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Part I

Main Thesis



Abstract

Neutrino physics has changed significantly since the discovery of
flavor oscillations by Super Kamiokande and the Sudbury Neutrino
Observatory. Starting with the work of Pontecovo, the theory of neu-
trino flavor oscillations in quantum mechanics has been established
for some time. However, a consensus for the theory of neutrino flavor
oscillations in quantum field theory has not been reached and is an
active area of research.

We developed a formulation of neutrino flavor oscillations based
on lepton family numbers in quantum field theory. We will start with
a derivation of lepton family number for neutrinos with Majorana
masses. Then, we will derive the lepton family number for neutrinos
with Dirac masses. The main result of those derivations are a Majorana
expectation value from our original work and a Dirac expectation
value that is new for this thesis.

Some important results from of the expectation values are time
dependent oscillations, total lepton number violation or conserva-
tion, and the recovery of the quantum mechanics formulation in the
ultra-relativistic limit. We also compare the Majorana expectation
value and the Dirac expectation value, which is a new comparison
for this thesis. We compare them in two ways, first by studying the
total lepton number and second by comparing the low momentum
phenomenology. For total lepton number, we find the Dirac expecta-
tion value to conserve total lepton number, whereas the Majorana
expectation value violates total lepton number. In the low momentum
phenomenology our formulation has three interesting properties, we
can distinguish the neutrino mass type, differences from the neutrino
mass hierarchy are enhanced, and the Majorana phases can play an
important role to the Majorana Expectation value.

Lastly, we prove our formulation is the same in the Schrodinger and
Heisenberg pictures. We study a non-trivial relationship between the
Fock spaces of the operators, which is not usually considered in high
energy physics. That non-trivial relationship leads to a Bogolyubov
transformation that connects the operators of the Fock spaces. This is
sometimes considered in Thermal field theory and gives an interesting
theoretical background to our model.



Contents

I
1

Main Thesis 3
Introduction to neutrino physics 3
1.1 Brief history of neutrinos . .................. 3
1.1.1 Fermi Theory and Parity . . . .. ... ........ 4
1.1.2 Lepton families and number .. ... ... ... .. 5
1.2 Neutrinos in the Standard Model . . . . . ... .. ... .. 6
1.3 Neutrino flavor oscillations . . . . ... ........... 8
1.3.1 Super-Kamiokande and the Sudbury Neutrino Ob-
SErVAtOTy . . . v v v vt 9

1.3.2 Neutrino flavor oscillations in quantum mechanics 10
1.3.3 Breakdown of the ultrarelativistic approximation 12
1.3.4 Neutrino flavor oscillations in Quantum Field The-

(0] 14

1.4 Open questions and prospects . . . ............. 17
Framework for the lepton number carried by neutrinos 18
2.1 Single flavor Majorana neutrinos . ............. 19
2.2 Lepton number for Majorana neutrinos . ......... 21
2.2.1 Time evolution of the lepton family numbers . . . 26
2.2.2 Comparison to the quantum mechanic formulation 28

2.3 Lepton number for Dirac neutrinos . . ........... 34
2.3.1 Time evolution of Dirac family numbers . . . . . . 39

Comparison of Majorana and Dirac Expectation Values 43

3.1 Total Lepton Number . ... ... ... ... ......... 44
3.2 Phenomenology of the lepton family numbers . ... .. 47
3.3 SuMMAry . . . . .. e e e e e e e e e e e e 52
Lepton number in the Schrodinger picture 53
4.1 Unitarily inequivalent representations . . . ... ... .. 54
4.2 The Bogolyubov transformation ............... 55



Contents N.J.Benoit

4.3 Expectation value in the Schrodinger picture . . . . . .. 58
5 Conclusions 61
A Parameterization of the unitary mixing matrix 65
B Regions of the momentum 68
B.1 The continuity condition . . . ... ... ........... 68
B.2 The momentumregions . ................... 69



Chapter 1

Introduction to neutrino
physics

Neutrinos are one of the most interesting particles in our universe.
They are the only known particle to break from the Standard Model.
This comes from the results of neutrino oscillations experiments, for
example Super Kamiokande [1, 2, 3] and NOvVA [4, 5, 6], requiring
massive neutrinos. Neutrino oscillation phenomenon has grown into
a vast field, originating with the work of Pontecovo and quantum
mechanics [47]. Nowadays, there are numerous experiments that aim
to take precision measurements within the next ten years. Some of
these measurements include:

* Neutrino mass hierarchy,

* Neutrino mass type,

» CP violation in the leptonic sector,

» Absolute mass scale of the neutrinos.

In spite of the numerous precision experiments, the theory of neutrino
oscillations is not fully established.

1.1 Brief history of neutrinos

This is not an exhaustive review, for more details on the history of
neutrinos please see the database at neutrino-history.in2p3.fr and the
references [7, 9, 8].
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In the late 19th century a kind of radioactive decay called 5-decay
was discovered. Today, we know g-decay is the release of an elec-
tron ¢~ from the atomic nucleus; at that time it was understood as
A — B+ 7, where A is the parent and B is the daughter nuclei. The
electron and atomic nucleus are known to have a fixed mass, so studies
of p-decay expected the released electron to be monoenergetic. How-
ever, multiple experiments found the electron energy to be smoothly
distributed [10, 11] that lead to two possible explanations.

1. Energy was only conserved in a statistical sense for atomic pro-
cesses,

2. Or some other, unmeasurable, particle was involved in g-decay
[12].

For the second explanation, an unmeasurable particle would have to
be electrically neutral otherwise it could be measured with the same
techniques as the electron. At that time no electrically neutral particles
were known. In addition, to reproduce the smooth distribution of g-
decay energies it would have to be effectively massless. These concepts
lead Fermi to the name neutrino, which is derived from Italian for
little (effectively massless), neutral one (electrically neutral) [13].

Around the 1930s it was discussed whether neutrinos were unde-
tectable [14]. Nevertheless, in 1946 Pontecorvo proposed a method to
detect neutrinos that is called Inverse -decay [15]. Inverse g-decay is
the interaction between an electron antineutrino and the proton that
produces a neutron and positron, 7; +p — n +e*. Such an experiment
would have to detect the neutron and the positron. Ten years after the
proposal by Pontecorvo, the neutrino was experimentally discovered
by Reines and Cowan using inverse S-decay [16]. The discovery of the
neutrino removed the idea that energy is not exactly conserved for
atomic processes.

