
[' =To(E/Ep)™. The transition probabilities amongst mass states in vacuum are null
in this case. However, if we look at the propagation inside the supernova layers, in
a diagonalized basis of the mass state in matter PgL(SN), this probability could be
non-null for 7 # j, i.e. transitions between v;,, and v;,, are allowed and would change
proportionally to e~T'. Therefore, the coherence length to be investigated is the SN
radius, and the matter effects in addition to quantum decoherence would induce a
maximal mixing inside the SN. In Figure 27 we show the transition probabilities of
mass state in matter basis calculated using the slab approach with a simulated SN
density profile from Garching group [40, 41], corresponding to a progenitor of 40 Mg,
already shown in Figure 15. More details about our solution are in Appendix D. When
the neutrino is released to vacuum, it is no longer affected by quantum decoherence

until detection. Since the length traveled inside the Earth by the neutrino is much

SN
coh»

account in this specific case, albeit standard non-adiabatic MSW effect could play a

smaller than L we do not take the quantum decoherence in Earth matter into

role. Note that this regime essentially depends on v matter effects in the SN.

3 In our notation, the superscript symbol ¢ accounts to no exchange of energy with the environment,

while € has the opposite meaning.
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Figure 27 — Survival probabilities of mass state in matter basis inside the SN for the MSCf
model (no exchange of energy from neutrinos and environment in vacuum)
and n = 0 (and then I" = T'y). The SN matter density profile used is from a
Garching simulation of a 40 Mg (LS180-s40.0) progenitor [40, 41], shown in

Figure 15. The procedure to find these solutions is in Appendix D.

it) MSCe ([H,V,] # 0): In this model, we relax the above assumption, allowing some

exchange of v energy with the “non-standard” environment. We choose the most

general diagonal version of the dissipation term from (6.22):

D,ul/ = diag(07717’72773774775776777778) :

(7.1)

In [104], this choice of D, is intrinsically related to mass state selected scenario to
be impacted by quantum gravitational effects. To quantify the effects of this model,

we solve (6.3) analytically to get the probabilities of interest in the mass basis in

vacuum?:

1 1—96 —8T
P11:§+§€73 +6€78
1 1 e —s
Pl?zg K¢ T e Py = Py
P13=:1))—;e_”’8“’ Pz = Pi3
1 2
P33—§+* b

4

The expected (adiabatic MSW) solution for the probabilities is a Kronecker delta, i.e. P;;

= (5”

(7.2)
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with x as the propagated distance. For other possible probabilities on this basis, we
use FP;; = Pj;. It should be noted that on this basis the probabilities depend only on
~3 and vg. The reason is that when solving the set of differential equations p = —2Lp,
the ones corresponding to v3 and ~g, i.e. L3, and Lg, are the only decoupled ones,

independent of Hamiltonian terms.

If we look at ; parameters in terms of v,, coefficients of the SU(3) expanded V,, we
find

v o ov: v: o ov2
WEVIEVEE L P
. (7.3)

3v: 3vZ 3vZ  3v2
4 4 4 4
Equation (7.3) shows that 73 and ~g are not independent. In order to compare our

results to solar neutrinos [99], we can use the same notation to define:

I's = vf + Vg
_3vi 3vi  3vg  3vio (7.4)

e = °¥s . 2V6 4 2V7
s= 4 T Tty

leading to 3 = I's + I's/3 and 75 = I's, resulting in pure (independent) relaxation
I'; parameters, that will be the ones effectively inducing the maximal admixture
in this scenario. The energy dependence is explicitly written as I'; = To;(E/Ep)"
with i = {3,8}. Note that the effective distance of this particular case is the total
neutrino propagation, i.e. vacuum propagation is also affected and it can be split
into the regime in the SN and outside its surface until Earth, or L = L3N 4 LVac,
Similarly as in i), we solve the probabilities associated with possible transitions in
supernova layers only numerically. However, as we discuss in Section 7.2.1, given

that LV2¢ » LSN the approximation of L ~ LY2¢ is assumed in our calculations.

Neutrino Loss: As mentioned in [104], it is possible to have a scenario with neutrino
loss, where neutrinos are captured by effects of quantum gravity during propagation, and
re-emitted to a different direction, never reaching the detector at Earth. In this picture, the
authors made a choice of Dy # 0. Looking at the most general form of D(p), it is possible
to say that this choice is completely out of open quantum systems formalism, i.e. naturally
D(p)ou = 0 when the master equation (6.3) is assumed to describe the evolution of the
reduced quantum system, with trace-preserving all times. Even though, to explore such
an interesting physical situation, we test this non-unitary case that matches the choice
v = v with ¢ from 1 to 8, then D,, = diag(v,v,7,7,7:7:7,7,7), with v = v (E/Ep)".
The solution of (6.3) gives:
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Py=e"

(7.5)
Pj=0

for any 4, j from 1 to 3 with ¢ # j. Note that in this result, in contradiction to conventional
unitary models, one state does not go to another, i.e. >, P;; # 1, once neutrinos are lost

along the way.

In the solutions of the equation of motion shown above, we absorbed a factor of 2 in
the quantum decoherence parameters, i.e. 2v; — ;, with no loss of generality, since what

matters in our results is the intensity of a deviation from a standard scenario.

It is important to mention that we tested a non-diagonal version of D,,,, using complete
positivity relations and the asymptotic results were also the maximal mixing, with behavior

similar to that presented here. We report this non-diagonal model in Appendix C.

7.2 Methodology and simulation

To test the QD models discussed in the context of a future SN detection, we use the
neutrino flux coming from supernovae simulations from the Garching group [40]. For MSC*
described in item ¢) of MSC in Section 7.1, we exploit a 40 Mg progenitor simulation
(LS180-s40.0) [41], since it has detailed matter density profiles, essential to explore such
scenario. For all other cases investigated (MSC¢ and v-loss), we use simulations with
27 Mg (LS220s27.0c) and 11.2 M (LS220s11.2¢) progenitor stars, detailed in [39].

To avoid the large uncertainties of collective effects, we only use the flux from the
neutronization burst phase (first 30 ms) in our analysis, in which effects induced by v — v
interaction are expected to not play a significant role. In Figure 28 we show the luminosity

of all flavors along the time window of this phase.

Next, we explain in more detail how to include non-standard physics of egs. (7.2) and
(7.5) in SN neutrino evolution and our methods to use a future SN detection to impose

limits on QD parameters.

7.2.1 Factorization of the dynamics

This analysis only takes into account the MSW effect in the neutronization burst
through the standard matter effect on v mixing in addition to quantum decoherence effects.

To combine QD effects and MSW along the v generation, propagation, crossing through
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Figure 28 — Simulated v luminosity for neutronization burst phase of the emission models
of 27 Mg (solid) and 11.2 Mg, (dashed) progenitor stars from Garching group
[40, 39].