1.1.1 Fermi Theory and Parity

The first quantum theory of nuclear g-decays was formulated by Fermi
starting in the year 1934 [17]. He described S-decays as a four fermion
interaction with the rate being suppressed by an overall constant
term G;. At the time, Fermi theory was analogous with the new the-
ory of quantum electrodynamics (QED) and Fermi theory formed the
beginning of neutrino physics.
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Gamow and Teller extended Fermi theory with a parity conserv-
ing axial-vector interaction [18]. Furthermore, Pontecorvo suggested
Fermi theory should also apply to the newly discovered muons [19]
and about this time s-decays started to be generalized into the Weak
Interaction. Perhaps famously, Fermi theory is nonrenormalizable
and is only accurate for energies near the nuclear mass range.

After the experimental discovery of parity violation in the Weak
Interaction [20, 21], the theory for Weak Interactions became more
complicated. The complications arose as the Gamow and Teller model
had to be extended with parity violating interactions that greatly
increased the allowed interaction structures. Many people worked to
remedy those complications, coalescing in the formulation of V' — A
theory [22, 23, 24, 25, 26, 27]. To achieve the V' — A interaction, the
neutrinos are massless left-handed fermions and antineutrinos are
massless right-handed fermions.

1.1.2 Lepton families and number

After Pontecorvo suggested Fermi theory should be applied to both
electrons and muons, the concept of Lepton families started to appear
[28, 29, 30, 31]. It was until 1953 that Konopinski and Mahmoud intro-
duced the more modern notation of lepton number L [32], and today
we use their notation to write the following assignments,

e Ve WV, T VT‘L:—l-l
et T opt w7t V_T‘L:—l

The lepton numbers are then broken down into families denoted by
the charged leptons,

e v, | L.=+1
pwo v, | Ly =+1
77 vy | Ly =+1.

These assignments for lepton number and lepton family number mean
that L is a conserved value in V' — A theory, and forbids the processes
p — e+yand 7, + 3"Cl — 37Ar + e~. The first process of 1 — e + v
breaks lepton family number conservation as the muon is assigned
L, = +1 and electron is assigned L. = +1. So the muon family in
that process is nonzero, implying family violation, similarly for the
electron family. The second process of 7; + %’Cl — 37Ar + e~ breaks
lepton number conservation for the anti-electron neutrino minus the

5
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electron is nonzero (+1) — (—1) = 2. Schwartz used lepton family
number conservation to prove the existence of the muon neutrino in
1962, in an experiment suggested by Pontecorvo [33, 34].

1.2 Neutrinos in the Standard Model

The next big step for neutrino physics occurred in 1961, when Glashow
incorporated the V — A theory with quantum electrodynamics in an
SU(2) x U(1) gauge model [35]. Then Weinberg and Salam included
the Higgs mechanism in the Glashow model to produce the Glashow-
Weinberg-Salam Standard Model (SM) [36, 37]. In the Standard Model,
neutrinos are only involved with the electroweak interactions. They
are left-handed massless fermions described as Weyl fields often de-
noted v, taken from V' — A theory, where o = e, 1, 7 marks the lepton
family or flavor.
The electroweak Lagrangian in the Standard Model is summarized
as,
L,=—iY laBDla +he., (1.1)

which involves left-handed neutrinos in the lepton SU(2) doublet,

lor, = (Z‘jj) . (1.2)

Right-handed neutrinos are not included, the same as V' — A theory. We
can expand the covariant derivative of Eq.(1.1) D = 9, +igA,-I+ig' B, %
into kinetic and interaction sections. The interaction section describes
how neutrinos couple with the weak interaction gauge bosons W and
Z,

[/ —
ES’:? == ; E (VaLryplaLWp + hC) 5 (13)
NC _ _ g _— ,
‘CU,I Z 2COSl9W VoL VaLZp- (14)

«

The charged current (CC) interaction of Eq.(1.3) with the W-Boson
are direct replacements of Fermi theory and V' — A theory. The orig-
inal Fermi constant, Gy, is replaced by the interaction coupling g
divided by the mass of the W-Boson my, resulting in the relation
G = (¢°v2)/(8m%,). The Feynman diagrams for the charged current
interactions are,
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44 W

The neutral current (NC) interaction of Eq.(1.4) with the Z-Boson are
new in the Standard Model. For neutrinos, the Feynman diagram for
the neutral current interaction is,

Similar to the charged current interactions, the Fermi constant can be
derived from a four fermion interaction that exchanges a Z-Boson. The
result is the relation G = (¢>v/2)/(8 cos? ¥yym?%). Practically, the Stan-
dard Model inherits the electrically neutral and massless neutrinos
from the V' — A and Fermi theories.

In 1973, muon neutrinos were measured to have been scattered
off electrons and nucleons by the neutral current interaction at the
Gargamelle experiment [38, 39, 40]. The Gargamelle results helped
to validate the neutral current and Standard Model, cementing the
importance of the neutrino. Another important experiment for neutri-
nos in the Standard Model is a measurement of the effective number
of neutrino flavors via the decay width of the Z-boson. The effective
number of flavors is measured from the invisible decay of the Z-boson,

Finy =Tz — (Fhadron + I+ Fu,u + Fee)- (15)

If we assume only Standard Model particles, then the invisible decay
is written I'y,y = N, I,z where N, is the effective number of flavors.
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The most precise measurement was done by the LEP experiment and
concluded only three flavors of neutrinos exist, section 7.2.2 of [41].

Electric neutrality often poses a problem for experiments, because
the only probe available for neutrinos are the weak interactions, which
have very small cross-sections. For that reason neutrinos are not
experimentally measured unless it is done by a dedicated experiment.
Instead, experiments treat neutrinos as missing energy who’s degrees-
of-freedom (DOF) are integrated over, as was the case for the LEP
experiment. This has lead neutrinos to be the least experimentally
understood fermions in the Standard Model.

1.3 Neutrino flavor oscillations

Even though neutrinos are the least understood fermions, they are
also the only experimentally confirmed particles to be beyond the
Standard Model. This fact came to light starting the in the late 1960s
with the Homestake experiment, which was designed to measure
electron neutrinos from nuclear fusion in the sun [42]. The experiment
was designed to capture the neutrinos with chlorine 3"Cl and transform
into an isotope of argon *7Ar,

Ve +37Cl = 3TAr + e~ (1.6)

Then, after some weeks the argon could be extracted and measured,
which would be directly correlated to the number of neutrino events.
Rather famously, only about a third of the expected argon was mea-
sured [43]. This led to years of research into solar modeling and
repeated experiments at Homestake.

Simultaneously in the 1980s, the Kamiokande experiment was
searching for proton decays predicted by numerous Grand Unified
Theories (GUTs). Proton decay is a signature of GUTs and is physics
beyond the Standard Model following the general form,

pm— et 4+ 7Y, 1.7)

where the neutral pion decays into two photons 7 — 2. How the
positron and pion is produced depend on the details of the exact GUT
model.

To preform a proton decay search, the Kamiokande experiment
had to develop software that could distinguish proton decay from at-
mospheric neutrino interactions of », and v.. Their software was able

8
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to distinguish simple atmospheric neutrino interactions easily and
predictions for the number of events was created; however, when the
software was applied to experimental data the number of v, events
was fewer than predictions [44]. Investigations of the software found
no issues and the neutrino deficit was suggested to be real measure-
ment.

Before the Homestake experiment, in 1958, Pontecorvo suggested
electron neutrinos could oscillate to electron antineutrinos v, = 7,
[45, 46]. Primarily, he based his work on neutral Kaon oscillations
K° = KO that had been experimentally discovered. After the Homes-
take experiment results were released, he offered a solution to the v,
deficit based on his particle-antiparticle oscillation work. His solution
assumed neutrinos were massive particles that oscillated between
flavors v, = v, not particle-antiparticles [47, 48]. Unknown to him,
neutrino flavor oscillations had been separately discussed by Maki,
Nakagawa and Sakata a few years before [49].

Neutrino flavor oscillations were also taken up by the Kamiokande
experiment as a possible solution to their measured v, deficit. How-
ever, neither the Homestake nor the Kamiokande experiment was
statistically significant enough to warrant any conclusions In addition,
the flavor oscillations proposed by Pontecorvo could not explain the
all the Homestake experiment v, deficit.

1.3.1 Super-Kamiokande and the Sudbury Neutrino Ob-
servatory

The next generation of experiments were built with the intention of
measuring the same neutrinos as Kamiokande and Homestake. There
were two main experiments focused on those neutrinos,

* Super-Kamiokande,
* Sudbury Neutrino Observatory (SNO).

Super-Kamiokande is a larger version of the Kamiokande experiment
and used the larger volume to increase the number of measured v,
events. More measured events meant a smaller statistical uncertainty.
The Sudbury Neutrino Observatory was a superseding version of
the Homestake experiment and was able to measure all neutrino
flavors v., v,, and v,. Importantly, Super-Kamiokande reported above
5-sigma deficits in v, compared to the Standard Model expected value
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and the Sudbury Neutrino Observatory reported no deficits when
all the neutrino flavors were summed. But, the Sudbury Neutrino
Observatory reported the same deficit as the Homestake experiment
in v, and enhancements in v, and v,. Both results strongly favored a
neutrino flavor oscillation solution [50, 51].

As a note, for both experiments to realize their results the flavor
oscillations proposed by Pontecorvo, Maki, Nakagawa, and Sakata
(PMNS) had to be extended. Mikheev, Smirnov, and Wolfenstein (MSW)
accomplished the extension by modifying the oscillation phases with
potential effects from propagation though matter [52, 53, 54]. Super-
Kamiokande used the MSW effect, or matter effect, to measure differ-
ences in neutrino fluxes coming from above vs below the detector. The
fluxes of neutrinos observed by the Sudbury Neutrino Observatory
were modified by matter in the sun.

1.3.2 Neutrino flavor oscillations in quantum mechan-
ics

This will be a brief review of how neutrino flavor oscillations are
formulated in quantum mechanics. For a detailed discussion see the
works of [8, 9, 55, 56]. We assume the neutrinos are already produced
in a charged current weak interaction similar to Eq.(1.3). The flavor
of the neutrino is defined by the SU(2) lepton pair. These flavors are
denoted with Greek symbols o = e, y, 7;

Vo) = Y Usilvi), (1.8)

where from the weak interaction the PMNS matrix U,,; is unitary and
the massive neutrino states are orthonormal (v;|v;) = 4;;!. A brief
overview of the PMNS matrix is in appendix A. We do not completely
constrain the number of massive neutrino states : > 3. In the flavor
basis, states above three are called sterile neutrinos, because any states
above three would not participate in the weak interaction. In this way,
since sterile neutrinos do not participate in the weak interaction they
avoid the effective number measured by the LEP experiment [41].

Next, we treat the massive neutrino states as eigenstates of the
Hamiltonian,

Hlvi) = Ei(p)|vi)- (1.9)

!Throughout our work the Greek indices will represent flavor and the Latin
indices will represent massive states.

10
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That Hamiltonian evolves according to the Schrodinger equation and
leads to a time evolution solution for the massive neutrino states,

(1)) = e E@t,) (1.10)

We desire the time evolution in the flavor basis, so we use Eq.(1.8) and
the unitary property of the PMNS matrix to write,

|Va Z U* —iE;( ﬁ')t
= Z (Z Upi fiEi(th/ﬁ) Vi)
3 i

We highlight that at ¢ = 0 the flavor neutrino state of Eq.(1.11) is a pure
flavor i.e., « = e, u, 7 due to the unitary properties of the PMNS matrix.
Then for ¢ > 0 the pure state becomes a superposition of flavor states.
The transition probability of an initial flavor state « to be changed
into a new state 3 is calculated as,

Pass(t) = [{vslva(t))”
— Z 5 UsUyUss e i(E(P) = E; ()t (1.12)

J

(1.11)

where the phase of the oscillations are the energy differences ¢, ; =
— (E;(p) — E;(p)) t. Typically, experiments are run for neutrinos that
satisfy |p] > m, ;, which leads to the three ultrarelativistic approxima-
tions:

1. The dispersion relation of the massive neutrino eigenstates be-
comes E;(p) ~ [p] + m?/|p].

2. The average energy is defined as £ = |p].

3. The time evolution is rewritten as the distance from the neutrino
source to the detector t = L.

The ultrarelativistic approximation transforms Eq.(1.12) the transition
probability to be,

Am ;L
P, _a(t Z ailUsiUa;Us; exp {—z 2E } , (1.13)
where Am?; = (m} —m?) is the squared mass differences. Some im-

portant facts about Eq.(1.13), the elements of the PMNS matrix and the

11
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squared mass differences are measured by experiments as described
at the end of appendix A. In contrast, the macroscopic distance L and
the energy F of the experiments are known. When we sum over « or
(3 the probability is conserved, equal to unity, because of the unitary
property of the PMNS matrix. Lastly, Eq.(1.12) and Eq.(1.13) tell us
neutrino flavor oscillations are periodic changes in flavor described by
mass dependent phases and amplitudes. This is interesting, because
no external influence is required to have a flavor transition.