Earth, and detection, it is possible to factorize the flavor probabilities as

3
Z Pm(SN m(SN)P Pm(Earth) paB _ Z P (SN)P (SN)PkPk/B(Earth) :
t,5,k=1 i,5,k=1

(7.6)
where P,3 and Paﬁ are the transition probabilities from flavor a to [ for neutrinos

Pm(SN)

and antineutrinos. The meaning of each term in (7.6) can be summarized as: P,; is

m(SN)
Py
converting v;,, — V;n, inside supernova layers; Pj; the probability of converting v; — v,
m(Earth)

the probability of creating a v, as a i state in matter v;,,; is the probability of

during propagation in vacuum until Earth; and by the end, Pkﬁ is the probability of
detecting a vg given a v, state considering (or not) Earth matter effects. Where, again, the
index m regards that the creation or propagation is in matter. It is worth remembering
that v, and v, are created as a single mass eigenstate in matter. In this scenario, the sum
over i vanishes, since we have P, N _ 5.5 and P N _ 5, for NH, and P BN _ 5.,
and Pl BN 0;3 for IH. As for v,, although it is created in a coherent superposition of the
other two mass eigenstates, the interference phase would be averaged out, and therefore
eq. (7.6) is valid. In the context of a SN flux conservation, the simplest flavor conversion
scheme could be described by just P.. and P,., and in standard neutrino mixing, the
factorized probabilities in (7.6) become P m(SN) = 0i;, Pjr = 05 and P mEN) = 0ij, P = 0/

for adiabatic evolution. Such a scenario can be changed by quantum decoherence, allowing
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for the conversion among mass eigenstates in vacuum and matter. The explicit solutions

for the equation (7.6) in NH and IH can be written as:

1 1
PN = 3 +e e (533 — 3>
- _ (7.7)
plH _ 1 Clycts [ e _ (MatTs/3)t |y Clasiy [ 4 eMatTs/3)t | ie—l—‘gt
“ 3 2 3 2 3 3
and
PNH _ 1 n ety [ 4 TstTs/3)t | sty [ _ oMa+Ts/3)t | _ iefrgt
ee 2 3 2 3 3
(7.8)

One can also note in (7.2), (7.3), (7.4) and (7.6) that for the MSC* model, P.. is a
function of I's and I's in TH but only of I's for NH. The P.. has the opposite dependency

and we can write:

Pt = P, I's) P = PRY(Ty)
P = PI(T) P = PR3, Ty).

These remarks on the survival probabilities of v, and 7, are essential in our results, once

the flavor conversion of MSC can be described using uniquely P.. and P...

Particularly for the MSCf case, considering the propagation along supernova layers,
PN and R?(SN) will be affected by QD, nevertheless Pj, = 9, and PJk = 0, since with

7

no exchange of energy to the environment, quantum decoherence would not play any role
in the vacuum propagation. On the other hand, for MSC¢, both SN matter and vacuum

would affect the neutrino mixing. However, as shown in Figure 48 in the Appendix D, it

Pm(SN)
ij
As it will be clear in Section 7.3, this value is much higher than the possible sensitivity of

would be needed a T's g = 107!8 ¢V or even beyond to have significant changes over

a future SN detection with only vacuum effects (given the large coherence length between
the SN and Earth), then we take PgL(SN) and E?(SN) as 0;; for MSC* from now on.

In order to put bounds on QD effects, we statistically analyze it in two scenarios:
without Earth matter effects in neutrino (antineutrino) propagation, or P{"™™ — p,
(Pt _ B Y in (7.6); and then we check how Earth matter effects would impact our

results.

Figure 29 shows both scenarios of P,. and P.. as a function of quantum decoherence
parameters for neutrinos and antineutrinos, where neutrino hierarchy plays a relevant role
in the considered scenarios. It is possible to see that Earth regeneration could enhance or

decrease the sensitivity of standard physics on QD parameters for very specific energies
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and zenith angles 6,. However, as we will see later, regeneration becomes more relevant for
higher energies, generally at the end of the SN-v simulated spectrum, limiting its impact

on SN flavor conversion.
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Figure 29 — Survival probability for electron neutrinos (left) and antineutrinos (right) as
a function of decoherence parameters for n = 0 (energy independent) and a
10 kpc propagation, without (upper plots) and with (down plots) Earth matter
effects. Solid lines represent MSC® scenario (I's) with '3 = 10727 eV and the
dashed, the neutrino loss (). For the upper plots, quantum decoherence is
taken into account only in vacuum in between SN surface until detection at
Earth, with no regeneration considered. In the down ones, we set the zenith
angle of #, = 180° and F, = 30 MeV.

It is worth mentioning that for the MSC model, asymptotically we expect more
sensitivity on P,.. in NH than IH, since for IH the standard probability is about the
maximal admixture (1/3). In contrast, for P.., both hierarchy scenarios are almost equally
sensitive to a maximal admixture scenario. In the case of v-loss we see the opposite picture
for P,., i.e. IH would be more impacted by an asymptotically null probability, and for P..
NH would be highly affected, with low impact on IH.

As we will see later, the most general scheme of SN-v fluxes at Earth can not be
parameterized with just P,. and P.. for the v-loss scenario, given no conservation of total
flux. Therefore it is needed to work out P,z also for o, 8 = p, 7 (not shown in Figures 29

for simplicity). We clarify it in the next section.
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Figure 30 — v total cross-sections for inverse beta decay (IBD) [55], v.—Ar charge current

interaction (from SNOwGLoBES) [108] and elastic v — e~ interaction [109].

7.2.2 Exploring a future SN-v detection

Since the detection of SN1987A through neutrinos, a galactic SN is expected by

the community as a powerful natural v laboratory, and the next generation of neutrino

detectors promises a precise measurement of a galactic SN, highly increasing our knowledge

of SN-v flavor conversion, with different detector technologies and capabilities. Here, we
show the sensitivity of DUNE, HK, and JUNO on QD. These detectors have the following

properties:

a)

DUNE will be a 40 kt Liquid-Argon TPC in the USA. We consider only the most
promising detection channel v, + Ar — e~ + Kt [110] in our analysis, being sensitive
to electron neutrinos and consequently to most neutronization burst flux®. We set
an energy threshold to Ey, = 4.5 MeV and use the most conservative reconstruction

efficiency reported in [110].

Hyper-Kamiokande will be a water Cherenkov detector in Japan with a fiducial mass
of ~ 374 kt with main detector channel as the inverse beta decay (IBD), sensible
to electron antineutrinos: v, + p — et + n. It is also expected hundreds of events
from elastic scattering with electrons, with the advantage of sensitivity to all flavors:
v+e  — v+ e . We consider both channels in our analysis. We set a 60% overall
detector efficiency and Fy, = 3 MeV.

JUNO will be a liquid scintillator detector with a fiducial mass of 17 kt situated in
China [17]. Despite the interesting multi-channel detection technology reported by
the collaboration, we take into account only IBD events. We set an overall efficiency
of 50% and Ey, = 3 MeV in our analysis.

5

Actually, it depends on the neutrino mass hierarchy, once for MSW-NH the v, flux is highly suppressed.
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In order to compare the examined scenarios, we will consider only the energy

information, calculating the number of events in the j-th energy bin as

29, y
f it f 4B, () L dE i Ry(Eaet, E)o(Ey) | (7.9)

where n§ is the number of targets for each detector d, with ¢ accounting for each specific
channel, ¢, is the neutrino flux, n(F,) is the efficiency that can eventually depend on v
energy, o is the neutrino cross-section (with each channel shown in Figure 30), R, is the
detector resolution, as a function of the true (F,) and detected (FEq4e) particle energies.
We analyze the v energy from the threshold of each detector up to 60 MeV. The v mixing

is encoded in the flux ¢,,, that can be parameterized as (4.13), that we recall here:

gbve = QSgePee_’—gng(]-_Pee)
Cbﬂe = gepee_{'qng(l_Pee)
¢l/q; = ¢Se(1 - Pee) + ¢81(2 + Pee + pee) + ¢ge(1 - Pee)

for the standard MSW (widely found in literature, see Chapter 4 or [111, 39] for a review),
where ¢? , refers to initial SN neutrino fluxes and non-standard QD effects are hidden
in P, and P,... In the case of modern simulations, the fluxes are given by a specific

parameterization proposed in [112]:

0 (t,E,) = l E, ]a(t) o~ [a®+11E, (B () (7.10)
(B ’

where (E,)(t) is the neutrino mean energy and «(t) is denoted as a pinching parameter

and enables the distribution to fit better the high-energy tail of the distribution than a

conventional Fermi-Dirac spectrum [39]. Both parameters change with the time evolution

of the SN. Note that one should not confuse the pinching o with the index used in flavor

probabilities in previous equations. This pinching parameter is given by [112, 39]:

(ED() 2+ a(t)
B2~ 1+alt)”’ (7.11)

where (E,)(t) and (E?)(t) are outputs of used simulations. Although the time dependency

of simulated parameters, in our analysis, we use only the time-integrated flux for simplicity,
i.e. we do not bin the spectrum of events in time as shown in equation (7.9). Note that
in contrast to Chapter 5, we propose a different flux to this analysis, and it is justified
by our purpose in this chapter: we are based on SN simulations, and the flux in (7.10)
reproduce better neutrinos from simulated SN explosions as well as represents a more
general parameterization as discussed in [39]. In Figure 31 it is shown the initial fluxes

Oza (before flavor conversion) as a function of energy and time.

Using the fluxes described above as well as equation (7.9) the expected number

of events for the three detectors are calculated in the energy spectrum of simulated
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Figure 31 — Initial time-energy dependent flux for the simulation of the SN with 27 Mg
progenitor for v, (left), v, (middle), and v, (right), considering only the
neutronization burst phase. Level curves correspond to values that appear in
the color bars.

progenitors (11.2 Mg and 27 Mg) for both hierarchies and are compared to MSC¢ model,
and are reported in Figure 32. The results translate what is shown in Figure 29, weighted
by detector capabilities. Expected changes in the spectrum look more prominent when
NH is assumed as a standard solution for DUNE, with an increase of v, events for both
hierarchies. On the other hand, for HK and JUNO the MSC¢ effect results in a decrease of
events in IH and an increase in NH and it is not so clear which hierarchy would be more
sensible to the MSCe effect since the number of QD parameters for each one is different
for both P,, and P... For instance, for PN fixing I's, an increase in I'y is weighted by

the factor 1/3 in the exponential terms, while PIH is more sensible to I's, since the same

change is multiplied by a factor 1, but it is also independent of I';.

Note that eq. (4.13) is valid for a conserved total flux, which does not remain in the

v-loss scenario. To get around this issue we propose a more generalized form of (4.13)

Gv. = Oy, Pee + &), (Puc + Pre)
G5 = 69, Pec + 60, (P + Pre)
¢, =& (Pey + Per) + ¢ (Pup + Pur + Prr + Prp) (7.12)
¢Iﬁm —¢0 (_eu+PeT)+¢O (_MM+PMT+PTT+PTM)
d)uz = gbz/aC + ¢ﬁz
where each probability can be factorized as described in (7.6). For the ones where o = i, 7
since these flavors are generated in a superposition of mass states in matter, the v, — v,

mixing should be taken into account, where P7SN and PN would correspond to the

proper square module of elements from U,,; mixing matrix®. In Figure 33 we show each

6 In the u — 7 sector, such probability is associated to .3 mixing, being a sub-matrix of Uz in the

conventional PMNS decomposition. We also assume in this formula that any oscillation term is averaged
out.
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Figure 32 — Our calculated spectrum of events for DUNE, HK and JUNO for NH (solid
lines) and IH (dashed), with n = 0 for a 10 kpc SN with 11.2 Mg and 27 Mg
progenitor mass simulations. Each column concerns a detector, while the rows
are related to progenitor masses. The size of bins is at least twice the resolution
at the specific energy and given a minimum threshold in the number of events
per bin established in our analysis. The bands are to respect the 40% of the
uncertainty of the flux over standard NH and IH, with details in the text. For
the QD parameters, we used the values I's = 10727 ¢V and I's = 4.

probability P,z for a 10 kpc SN for the v-loss scenario. In Figure 34 we show the expected

spectrum of events for the v-loss model.
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Figure 33 — Probabilities with the impact of v-loss with n = 0 considering a 10 kpc SN
for NH (left) and IH (right).
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Figure 34 — Spectrum of events for DUNE, HK and JUNO for NH (solid lines) and TH
(dashed) compared to v-loss model, with n = 0 for a 10 kpc SN with 11.2 Mg
and 27 Mg progenitor mass simulations. For v-loss we use different bin sizes
in order to achieve the requirement of a minimum number of events per bin

of ~ 5. Given the lack of events in this scenario, we decided to use a single
bin for JUNO.

7.2.3 Role of Earth matter effects

Since a galactic SN detection can be impacted by Earth matter effects, we also
calculate P,. and P,. to each detector given the position of the SN in the sky. However, as
shown in Section 3.3, regeneration would start to be important beyond £, = 50 MeV or

even higher energies, which is close to the end of the expected spectrum for SN neutrinos.

In Figure 35 we see the QD effects (MSC® with n = 0) combined with Earth matter
effects for a specific energy (similarly as shown in Figure 29, but for a wide range of 6,
and the QD parameter). The asymptotic maximal mixing suppresses regeneration effects
beyond I's ~ 10727 eV for a 10 kpc SN, being a leading effect. Since regeneration is a
second-order effect, we impose bounds on QD in the next section without considering

Earth matter effects, and by the end of Section 7.3.2, we show its impact on results.

7.3 Future limits on quantum decoherence

In order to impose bounds on QD using simulated data, we perform a binned y?

through pull method [113] over QD parameters for MSC and v-loss scenarios:

m (N‘prue o (1 4 a)Nph)Z a2
=) T (7.13)
d J,d a

J=1
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Figure 35 — P., in IH (left) and P., in NH (right) under Earth matter effects as a function
of QD parameter for E, = 30 MeV, considering a SN 10 kpc away from Earth
and n = 0. It is possible to see that QD suppresses regeneration effects for
Iy = 10727 ¢V, where I'; = 10732 €V was set. The white line on the color bar
represents maximal mixing.

rue

where m indicates the number of energy bins, d represents each detector, N ;}d represents
events predicted by the MSW solution, and N ;121 accounts the theoretical number of events
of the marginalized model in our analysis, i.e. MSW + quantum decoherence respectively
and the second term on the right-hand side takes our estimation in the flux uncertainties
of 40% into account [2].

We can note in Figure 33 that since all probabilities vanish for high values of 7,
N — 0 for v-loss. However in order to avoid a bias in our analysis, we marginalize over ~
only in a range where the requirement of at least ~ 5 events per bin is achieved (we use
the same rule for MSC). We also take the size of the bins to be twice the detector energy
resolution. Using these requirements, JUNO allows a single bin for v-loss, being a counting
experiment for this analysis. The bins scheme for DUNE and HK are also changed for
v-loss compared to MSC in order to match the established minimum number of events per

bin in the tested range of 7.

Before imposing limits on MSC and v-loss with eq. (7.13), we can treat P.. and P.. as
free parameters, which is a reasonable approximation to an adiabatic propagation at the SN,
since these probabilities are energy independent (see Section 5.2 or [53] for a more detailed
discussion in the context of SN1987A), we perform a marginalization with x?(P.., }366) in
eq. (7.13) to understand how far asymptotically QD scenarios are from the standard v
mixing and also see how sensible a combined measurement (DUNE+HK+JUNO) could
be, using uniquely the neutronization burst. Figure 36 shows how a 10 kpc SN can
impose limits to P.. and P.., with NH and IH concerning the true MSW model. The

black dot represents maximal mixing or the asymptotic limit of MSC, which is closer to
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Figure 36 — Limits on P,, and P,, for the 27 Mg, (solid) and 11.2 M (dashed) progenitor
stars from simulations, considering only the neutronization burst. No quantum
decoherence effects are taken into account in this Figure. The distance from
Earth considered was 10 kpc. The probability is assumed to be a free parameter
as recently proposed in [53]. The assumption of a standard adiabatic MSW
conversion at the SN is taken into account (as all along the manuscript),
getting rid of the energy dependency on P.. and P,.. The black dot is the
maximal mixing scenario (1/3). Note that the 11.2 M line for IH matches to
the 27 Mg, showing that the sensitivity for simulated progenitors tested is
similar.

the TH solution (given by the corresponding best-fit value) than NH for P,., but in an
intermediary point of hierarchies with respect to P... In the v-loss scenario it is not so
clear from Figure 36 which hierarchy would lead to stronger constraints, given the presence

of other probabilities, such as the ones in Figure 33.

Using eq. (7.13) and the procedures described in Sections 7.1 and 7.2, we treat QD
parameters as free and perform a x? analysis in order to impose statistical bounds in this
effect using a future SN detection. Since nowadays the neutrino mass hierarchy is not

established, we include both scenarios in our analysis.

We test both MSW-NH versus the marginalized MSW-NH + QD and also the
MSW-IH versus the marginalized MSW-IH + QD in order to understand how restrictive
future detectors will be. The results will show that if QD plays any role in SN neutrinos,
both possible v hierarchies could be affected.

7.3.1 MSCf

For the MSCf model, we calculate the /Ax2 bounds over the parameter I', where
Ax? = x* — x2., (since we are not including statistical and systematic uncertainties when

producing the “true” data, we always have x2,, = 0). The results for the 3 experiments
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are summarized in Figure 37, where the true scenario is NH and we marginalize over
NH+QD. Note that bounds reach different significant limits for each SN distance, with

lower distances being more restrictive.
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Figure 37 — Limits on I' for various SN distances from Earth for DUNE (left), HK (middle),
and JUNO (right) for the 40 Mg progenitor star simulation. The true scenario
taken into account was NH, and we marginalize the parameters over the
theoretical NH+QD (MSC¥f). No Earth matter effect was considered. Each
row means a different value of n in the parameterization T' = T'o(E/Ey)".

Since the traveled distance is a fixed feature, the only aspect that the SN distance
from Earth contributes is the number of events detected. Following Figure 37, the best
performance in NH is for DUNE, with possible 3¢ limits for a 10 kpc SN away from Earth
of:

6.2x107" eV (n=0)
[p<< 52x107"eV  (n=2) (7.14)
14x 1078 eV (n =5/2)

For a SN at a distance of 1 kpc, limits of O(107'¢) eV can be reached. HK has also
a good performance and achieves 20 bounds for a 10 kpc SN. JUNO is not capable of
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individually achieving reasonable bounds on QD for SN distances = 1 kpc, but would
also have a strong signal for a galactic SN as close as 1 kpc away from Earth, which
can be attributed to the small fiducial mass compared to HK and a single IBD channel
considered in this work (with a significantly lower cross-section than v.-Ar for energies
above ~ 15 MeV). Other channels, such as v-p elastic scattering could possibly improve
the results, but given the detection challenges associated, it was decided to not include

them here.

The same analysis was also performed using IH as the true theory and marginalizing
over IH4+QD. The results are shown in Figure 38. The best performance is clearly for HK
with 20 bound of:

3.6 x 1071 eV (n=0)
Iy<< 80x1071eV  (n=2) (7.15)
24x107B eV (n=15/2)
for a 10 kpc SN from Earth. DUNE is not capable to impose strong bounds in an TH

scenario. JUNO performance is improved for distances < 1 kpc compared to NH. Results

are summarized in Table 2 in Appendix E.

A 20 kpc SN could not impose strong bounds for individual experiments. Distances
as far as 50 kpc (as Large Magellanic Cloud) were not investigated in this work, given
the lack of events per bin, in which a more refined unbinned statistical analysis would be

required, which is not strongly motivated by the fact that expected limits are below 20.

The bounds and sensitivity of each detector in a given hierarchy shown above could
be associated with the sensitivity to P.. and P.. shown in Figure 36. In NH (left plot),
limits over P.. are more restrictive than P.. with respect to maximal mixing represented
by the black dot. For IH (right plot), we have an opposite sensitivity, since P,. ~ 1/3, while
for P.. there is a gap between the best fit and 1/3 probability, allowing limits with certain
significance to be imposed. Since DUNE is most sensitive to v,, via v.-Ar interaction,
it will be more sensitive to P.. and then more relevant in the NH scenario. As for HK
and JUNO, they are more sensitive to 7, and therefore to P,., which reflects a better
performance in the IH scenario. In our calculations, the elastic scattering considered in

HK does not contribute much to the total x2.

7.3.2 MSC*

The same procedure described in the section above was performed on the MSC*¢
model, with bounds over the parameter I's (and free I';). Results are summarized in
Figure 39 for NH vs NH+QD. SN distance also plays an important role in this scenario
and results and their aspects are similar to MSCf described in the last section. DUNE
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Figure 38 — Same as Figure 37 but with IH as the true theory, marginalized over the
parameters of the IH+QD model.

has the best performance for the tested SN distances and even for a 10 kpc SN, bounds
with 30 could be achieved for n = 0,2 and 5/2. Despite the stronger effects caused by
MSC for larger distances, the number of events decrease with L?, and stronger limits can
be imposed for a SN happening at shorter distances, reflecting that the larger number of

neutrinos arriving at the detector is a crucial aspect.

From Figure 39, taking the result of a 10 kpc SN (27 M), DUNE would potentially
impose I's < 4.2 x 1072 eV for 20 and I's < 1.7 x 10727 eV for 30 with n = 0, whereas
the HK bound is I's < 4.2 x 10727 eV for 20. Looking at limits from various works
(80, 90, 91, 92, 93, 94, 88, 95, 98, 89, 99, 96], to the best knowledge of the author, this is
an unprecedented level of sensitivity for testing quantum decoherence, orders of magnitude
more restrictive than any other work in the subject. Figure 40 shows bounds from works

with different sources and place the limits from this work for both hierarchy scenarios.

Note that for n = 2 and 5/2 the bounds are over I'gg in I's = T'os(F/Ep)"™. For a 10
kpc SN (27Mg), DUNE 30 bounds reach:
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Figure 39 — Same as 37 but for MSC® with simulations of the 27 Mg (solid) and 11.2 Mg,
(dashed) progenitor masses. The bounds are orders of magnitude more restric-
tive than for MSCY.

Ty < 70x1078 eV (n=2) ' (7.16)
6.2x1072 eV (n=5/2)

HK is able to achieve 20 bounds as restrictive as Ips < 2.7 x 1072 eV and Tpg <

1.2 x 1072 eV for n = 2 and 5/2 respectively. All mentioned results are summarized in
Table 3 in the Appendix E.