1.3.3 Breakdown of the ultrarelativistic approximation

From the beginning the ultrarelativistic approximation was scruti-
nized and questioned [56, 60, 61, 62, 63, 64]. To list a few of the ques-
tions:

* When is the approximation applicable?
* Is energy-momentum conservation broken by oscillations?
* When are oscillations expected to be observed?

Let us briefly explore why these questions appear following the argu-
ment of Giunti and Kim [56]. When we consider a pion decay at rest
following = — i + v the four momentum conservation leads to,

2 2\ 2 2 2 4

o My my, my, my, my,
Ek‘T( _W) +7(1‘m>+4m2’ (1D

9 2\ 2 2 2 4

9 mﬂ_ mu mk mﬂ mk
plf?(“ﬁ) —7(”@*@’ (15

where m,, is the mass of the neutrino mass eigenstates. If we neglect
the m} terms, because the neutrino masses are tiny compared to the
pion and muon, the conservation equations are rewritten as,

2

B, ~ A+n%, (1.16)
2

m
pkﬁA—ﬂ—Tl)_k

54 (1.17)

12
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For the pion decay to a muon and neutrino, A and » take on the values
of,

m, m?
1 m,

When deriving the transition probability of Eq.(1.13) we assumed the
neutrino mass eigenstates have the same momentum p'and defined
the average energy to be £ = |p]. For the mass eigenstates to have
the same momentum, the four component conservation equation
of Eq.(1.17) tells us n = 1. Clearly, this is contradictory to the value
of n ~ 0.2 for conservation in the pion decay at rest. Even if we
change the decay channel to be = — ¢ + v for a pion at rest, the four
component conservation gives n ~ 0.5, which is not the same as our
assumptions for Eq.(1.13) tell us. We conclude that the assumptions
leading to Eq.(1.13) break energy-momentum conservation, and we
should consider when Eq.(1.13) is applicable.

The resolution to these questions is found by considering wave
packet for the neutrinos, as opposed to plane waves. Details on wave
packets in quantum mechanics can be found in the beginning of older
textbooks [65, 66].

In the most general sense, wave packets are localized expressions
built with interfering plain waves that can be expressed,

W(F,1) = / R f (R — foyei-iEd (1.20)

where f(k — ko) is called the damping function, or weighting function.
See figure 1.1 for an example, the plain waves have constructive and
destructive interference. This leads to a localized wave function. For
neutrino flavor oscillations, wave packets modify the oscillation for-
mula of Eq.(1.13) with additional terms related to energy-momentum
conservation and damping from decoherence. We rewrite Eq.(1.11)
in terms of a wave packet,

[Valt) Z t)]w). (1.21)

The wave function ¢;(7, t) is different for each mass eigenstate. The
damping factor f;(k — ko) inside the wave function, acts to introduce

13
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0.5 1
S i
=4 0.0
— Real(¥))
05 — )
--- damping
T T T
0 50 100

Distance

Figure 1.1: Example of wave packet where the damping function is
Gaussian. The plane wave parts are enveloped by the damping func-
tion.

quantum uncertainties into the energy-momentum of the mass eigen-
states. This modifies Eq.(1.12) and Eq.(1.13) to account for n # 1 from
Eq.(1.16) and Eq.(1.17). Details of the resulting transition probability
can be found in the work of Giunti and Kim [56].

Presently experiments have not observed effects due to wave pack-
ets, and the ultrarelativistic approximation is enough to explain their
data.

1.3.4 Neutrino flavor oscillations in Quantum Field
Theory

The use of Quantum Field Theory to describe neutrino flavor oscilla-
tions is more diverse than Quantum Mechanics [67, 68]. To list a few
there are external wave packet models (virtual propagator models
[69, 70,71, 72] and real propagator models [74, 73]), source-propagator
models [75, 76, 77], and the weak Fock space model (Blasone-Vitiello
model) [78, 79, 80, 81, 82, 83]. All of those models reproduce the Quan-
tum Mechanics derived oscillation formula Eq.(1.12) in some limit,
but are in general different from each other.

The original motivation to use Quantum Field Theory was to resolve
the issues of energy-momentum conservation and investigate if the
assumptions of the Quantum Mechanics derivation are reasonable.

14
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We will not give a full proof in the Quantum Field Theory formulation,
but instead we will summarize the results of an external wave packet
model. Please refer to the review by Beuthe [68] or the textbook by
Giunti and Kim [8] for a complete proof.

External wave packet models are formulated with the neutrino
detection and production processes. All the detection and production
particles are treated as wave packets, often Gaussian, with asymptotic
initial and finial states;

\fp) =S|Pr) production, (1.22)

|\fp) = S|v, Dr) detection, (1.23)

where S is the process S-matrix. At this point, we must consider the
details of the production and detection processes to define |f») and
|fp). If, for example, we consider the production of a neutrino and
then detection of a neutrino following lepton number conservation;
Pr— Pp+17 +v” production, (1.24)

vP + Dy = Dp+1 detection, (1.25)

are general processes that could occur. Then we can identify the state

|fp) = >, ALl I, Pr), where the coefficient A7) is the amplitude of

production for this process. To solve for the neutrino flavor state we
take the projection,

vEYy = (P, |fp) =Y (Pr AL v, 1, Pr), (1.26)

which becomes the equation,
V) = NP Z AL |v;) (1.27)

with the normalization N¥ = />",| A% |2. A similar kind of formula
can be found for the detection process,

vt NDZ D). (1.28)

Neutrino flavor oscillations occur over a spacetime interval from
the production location to the detection location. To represent that we
evolve the production state Eq.(1.27) in spacetime,

Va(L, 1)) = e7 i@ tmal) 1y (1.29)

15
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where we have assumed the neutrinos to have a definite energy and
momentum?. The transition amplitude for the measured process v, —
vg 1s found by bringing Eq.(1.28) in from the left,

Aasp(Lt) = (17 [va(L, 1))
= (g le™ " B)

NP1|\|D Y ALAG e ),
j

(1.30)

For simplicity, we now consider the evolution to only occur in one
spatial dimension writing g, - L ~ ¢;L. Then the probability for the
transition v, — v to occur is,

Pa%ﬁ(lﬂ t) = |AQ%B(L> t)‘z
1 P D% APx D _i®., (1.31)
- (NPND)2 ZAaJ’Ab’j Aak‘ABke 7
J,k
where the oscillation phase ¢;, = —((£; — Ex)t — (¢; — qx)L) is the
same as the Quantum Mechanical version of Eq.(1.12). In fact, if we

take the ultrarelativistic approximation of ¢t = L then —E;t + ¢;L =
—(m3L)/(E; + ¢;) ~ —(m3L)/(2E), and the oscillation phase becomes;

_AmikL
2F

~

Py ~ (1.32)
The approximated phase is exactly the same as the Quantum Mechan-
ical approximation Eq.(1.13).

Differences between the Quantum Mechanical and the external
wave packet results are two modifications to the oscillation ampli-
tudes.

1. The external wave packet amplitude is suppressed by normaliza-
tion factors N” and NP.

2. The amplitude is modified by the production A?; and detection
AJ, amplitudes.

To understand those two modification we must consider the charged
current interaction of Eq.(1.3). We do not go into details here, but after

2Proper treatment of the evolution should be done for energy momentum distri-
butions of the production and detection particles described with wave packets.

16



1.4. Open questions and prospects N.].Benoit

considering the charged current interaction Eq.(1.27) and Eq.(1.28)
are rewritten as;

ZSEDY My Usilvy), (1.33)
j \/Zk|Uak|2|M§k 2
M,

Dy _ U ;). (1.34)
) = 2

The symbols M&J;’D ) are the matrix elements of the production and
detection charged current processes. Ultimately, this means the prob-
ability of Eq.(1.31) is written as,

P P D Dx
PaoalLut) = 3 st D
C L UL PIMEGE U PIME
x U;Ug Uy Uspe 1= B0 =0l (1,35)

In summary, the external wave packet model modifies the quantum
mechanic probability with corrections from the production and de-
tection processes.

1.4 Open questions and prospects

Neutrino physics has evolved significantly since the discovery of flavor
oscillations by Super Kamiokande [50] and the Sudbury Neutrino
Observatory [51]. Nowadays, there are numerous experiments that
aim to take precision measurements within the next ten years. Some
measurements include:

* Neutrino mass hierarchy,
* Neutrino mass type,
» CP violation in the leptonic sector,

* Absolute mass scale of the neutrinos.

Furthermore, the originating work of Pontecovo with neutrino oscil-
lations in quantum mechanics [47] has been established to not be a
theoretically complete model for neutrino oscillations. And, a consen-
sus for the theory of neutrino oscillations in quantum field theory has
not been reached. In the next chapter, chapt. 2, we will discuss in de-
tail how we have contributed to the discussion of neutrino oscillations
in quantum field theory.
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Chapter 2

Framework for the lepton
number carried by neutrinos

We consider a formulation of neutrino flavor oscillations based on
lepton family numbers in quantum field theory. As we introduced in
section 1.1.2, lepton family numbers are conserved valuesin V — A
theory and are a U(1) global symmetry in the Standard Model. How-
ever, an implication of neutrino flavor oscillations is lepton family
number violation [8]. That implication is an important connection,
for neutrino flavor oscillations, between the quantum mechanics of
section 1.3.2 and quantum field theory of section 1.3.4.

Equally important is what occurs for total lepton number after the
neutrino mass type is considered, as a reminder total lepton number is
the sum over all the lepton family numbers. For example, if we assign
neutrinos to have a Majorana mass type then the total lepton number
would be violated. However, if we assign a Dirac mass type, the total
lepton number is conserved. The reason for a difference in total lepton
number can be seen from inspecting the mass construction,

mp UYL Dirac mass, 2.1
——

—1+1=0
1

S Majorana mass, (2.2)
oML YL

1+1=2

where the subscripts are counting the lepton numbers for a single
flavor and ¢f = (¥,,)°. If a particle is described with a Majorana field
v = ¥ + ¢ the electromagnetic current j# = qiyv*1)y, vanishes.

This means only an electrically neutral particle can be a Majorana field
and in the Standard Model, only the neutrino is electrically neutral.
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2.1. Single flavor Majorana neutrinos N.J.Benoit

We are interested in how the different mass types effect neutrino
oscillations, as the current quantum mechanics and quantum field
theory models provide no incite. Furthermore, we think the effect of
the different mass types on total lepton number will be reflected in
the flavor oscillations. To illustrate our ideas in a simple way, first we
will consider a model with only one flavor.

2.1 Single flavor Majorana neutrinos

We write the single flavor Majorana Lagrangian as,

L5 = TLin"dvy — 0(t) (%EVL n h.c.) , (2.3)
where we have used the notation »¢ = (v;)¢ for charge conjugation
and the subscript . denotes the left-handed projection operator P, =
(1 —~°)/2. The Lagrangian of Eq.(2.3) has the structure where the first
term is the kinetic part and the second term is the Majorana mass
part. A step-function 6(¢) controls the second term and separates the
Lagrangian into two regions. In the first region, we approach the zero
time from below until we are infinitesimally away,
lim t = —e. (2.4)
t—0—
For that region, the fields of Eq.(2.3) are Fourier expanded as Weyl
spinors,

”“_6”‘):/ %(a<P>uL<p>ei""‘+b*<p>vL<p)e"’p"‘)- (2.5)

The creation and annihilation operators obey the usual anti-commutation
relations,

{a(p),a’ (@)} = {b(p), b (a)} = 2[p|(27)*0® (p - q) (2.6)

with all others being zero. We constrain the left-handed spinors u (p)
and v, (p) to be normalized as,

wn(p) = —ou() = VR (, 1)) @)
n-opi(n) ==+¢i(n), (2.8)
- P (2.9)

p|
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2.1. Single flavor Majorana neutrinos N.J.Benoit

The symbol o denotes a vector of the Pauli matrices. We use the
integral notation of [ to denote the regions of {p # 0,p € 4, —p € A}
with details in appendix B.