We also performed a combined fit for the three detectors using the same v hierarchy

scheme shown in Figure 41, where a 3¢ limit for a 10 kpc SN would reach:

6.2x 1072 eV (n=0
Ts<{ 12x10%¥eV  (n=2) . (7.17)
0.72x 1072 eV (n=5/2)

Even a 40 of maximal mixing is possible to be achieved for all values of n, but such

)

significance is achieved only by the 27 Mg simulated progenitor. Although a combined
analysis reaches high significance, it should be taken with a grain of salt, since it is not

possible to be sure that experiments would be simultaneously in operation.
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Figure 40 — Current bounds on quantum decoherence for a number of works from many
neutrino sources and also the SN limits presented here (n = 0). Arrows with
longer horizontal bases correspond to current experimental bounds, whereas
minor bases are to respect to possible future limits. Numbers in the arrows
indicate the reference in which the limits were obtained. Thin arrows indicate
bounds equivalent to MSCf, while thick-filled ones are the MSC¢. White-filled
thick arrows correspond to r-loss bounds. Supernova limits described in this
work are in red, and are to respect to a distance of 10 kpc from Earth unless
distance is indicated, with more restrictive bounds being possible for closer

SNs.

Using the same procedure as done in NH, we make the analysis assuming IH as the
true mixing and marginalizing over IH+QD. The results are shown in Figure 42. HK has
the strongest bounds on this scenario but does not reach 3¢ for a 10 kpc SN, even though

the potential limits for 20 are:

1.3x107% eV (n=0)
Fis<${ 14x107% eV (n=2) . (7.18)
49x107% eV (n=5/2)

DUNE has a very poor performance in this scenario for any distance = 1 kpc. JUNO

sensitivity is similar to NH marginalization discussed above. In a combined fit in IH, shown
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in Figure 43, the following 3¢ limits can be obtained:

54x 1072 eV (n=0)
Ios £ < 3.5 x10727 eV (n=2) (7.19)
33x107% eV (n=5/2)
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Figure 41 — Combined fit for the true MSW-NH marginalizing over MSW-NH with QD
(MSC¥) effects.
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Figure 42 — Same as Figure 39 but for IH versus IH + QD.

To check the impact of regeneration on the above results, we calculated the bounds

of a combined detection of DUNE, HK, and JUNO including this effect. We test different
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Figure 43 — Same as Figure 41 but now accounting the IH scenario.

0., the zenith with respect to DUNE, with the assumption that the SN flux comes from
DUNE longitude. The results are in Figure 44. We can note in the left plot that the
impact of the Earth matter effect is small but enhances QD bounds for a 10 kpc detection
and limits could be stressed beyond 40. The right plot shows the situation where the
IH scenario is assumed to be true and NH+QD is marginalized. We will discuss such a

scenario in Section 7.4, but we also see that regeneration will not change significantly the

results.
NH vs NH+QD IH vs NH+QD
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Figure 44 — Limits on MSC¢ with the impact of Earth matter effects for a SN 10 kpc from
Earth and the 27 Mg simulation for different zenith angles 6, (n = 0). The
limits correspond to a combined detection of DUNE, HK, and JUNO, but 6,
is to respect to DUNE, with SN beam in the direction of DUNE longitude.
The 6, = 320° means that regeneration effects at HK and JUNO are expected,
even if the SN beam does not cross Earth to reach DUNE.

7.3.3 Neutrino loss

Since in v-loss the spectrum of events decreases asymptotically to zero, the bounds on
this scenario are expected to be as significant or even more than MSC for all experiments.
Since the calculated number of events for NH is low (mainly for DUNE and JUNO) and
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v-loss would decrease it, not fulfilling our requirement of = 5 events per bin, we perform
here only the TH (true) versus IH+QD. Figure 45 shows the 1/Ax?2 for each individual
detector. We see that high values of v are strongly bounded, even for JUNO. For a SN from
10 kpc away from Earth, DUNE, HK and JUNO are capable of imposing v < 5.2 x 10728 eV,
7 <49 x 1072 eV and v < 5.9 x 1072 &V respectively with 30 of significance (n = 0).
Note that beyond 10 kpc the number of events per bin would be significantly small for a

v-loss scenario and we do not consider it in this analysis.

HK is capable to achieve the best (30) bounds with vy < 2.1 x 107% ¢V and
70 < 1.2 x 10722 eV for n = 2 and 5/2 respectively, with a 10 kpc SN. Although not shown
in the plots, it is worth mentioning that HK would impose bounds on v even for NH, given
the high statistics associated with this experiment, being the most sensitive one for the

v-loss model. We detail the bounds and all mentioned results here in Table 4.
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Figure 45 — Limits on v for various SN distances from Earth for all detectors in the v-loss
scenario with true IH marginalized over the parameters of the IH4+QD model.
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7.4 Neutrino mass hierarchy measurement

In a future supernova detection, the neutronization burst arises as a robust test of
neutrino mass hierarchy, with v-Ar in DUNE capable to determine the correct scenario
with relatively high confidence. However, although the possible strong bounds are to be
imposed on quantum decoherence, if QD plays a significant role in v mixing, the TH could
be mimicked by a NH with the impact of QD (particularly, in the MSC models). A similar
analysis was performed in the context of v-decay in [2]. Therefore, the question that arises
is how much NH and IH are distinguishable if we compare both hierarchies superposing
the standard NH to QD. Figure 46 shows the statistical bounds of the scenario where
IH is taken as the true theory and NH+QD is marginalized in a combined detection for
n = 0,2,5/2. The results show that the significance of hierarchy determination significantly
weakens for the tested SN distances and even a combined detection could not disentangle

the hierarchies if MSC plays an important role.
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Figure 46 — Statistically comparing the inverted hierarchy (IH) to normal hierarchy (NH)
with the impact of quantum decoherence for a combined detection using the
11.2 Mg, (dashed) and 27 Mg, (solid) simulations. No regeneration effects were
taken into account.

To check this statement we can compare the values of y/Ax? for I's — 0 and I's — o0
in Figure 46. We can assume that 4/Ax2|r,_¢ corresponds to the distinguishability of
hierarchies in a standard scenario since I'g is small enough to neglect QD effects. The plateau
in the limit of v/Ax2|rs—u shows how NH+QD would differ from IH in a future combined
detection, in which has lower values of \/Ax2, resulting in a less significant hierarchy
discrimination. Taking as a reference a SN distance of 10 kpc for the 27 Mg, simulation,
with a combined detection of DUNE, HK and JUNO, we have a v/Ax2|r, 0 = 6.89 going to
VAX2|rs—x = 3.13. For an individual detection with the same SN distance, DUNE would
change from v/Ax2|r, o = 5.70, which is statistically significant to determine the hierarchy,
to a mere \/Ax2|r,o = 0.37. HK also could be affect with a /Ax?|r,0 = 3.36 going
to v/AXZ|rye = 2.65. JUNO can not distinguish the neutrino hierarchies significantly
at 10 kpc. It is important to mention that for 1 kpc and 5 kpc DUNE could be highly
affected by this hierarchy misidentification, but HK still would provide a distinction of
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= 5o even with QD effects. For SN distances > 5 kpc, the neutrino hierarchies would be
hardly disentangled by the tested experiments if QD effects are significant. As far as we

tested, the v-loss model did not lead to the same potential hierarchy misidentification

found in the MSC.
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Conclusions

In this thesis, we explored some prospects in supernova-neutrino mixing. It was
shown that SN1987A provided an empiric and important starting point in our limited
understanding of supernova neutrino emission. After more than 30 years of this astronomical
event, many works are still based on its data. We showed that even with an analysis
with low statistics, some information concerning the neutrino emission model could be
extracted with proper statistical tools in Chapter 5, resulting in the publication [52] and
the instructive animations are found here. Beyond that, neutrino mixing is also bounded
by this data, and we see that the IH scenario is unfavorable, which resulted in the paper
[53]. However, this limit should be taken carefully given the low statistics associated with
our analysis, and future accelerator experiments or SN detection will address this question
in the next decades. We also provided a detailed repository with the complete analysis

found here.

The issue of pure quantum states spontaneously becoming mixed given exotic physics,
or more specifically, quantum gravity, was also a topic investigated in this thesis, and in
the author’s opinion, where the main findings of this thesis were achieved. It was shown
that even an incoherent state could be affected by quantum decoherence (QD) through

relaxation.

We also have explored the capability of a future SN neutrino detection in imposing
limits in quantum decoherence scenarios. We limit ourselves to scenarios where the
decoherence matrix D, is diagonal in the neutrino vacuum mass basis. Among the
possible models to be investigated, we consider the ones we denoted as Mass State
Coupling (MSC), leading to maximal mixing of states, and the neutrino loss (v-loss),
associated with the loss of neutrino flux along propagation. We also explored a possible
dependency of quantum decoherence parameters with energy in the form of v = ~vo(E/Ep)™.
Therefore, we explore the limits on the decoherence parameters for different n values. The
analysis considered DUNE, HK, and JUNO as possible detectors. For the neutrino flux
data, three progenitor stars were considered: a 40 Mg (LS180-s40.0), 27 Mg (LS220s27.0c)
and 11.2 Mg (LS220s11.2c), using the SN simulation data from the Garching group
[40, 41, 39]. Only the neutronization burst was considered to get around the unsolved

problem of collective effects since they are expected not to play a significant role in this


https://github.com/santosmv/Animations-visualizing-SN1987A-data-analysis
https://github.com/GEFAN-Unicamp/SN1987A-2023analysis
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emission phase.

When considering the neutrino propagation inside the supernova, the relaxation
effect could affect the neutrino flavor conversion, even with the assumption of no exchange
of neutrino energy to the environment, or [H,V,] = 0 (MSCf). We show that in this regime,
it is possible to get competitive limits to QD parameters. However, the required values for
the decoherence parameters need to be much larger than the ones in the scenario where
[H,V,] # 0 (MSC*) (see Appendix D), which would provide the most restrictive bounds on
QD to date. For MSC¢, we only consider the relaxation acting on neutrino propagation in
the vacuum from the SN up to the detectors at Earth, for which the propagation length is
orders of magnitude larger than the SN size and, therefore, more sensible to the relaxation
effects. We also explore the possible effects of Earth regeneration due to the neutrino
propagation inside the Earth, which has minor effects on the bounds for the relaxation

parameters, being the vacuum propagation the most relevant coherence length.

With all considerations, we show that the detectors used in the analysis are capable
of imposing the limits listed in Tables 2 and 3 for the MSC scenario, depending on the
distance being considered and the neutrino mass hierarchy. For the NH, the DUNE detector
is the most promising, while HK is the most sensible in the case of IH. The possible limits
on the decoherence parameters are orders of magnitude stronger than the ones imposed by
current terrestrial and solar experiments, as shown in Figure 40. For the v-loss scenario,
the limits are shown in Table 4. Finally, we explored the possible degeneracy between the
standard scenarios of unknown mass hierarchy (NH and IH) without and with QD effects.
As we saw, the TH scenario could be easily mimicked by NH combined with QD-MSC

effects.

The findings associated with quantum decoherence resulted in the paper [103]. After
an invitation, some of our results were also implemented in the Python module SNEWPY,,
developed by SNEWS collaboration.


https://github.com/SNEWS2/snewpy
https://snews.bnl.gov/
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Appendix A

Derivation of GKSL equation

We derive here the equation of motion for open quantum systems, the already
mentioned GKSL equation. Most of the general ideas of this detailed derivation are in
[82]. The consistent equation of motion in an open quantum system formalism has the
fundamental assumption of no correlations between neutrino subsystem S and environment

FE in the initial time, then
p=ps® pe. (A.1)

Thus, the Hilbert space of the combined system is Hg,r = Hs ® Hg and the total

Hamiltonian
H(t)ZHs®]lE+]15®HE+H[(t), (A2)

where the H(t) is the Hamiltonian that describes the interaction neutrino-environment.
The reduced density matrix of the neutrino could be obtained by tracing over the environ-

ment
ps(t) = Trp[p(t)] = Tre[U(t)ps @ ppU'(1)] (A.3)
with to = 0.

Considering the time evolution of pg(t), we are interested in the transformation from

a density matrix into a density matrix by the action of some operator, such as

ps(t) = Meps (A.4)

that could be considered a snapshot of a particular time ¢, justifying the lower index
(note that in the main text, we defined this operator as A(t) in (6.1) to simplify the ideas
to the reader). In order to get consistent properties of pg, A; should have hermiticity,
trace-preserving, and complete positivity, and is characterized as a dynamical map [82, 114].
In other words, to establish a general form of A; we can write pp = > w, |[¢s) (Y| in
(A.3)

ps(t) = X Wal U)X 1) Wl 5 ® 0 i) Wl UT D) o) (A.5)

o B o
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= > webse Wl UE) [5) ps (ol UT(2) [0

afo

= > ws (al U() [1h5) ps (s| UT (1) [tha)
aB

where we used the definition of partial trace and completeness on the F basis. This leads

to a definition of

Was(t) = > /s (el U(L) [t05) (A.6)
aB

in which

ps(t) = D, Was(t)psWis(t) (A7)
of

and

D WisO)Was(t) = > ws (W UT(2) [$a) al U(E) 195
af afB

= M ws Wl UT(0)U(t) [g) = L,
B

which is a significant result, because

Trg[Aips] = Trg [Z Waﬁ(t)Pszﬁ(ﬂ] = Trg [Z Wig(t)Wa,B(t)Ps] = Trg [ps] = 1,
af afB
(A.8)
once the trace one was preserved.

Our solution concern a fixed time, then one needs a family {A;,¢ > 0}, that generates
a quantum dynamical semigroup’, with Ay being the identity and the semigroup property

is given by [82]

AtAu = At+u7 S, u = 0. (Ag)

Once memory effects are not considered, it is possible to approximate the Markovian

evolution. Considering a linear map £ to be the generator of the semigroup, with dynamics

dps(t)
dt

and solution pg(t) = pseXt, which enables to write the dynamical map as A, = e

= Lps(t) (A.10)

Lt

It is possible to find the most general form of £ introducing an operator in the Liouville
space F; (see details of quantum mechanics in Liouville space in [84]), with i = 1,2, ..., N?
for a correspondent finite Hilbert space with dim Hg = N. An orthonormal basis {B;}
in this space satisfies orthogonality (B;, B;) = 0;; and completeness A = . B;(B;, A)

conditions, where (A, B) means scalar product. So

L The inverse of the dynamical maps are not completely positive, thus they do not form a group.
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and there is a conventional choice of an element to be proportional to the identity operator

Fye — \/%115 , (A.12)

that allow us to use traceless operators in the basis Trg F; = 0, i = 1,2,...,N? — 1.