We approach the zero time from above in the second region delim-
ited by the step-function,

lim t = +e. (2.10)

t—0-+

In this region, the neutrinos are Majorana fermions that are Fourier
expanded to be,

Prv(+e,x) = PL/ % Az_;t(aM(p, Nu(p, A)e®™

+al,(p, Mu(p, Ve ™), (2.11)
where E(p) = \/p? + m?2, \ is the spinor helicity, and P, = (1 —4°)/2 s

the left-handed projection operator. Again the creation and annihila-
tion operators obey the relation,

{aM(p7 )‘>7 a’}L\/l(qv )‘,)} - 2E<p)<2ﬂ')3(5(3)(p - q)(SAX ) (212)

and all others are zero. Next, we use the continuity condition described
in appendix B to relate the two regions of the step-function,

vi(—e,x) = Pry(+e€,x). (2.13)

This results in relations for the operators of Eq.(2.5) and Eq.(2.11),

(aa@)):m(l %)(amw), (2.14)

'(-p) 2B(p)  \ixy 1 ) \al(-p.—)
b(p) \ _ V2IPIN(P) [ 1 i) [ am(p, )
(W—p)) ~ 2E(p) Qﬁ 1 ) (GL (—p, +)). (2.15)

We have used the notation of N(p) = E(p) + |p|- We find the time
evolution form of the operators by writing a,,(p, A) as a,,(p, \)e *FP)t
and using the operator relations of Eq.(2.14) and Eq.(2.15) to write
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2.2. Lepton number for Majorana neutrinos N.]J.Benoit

a,;(p, \) in terms of a(p):

(o) = [0 )

S [ 6]

(2.16)
() = [eos e (5 9)

_isin E(p)t (Z \/ﬁ _Z\/F)] <af(<pl))))(2-17)

For the single flavor case we define the lepton number to be a
Heisenberg operator of the form,

L5(t) = / (@0 a(p.1) = (p.)0(p. )

+al(=p,t)a(—p,t) — bl (=p, 1)b(—p, 1)) . (2.18)
Then we prepare a normalized state such that,

a'(q)[0)
|VL<q)> = )
V/(Ola(q)af (q)[0)
which we sandwich around Eq.(2.18) the single flavor operator. After

substituting Eq.(2.16) and Eq.(2.17) we have a single flavor expectation
value that oscillates in time,

(wr(Q)|L%|vr(q)) = v* + (1 — v?) cos 2E(q)t. (2.20)

As a final note, this oscillation is directly proportional to the mass of
the neutrino though the term (1 —v?) = m2,/(E(q)). When we consider
the momenta to be greater than the neutrino mass, the amplitude of
the oscillations decreases, until we reach the ultra-relativistic limit
and all oscillations become negligible.

(2.19)

2.2 Lepton number for Majorana neutrinos

Next, we consider the following multi-flavor Lagrangian for Majorana
neutrinos,

£ = iy Oy — 08) (Ce29T s + hic) 2.21)
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2.2. Lepton number for Majorana neutrinos N.]J.Benoit

This Lagrangian has the same structure and notation as Eq.(2.3) the
single flavor case. The first term is the usual kinetic term and the
second term is the multi-flavor Majorana mass. We have included a
time-dependent step-function, (¢), in the second term to guarantee
an initial pure flavor state i.e., a = e, p, 7.

A difference between the single and multi-flavor is the diagonal-
ization process. The multi-flavor, Majorana mass matrix is complex
and symmetric, so we can use the Takagi factorization for the diago-
nalization [85],

mkékj = (UT)ka magU/jj, (222)
Via = Uak¥rLk. (2.23)

Which uses a unitary matrix U for the diagonalization. Then, using the
Majorana field vy, = 11, + 9%, we rewrite the Lagrangian of Eq.(2.21)
when the mass matrix is diagonal,

oM = i%%v“@ﬂ/}k — () . (2.24)

Notice, the mass term is still separated by the step-function 6(¢).

We use the step-function to separate two regions in our formulation.
Then, we relate those two regions by continuity of the fields. In the
first region, we approach the zero time from below until reaching an
infinitesimal distance away,

lim t = —e. (2.25)

t—0—

There we Fourier expand the neutrino fields of Eq.(2.21) as Weyl
fermions,

Via(—€,%x) = / % (aa(p)uL(p)eip'x + bL(p)vL(p)e’ip'x) . (2.26)

We constrain the left-handed spinors «;(p) and v (p) such that they
obey the conditions,

wn(p) = —ou(p) = VR (, 1)) @.27)
n-opi(n) ==+¢i(n), (2.28)
. (2.29)

p|
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2.2. Lepton number for Majorana neutrinos N.]J.Benoit

The symbol o denotes a vector of the Pauli matrices. In addition, the
integral notation of [* denotes regions allowed for the momentum
{p #0,p € A, —p € A} with details in appendix B. The momentum
regions appear in the spinors as the following,

i2 0
6. (n) = (Zfo.s 29> , (2.30)
e "2 8in g
—ei% sing
(Zﬁ*(n) = ;@ ) 3 (2-31)
e "2 cos g
—jei% sing
¢+(_n) = . _Z-Q ) ) (2-32)
ie”"2 cos 5
ie’% Cosg
b (—n)= [ 7% ) (2.33)
ie”"2 sin 3

The phases of the spinors are adjusted such that ¢.(n) = +io?¢% (n).
Lastly, the operators of Eq.(2.26) from the Fourier expansion obey the
usual anti-commutation relations,

{a.(p),al(q)}
{b.(p), b (a)}
with all other relations being zero.