Therefore, considering the completeness relation for the Liouville space with the operator
defined in (A.6)

N2
Was(t) = 3 Fi(Fy, Was(1)) (A.13)
i=1
and
N2
Was(t) = D (F, Was(t)'F] (A.14)
j=1
enabling to rewrite equation (A.7) as
N2 N2
ps(t) = Mups = D > (B, Wag(t)ps ) (Fy, Was(t)'F] (A.15)
aB i=1 j=1
or in a more compact way:
N2
ps(t) = > (D) FipsF] (A.16)
ij=1

where ¢;;(t) = (F;, Was(t))(F;, Wap(t))T is a coefficient (matrix) positive and Hermitian.

Considering equation (A.10) to be written as the definition of derivative:

Lps(t) = lim lAtpS_pS] (A.17)

and applying (A.16) in (A.17), we have

(A.18)

2
iy ci(t) Fips F) — pS]
n )

Lps(t) = lim [

The sum in (A.18) can be rewritten splitting the contributions of the identity element

for the ¢ and j indices
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N2 N2-1
Z Cij(t)FipSFj = CN2N2(t)FN2pSF;{,2 + Z CiNQ(t)FZ-pSF];,Q
i,j=1 i=1
N2-1 N2-1
+ Z enzj( FszSF + Z cij(t FpSFT
2,7=1

that can be simplified using (A.12):

M 1 1 NSt
Cij (’f)FiﬂsF'T = —cnene(t)ps + —= cin2 () Fips
N2-1 N2-1
CN2 pSF + C’L] F)OSF
f 2 1321

Replacing this result in (A.18) gives

1 CN2N2(t>pS—NpS 1
N t W
Nz

Lps(t) = % ]
(A.19)

N2-1

1 chj(t)pSF
_’_7
VN Z t

j=1

that can be rewritten as

(A.20)

where

ana(t) = %l_I}% CiNZ (t)
(A.21)

. cn24(t
aN2j(t)—g%NZ()

a;;(t) = lim c”(t).

t—0 t

Another usual simplification with this formalism is introducing the quantity

1 N2-1
— > apF, (A.22)
N =1
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1 N2-1
Lps(t) = NCLNQN?(t)/OS + Fps + psFT + 2 aij(t)Fipsf}T. (A.23)

i,j=1

Summing and subtracting F'pg and psF will change (A.23) to

1 1 1
,Cpg(t) = { lNaNQNQ(t) + F+ FT] ps + ps lNaN2N2(t) + F+ FT]
(A.24)

N2-1

+ (F = F") ps + ps (F' = F) } + D) ay(t)FypsE]

1,j=1

where some terms were splitted into two parts (i.e Fpg = %F ps + %F ps). It is possible to

introduce other two quantities in order to simplify (A.24)

1
A= ﬁaszz(t) +F+Ft
H=—(F—F"
2
leading to
N2-1
Lps(t) = Aps + psA —iHpg +ipsH + Z az’j(t)FiPSF}T
ij=1
= {A7 pS} - Z[H, pS] + Z al](t)F’Zpst
ij=1

Once it is expected that the trace is not changing in time, or in other words, the

time evolution of the density operator is trace-preserving, therefore

Trs[Lps(t)] = 0
which leads to the right-hand side of (A.26) becomes

N2-1
Trs(Aps + psA) —iTrg(Hpg — psH) + Trg [ 2 @ij (t)FipstT] -

ij=1

N2-1
= Trg(Apgs) + Trg(Aps) — i Trs(Hps) — Trs(Hps) + Trg [ Z aij(t)FjTFz',Os] =

i,j=1
N2-1
= QTYS(ApS> + TI'S Z azy(t)F}TEpS] = TI'S {
i,j=1

i,j=1

NZ-1
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TI‘S {

where it was used the cyclic property of traces. This result makes it possible to write

Trs(ps) =0

N2-1 N2-1

3,j=1 4,j=1

1
A=-—= Z a;;(t)F]F; (A.27)
7,j=1
then replacing (A.27) in (A.26)
dps(t) . Ne-1 i 1 t
= —ilH,ps] + Z ai;(t) | FipsF) = S{F]Fi, ps) (A.28)

which is the most general form of evolution equation for pg(t) proposed by Gorini,
Kossakowski and Sudarshan in 1976 [76]. Almost simultaneously, Lindblab proposed
another version of the equation [77], where the a;;(t) could be diagonalized by a unitary
transformation given by an operator u, such that uau’ = diag(vi, ¥2, ..., Ya2—1). Then, the

F; operators could be written in a linear combination

N2-1
Fi= ) wV, (A.29)
p=1
and replaced in (A.28), resulting
dps(t _ Nt 1 1
S = it sl + % (o) (Vs - Whs - pesti%) (30
p=1
" dps(t) NSt 1
p .
S~ ilttpsl + 33 (0 (Vios = 315050 (A3)
p=1
that could be rewritten as
dps(t ,
P50) _ _i[H. p5] + Dips). (A32)

and we can embed the 7,(t) terms in V}, operators to rewrite the dissipation part D(pg) as

2 (Vs ps VT + [Vips, V1) - (A.33)

l\D\»—t
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Appendix B

Parameters from D, in terms of V),

coeflicients for 3 neutrinos

The ~; (diagonal) parameters of D, in terms of v, = 22:1 Up,, of the V), = vy, A,

expansion can be defined as

2 o Vi Vi vg V3
F R R
2 2_Va_ V5 _ V¢ _ V7
LR e
v oovioovE \Bvsvg , V& Vi 3V}
L T e (B.1)
v oovioovi \Bvsvg , Vi Vi 3vi '
L N R
v ovi o ovEi o \Bvyvg v ovE o, 3vE
BT T 2 4 4 7T 4
v v v WBvgvs Vi vE 0 3vE
L e

and f3;; (non-diagonal) terms reads
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3vivy  3vavg  V3vs N V3vsvsg

P12 =v1va B35 = 1 1 1 1
Bl?’ =ViV3 B 73V1V4 3V2V5 V3Vg \/§V6V8
Vive  3vavs  3vivg  V/3vgvs 0Ty 4 4 4
614 - 4 B 4 4 + 4 B _3V1V5 B 3vaovy n V3vy B \/§V7V8
vivs  3vaovy  3vivy  4/3vyvg Ty 4 4 4
s == 1 VR By — — VBT VE v~ vi)
V1Veg 3V2V7 3V3V4 \/§V4V8 8 4
o == 1 4 T g Bas =Vavs
517 :V1V7 _ 3V2V6 _ 3V3V5 I \/§V5V8 - \/§V1V8 V4Ve B 3V5V7
4 4 4 4 Pas = 5 1 1
518 = — \/g (V4V6 + V5V7) _ \/§V2V8 V4V 3V5V6
2 Pur =—5—+— 1
P23 =Vav3 5 _V/3vive _ V3vavy N V3vivy n 3vyvs
3vivsy VoVvy 3v3yvry \/§V7V8 a8 4 4 4 4
Bas = i T4 T4 T 1 B = — V3vavs  3vyvy  V5ve
3V1V4 VoVy 3V3V6 \/§V6V8 56— 2 4 4
Pas = = 4 4 4 + 4 Bsr = — \/§V1V8 B 3v4vg  V5V7
3vivi  veve 3vavs  V3vsvs 2 4 4
P26 = = 4 + 4 4 + 4 . V3vive  V/3Bvave  /3vivs  3vsvg
_3V1V6 Vovry 3V3V4 \/§V4V8 658 B 4 * 4 * 4 + 4
627 - 4 4 4 B 4 567 =VgV7
Bog = — V3 (=Vavy + V5vo) ~VBvive  VBvavs  VBvave | 3vev
2 Bos =—— + VR
B34 = — 3V1ve + 3vavy FLACN V3vavs _\/§V1V5 _ V3vavy B V3vavr  3vrvg
4 4 4 4 Prs =— 1 R

(B.2)

Note that 3;; = f;i, since D,,, is a symmetric matrix.
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Appendix C

Results from a non-diagonal model of

In order to check how non-diagonal terms affect the conversion probabilities of mass

basis we propose a simplified model with two parameters I' and [35:

000 O 00O0O0 0
Ooro 0 00O0TO0 0
00L 0 00O0TO0 0
000 T 000 0 —fss
Dyw=—-]000 0 T 000 0 (C.1)
000 O 0L OO0 O
000 O O0O0OTO0 0
000 0 00O0T 0
000 —f 0000 T

The probabilities resulting from such a dissipation matrix are:
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Figure 47 — Probabilities for the mass state basis with the model of D,,, in eq. (C.1). We
set B3 = 10733 eV for a 10 MeV energy and n = 0 for the parameters used.
Other probabilities in eq.(C.2) have very similar behaviour as shown here.
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6

(2€Ft — \/3ePsst _ ofast _ o—Bast 4 \/36_63875) e~ Tt

6

(26T — Pt 4 (/3efast — \/3e~Past — g~ Past) T

(ert 4 ePsst 6—53815)

6

e—Ft

3

and P;; and P;3 are shown in Figure 47. We see that the behaviour of probabilities in a

non-diagonal form of the dissipation matrix is very similar to diagonal versions, with an

asymptotic maximal mixing.
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Appendix D

Decoherence inside the SN and matter

effects

The neutrino Hamiltonian in flavor basis affected by the charged current potential

Viv, L.e. Hy = Hj* + Vi, can be diagonalized to H,, by a unitary transformation provided
by U,, as

p; = UpnpmUT Hy =U,H,U;, (D.1)

getting the most general form of (6.2) in the effective neutrino mass basis in matter

N2-1

= —i[Hp, pm] — [U;UmvprrL] + Z (VomPmVom — { m7pWL}) (D.2)

p

@pm
dt

or following the notation in (6.9)

|om) = —2L (L) | pm) (D.3)
For all purposes of this work, the propagation is adiabatic, or Uy, =0in (D.2).

We are interested in solving equation (D.3) in a variable matter density in order to
75N and P BN Tt is straightforward to obtain |p) in (6.9) ,

but in the case of |pm), Vom and H,, are t1me—dependent and the solution is a time-ordered

get transition probabilities P

exponential:

t ’ ’ t
7—{672St0dtcm(t)} — 1+ (- )J dt1 L, ( J dtlf dta Lo (t1) Lon(ta2) +

to

(D.4)

Analytical solutions for specific cases in a variable matter density can be found in
[115, 89]. However, instead of using a cumbersome approximated approach, we analyze the

neutrino evolution into the SN making the limits in the integrals in (D.4) At = t,—t,,_1 — 0,



Appendix D. Decoherence inside the SN and matter effects 121

allowing to solve (D.4) numerically through slab approach, i.e. we divided the SN matter
density profile into small parts, in which the neutrino Hamiltonian is approximately
constant, then we make the time evolution from each step to another until the neutrino
reach the vacuum. We use the simulated density profile in Figure 15 to perform this

calculation.

~——

0.8F

m
P(r)os
04}
0.2F T=10"1¢eV
— I'=10"18¢V
— I'=10"1 eV

04 106

108

r (km)

Figure 48 — Solution for a survival probability of v3 along a SN radius for the MSC¢ (solid
opaque line) and neutrino loss (dashed). The transparent line shows the same
probability but in vacuum. More details about these models are in the text.
As it will be clear in our results, even with enhancement of the conversion in
matter, values of I' ~ 1071 eV are far higher than the sensitivity of a future
SN detection compared to coherence length in vacuum used in the MSC*
model.

N)

In Figure 48 we compare the ng(s to the same probability in mass basis in vacuum,

which is shown as an enhancement of the deviation from the standard expectation of
Piy BN — 1. In Figure 27 we show the numerical probabilities of MSCf for the mass state

in matter solved as described above.
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Appendix E

Quantum decoherence bounds

Table 2 — Constraints for each detector for MSCf scenario with 90% (20) C.L. in units of
[ x 1071 (eV). For n # 0 a representative energy of Fy = 10 MeV was chosen
and QD parameters are in eV scale. Values are corresponding to the simulated
progenitor of 40 M.
NH IH
Detector SN distance | n =0 n=2 n=>5/2 n=>0 n = n=>5/2
DUNE 1 kpc 0.89(1.1) 0.76(0.89) 0.65(0.87) | 0.88(1.0) 2.5(8.8) 3.2(15)
5 kpc 5.4(7.0)  4.4(5.9) 6.3(8.7)
7 kpe 8.3(11)  7.0(9.4)  11(16)
10 kpc 14(20)  12(17) 22(35)
HK 1 kpc 0.96(1.1) 3.7(4.1) 5.0(5.8) 0.93(1.1) 3.9(4.3) 5.3(6.5)
5 kpc 4.3(5.7)  16(21) 33(47) 4.9(6.6) 18(23)  38(49)
7 kpc 7.1(11)  27(38) 53(87) 8.5(13)  28(38)  67(99)
10 kpc 16(51) 65(120) 150(400) | 20(36) 52(80)  140(240)
JUNO 1 kpc 4.2(5.4) 15(19) 30(41) 7.2(8.9) 38(51)  100(180)
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Table 3 — Same as Table 2 but for MSC* scenario with 20(30) C.L. in units of I's x 10728
(eV). The representative energy of Ey = 10 MeV was taken for n # 0 and QD
parameters are in eV scale. Values are corresponding to the simulated progenitor

of 27 M@.
NH IH

Detector SN distance | n =0  n =2 n=>5/2 n=0 n=2 n=>5/2
DUNE 1 kpc 2.1(3.3) 0.43(0.67) 0.24(0.37) | 490(700) 50(180)  33(110)

5 kpc 2.8(5.2) 0.58(1.1)  0.34(0.75)

7 kpe 3.2(7.1) 0.71(1.9)  0.46(1.4)

10 kpe 42(17) 1.1(7.0)  0.80(6.1)
HK 1 kpe 6.8(11) 0.81(1.1) 0.43(0.58) | 9.2(14)  0.68(1.0) 0.36(0.54)

5 kpc 0.6(23) 0.92(1.9) 0.48(1.0) | 10(18)  0.80(1.5) 0.44(0.82)

7 kpe 13 1.2 0.61(2.6) | 11(25)  0.94(2.5) 0.51(1.4)

10 kpc 42 2.7 1.2 13 1.4 4.9
JUNO 1 kpe 51(100) 6.4(13)  4.0(7.8) | 47(89)  5.6(11)  3.5(6.9)

Table 4 — Same as Tables 2 and 3 but for v-loss scenario, with 30 bounds over v x 1072

(eV).
IH
Detector SN distance | n =0 n=2 n=5/2
DUNE 1 kpc 500 4.6 2.1
5 kpc 100 3.3 1.6
7 kpc 74 3.2 1.5
10 kpc 52 3.1 1.5
HK 1 kpc 500 2.6 14
5 kpc 100 2.3 1.2
7 kpc 70 2.2 1.2
10 kpc 49 2.1 1.2
JUNO 1 kpc 500 150 110
5 kpc 100 32 24
7 kpc 78 24 18
10 kpc 59 19 14
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