For the second region delimited by the step-function, we approach
the zero time from above,

} = 2|p|(27r)35(3) (P —4q)das, (2.34)

lim t = +e. (2.35)

t—0-+

For this region, the neutrinos are Majorana fermions that are Fourier
expanded to be,

d3p ip-xX
) oo (P AP Ve

+al . (p, \or(p, A)e—ip’X) . (2.36)

!
Uakhri(+€,x) = UakPL/

where Ei(p) = /p?+ m? is the energy of each mass state, ) is the
spinor helicity, and P, = (1 —~°)/2 is the left-handed projection opera-
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2.2. Lepton number for Majorana neutrinos N.]J.Benoit

tor. We normalize the spinors so that they have definite helicities,

wlo+) = VB R] (_a) ) 2.37)
)= /Eup) + Ip| (E (;'P(f) (n)), (2.38)
+) =V E(p) + |p| (E *q;'p'&( )), (2.39)
e =) = VB + o] (). (2.40)

Again, the integral notation of [’ denotes regions allowed for the
momentum with details in appendix B. The momentum regions are
the same for the spinors as Eq.(2.30) to Eq.(2.33). In addition, they
obey the usual orthogonality and completeness relations,

ul(p, Nur(p, ) = vf(—=p, Nve(—p, ) = dav, (2.41)
A

Lastly, the operator «,,,(p, A) of Eq.(2.36) is distinct from the operators
of Eq.(2.26). Sometimes we will call a,,, (p, ) the Majorana operators,
and they obey the anti-commutation relation,

{ar (P, ), ahj(% N} = QE(P)(27T)35(3) (P — a)drjoan (2.43)

with all others being zero.

The two regions separated by the step-function of Eq.(2.21) are
connected by continuity of the equation of motion. This can be seen
after integrating the equation of motion derived from Eq.(2.21) over
an infinitesimal time interval,

+e te
/ dtagia _ _/ dt~y 0 18¢La¢La —z/ dmomzmowgﬁ' (2.44)
—€ —€ 0

We reexpress the continuity in terms of the fields Eq.(2.26) and Eq.(2.36),

lm pa(—€,x) = E1_1)r(])[£r Ui L1i(+€,%). (2.45)

e—0+

The details of the calculation are in appendix B. The continuity con-
dition allows us to write relations between the operators a, (p) and
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2.2. Lepton number for Majorana neutrinos N.]J.Benoit

b! _(p) of Eq.(2.26) with the Majorana operators a,,;(p, \) and a!.(p, \)
of Eq.(2.36).

2|p|Nk(p) ime
" 2E.(p) (“Mk(p7—) T Nk(p)am(—p,—)), (2.46)

)
—W (aMk(p>+)+ kot (—p7+)), (2.47)

a
2E,(p Ni(p) M*

aa(p) = Uak

ba (p) = Uak

where N, (p) = Ex(p) + |p|. Notice, the relations are a non-trivial mix-
ing of the Majorana annihilation and creation operators forming a,(p)
and b, (p). Naively, we may have expected the relations to only depend
on the Majorana annihilation operators. In addition, compared to
the single flavor case of Eq.(2.14) and Eq.(2.15), the multi-flavored
relations depend on the PMNS matrix U, because of the Takagi fac-
torization Eq.(2.22). We will use Eq.(2.46) and Eq.(2.47) to assist with
solving for the time evolution of a,(p) and b, (p).

For the time evolution, we are interested in region two where
the neutrinos are massive Majorana fields. So, we write Eq.(2.26) as
Uar¥rx(t,x), which indicates the operator is multiplied by the time
evolution to become,

e (Ps A) =y (P, A)e ErP (2.48)
al (P, \) = by (p, \)e PP, (2.49)

Then Eq.(2.46) and Eq.(2.47) become time dependent,

2|p|Ni(p _
aa(t7p) — UakM (a]V[k(p7 —)6 Er(p)t

2E(p) , (2.50)
m i
Sl P ),
TRy |
ba(t7p) = Uk 2|§‘ k(p) <aMk(p7 +)672Ek(p)t
+(P) 2.51)

+ =y (—P, + eiEk(p)t).

Our goal is to write the time evolution solely in terms of the opera-
tors a,(p) and b, (p). SO we use the operator relations of Eq.(2.46) and
Eq.(2.47), derived from the continuity condition, as substitutions for
the operators a,,,(p, \) and a!,, (p, \) of Eq.(2.50) and Eq.(2.51). Then,
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2.2. Lepton number for Majorana neutrinos N.]J.Benoit

we expand the time dependent exponential into sine and cosine com-
ponents, and identify that |p|/Ex(p) = vx and my/Ex(p) = /1 — v3;

a,(t,p) = Z Z (Uakng [cos B (p)t — vy sin B (p)t] ag(p)
p=e k (2.52)

— iU Ugn /1 — v? sin[Edp)t]aL(—p)) ,

b,(t,p) = Z Z (U;jUw- [cos Ej(p)t — iv; sin E;(p)t] bw(p)
y=e J (2.53)

—iUL U4 /1 — v? sin[Ej(p)t}bi/(—p)) ;

These relations are a cornerstone of our work, and again we would
like to highlight the non-trivial mixing of the operators. The non-trivial
mixing will lead to phenomena similar to neutrino flavor oscillations.
We will derive how that phenomena occurs in section 2.2.1, and then
we will discuss how it compares to the quantum mechanic and quan-
tum field theory models from chapter 1 in section 2.2.2.

2.2.1 Time evolution of the lepton family numbers

We assign lepton family numbers based on the charged lepton in the
SU(2),, doublet from the weak interaction L., L,, L,. The lepton family
numbers are Heisenberg operators treated as,

Ly (t) = / & Pro(t, x)7"Yra(t, %) :, (2.54)

where o = ¢, 4, and 7 and : : denotes normal ordering with respect
to the a,(p) and b, (p) vacuum. We substitute in the time dependent
form of Eq.(2.26), then take the integral over space. The lepton family
numbers are then written in terms of time dependent operators,

Lé\[/l(t) = / ﬁ (CLL(t, p>a’a<t7 p) o bL<t7 p)ba(tv p)) : (255)

As a reminder, the integral notation of " denotes regions allowed for
the momentum {p # 0,p € 4, —p € A} with details in appendix B. To
relocate the time dependency outside the operators, we use Eq.(2.52)
and Eq.(2.53) that we found using the continuity condition. The result
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2.2. Lepton number for Majorana neutrinos N.]J.Benoit

is the lepton family numbers written in terms of the time independent
operators,

o= [ G 12p|ZZ

x [(AB’Y(—{—’ p) Uak’U,BkUa] U’;kj BﬁV(+7 p) UakU,BkU;] Uv])
X (cos Ex(p)t cos E;(p)t + vgv; sin E(p)t sin E;(p)t
+ tvy, sin By (p)t cos E;(p)t — iv; cos Ey(p)tsin E;(p)t)

- (Aﬂv(_ap)UkuﬁkU U,; — Bgy p)U, kUBkU* UZ; )

aj =i aj =i

(=
x(,/l—vf-cosEk( )tsmE (P)t + ivgy /1 — v} sin Ey(p tsinEj(p)t)
+(A57(_7P)U§kUﬁkU US; — Bg,y p)U, kU,BkU U. )

aj =i aj =i

By (=,
X (\/1 —vZcos E;(p)tsin Ex(p)t + ivjy/1 — visin E;( tsinEk(p)t>
Bos(

- (A“//B(+7p)U;k:UﬁkU U +,P)U.Us U, U*)

ajUqyj — aj v
X \/1 — v? \/1 — Uj sin By (p)tsin E; (p)t}

7

(2.56)

where we have used the notation A 5(+, p) = a! (p)as(p)+al (—p)as(—p)
and B,5(+, p) = b1 (p)bs(p) £ 0l (—p)bs(—p).

To further study the time evolution, we take the expectation value
of Eq.(2.56) the operator for the lepton family numbers. We prepare
a normalized single flavor state, o = e, u, 7; per the weak interaction
production and detection processes of a neutrino experiment,

lo(q)) = : (2.57)
\/ {0las (@)a(a)|0)

and sandwich that state around Eq.(2.56). This results in a real valued
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2.2. Lepton number for Majorana neutrinos N.]J.Benoit

expectation value of,

(L 0o = 3 [Re (VAU
k.j
X (cos Ex(q)t cos Ej(q)t + vv; sin Ei(q)t sin E;(q)t)

X (vg sin Ey(q)t cos E;(q)t — v, cos Ej(q)t sin E;(q)t)

—Re (U,U3.U,,U,;) \/1 — v} \/1 — v3sin Ey(q)tsin Ej(q)t |,
(2.58)

where (LM (t)),_,, denotes (o(q)|L}(t)|o(q)). The Majorana expectation
value of Eq.(2.58) is the main result of our original work [86]. Some
important features of the Majorana expectation value are,

* The cosine and sine terms are responsible for time dependent
oscillations of the expectation value.

* In the last line of the equation, the quantity Re (Uz, Uz, U,,U,;) is
dependent on the Majorana phases a,; and as;. Those Majorana
phases are observable CP phases and could be determined by
some experiments.

» A sum over all the lepton family numbers > _(c(q)|LY (¢)|o(q))
is the total lepton number. The total lepton number is not a
conserved, time independent, value because of the minus sign
in the last term. We will explore this further in section 3.1.

* The quantum mechanics equation for neutrino flavor oscillation
Eq.(1.13) is recovered from Eq.(2.58), the Majorana expectation
value, using the ultra-relativistic limit.

2.2.2 Comparison to the quantum mechanic formula-
tion

When we take the ultra-relativistic limit of Eq.(2.58) our formulation

becomes equivalent to the neutrino flavor oscillation equation de-

rived from quantum mechanics quoted in Eq.(1.13). To prove that we
start with the ultra-relativistic condition g* > mym;, which means
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Ej(a) = mf, ;/(2la]). The velocities become v ;) ~ 1and , /1 — V)
0 leading to,

Amijt
2|q]

lin LMt o N E Re (U* U,.U,U
q2>>1 i j( «a ( )) — — ( ( ak aj 0']) COS
2

. Amgt
—Im (U}, U,,U,;Uz;) sin ol (2.59)

Then, we rewrite the equation with the imaginary terms,

. . . Ami,t
q2>§gimj<L§” (1) omsa & Z (Re (UarUaUajUs;) cos ) q|]
Am3? .t
+im (U3,.U,,,.U,,;Us;) cos Mg
;'g't (2.60)
) . my
+iRe (U,U,,U,;Us;) sin 2]q\j
, i L Ami,t
+Z2Im (UakU Uaj Ua‘j) S11n qu) >
because,
Am? t
i I (U2,U,,U,, Uz, cos gquf —0, (2.61)
Am? t
z’ZRe (U0, U, U2, sin gfq| —0, (2.62)
Re (U;kU UQJU;J)—i—Z'Im (UnUpU,Usy) = (U U, Uy U)o (2.63)
and
Im (U}, U,,U,;Uz;) = —Im (U;,U,,U,,Uz,) (2.64)
Re (U:.U,U,;Us) =Re (U5U,,U,Us) (2.65)

from exchange of & and j. Recall that Amj ; = (m{ — m3) is the squared
mass differences. Lastly, we use Euler’s formula to find Eq.(1.13) and
Eq.(2.59) match exactly,

lim (LM (1))ge = lim P,_p5(t). (2.66)

aZ>mpm; |pI>m;
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Importantly, this means our formula is more general and can be dis-
tinguished when the ultra-relativistic approximation is invalid. For
example, the ultra-relativistic approximation is invalid when the mo-
mentum of the neutrinos is near or below the neutrino masses.

The quantum mechanics formula, before the ultra-relativistic ap-
proximation, was written in Eq.(1.12) with one oscillation phase ¢, ; =
— (Ei(p) — E;(p)) t. We rewrite Eq.(2.58) in exponential form to com-
pare to Eq.(1.12),

1 .
(L8 (W) oa = 3 D |UnslslgUs (1 + k) 1+ e )00

4 L ajoj
k,j

+ (1 —wp)(1 — Uj)e—i(Ek(p)—Ej(p))t
+ (14 ) (1 — v;) e Er@FE; )t
+ (1 —op)(1+ U')e_i(Ek(p)"rEj(p))t)
—UnUs U Ui/ 1 — 07y /1 =03
x (! i(ER(P)=E;(P)t _ oi(Ex(p)+E;(P))t
1 e iB(p) B ()t _ e—z‘(Ek<p>+Ej(p>>t)} . (2.67)

A noticeable difference between Eq.(1.12) and Eq.(2.58) is the three
additional oscillation phases of,

o = — (Ei(p) — E;(p))t, (2.68)
or; = (Ei(p) + E;(p)) t, (2.69)
;= — (Ei(p)+ E;(p))t. (2.70)

All the amplitude coefficients of those phases are zero under the ultra-
relativistic condition of g > m;m; leading to v, ; ~ 1. Which we can
see by inspection,

(1 —ve)(1 —vy) coefficient of ¢, , (2.71)
(14 vg) (1 — v;) coefficient of ¢} ; , (2.72)
(1 — ) (1 +v;) coefficient of ¢} , , (2.73)

This means only the first two lines of Eq.(2.67) are non-zero, which is
the same as Eq.(1.12) up to a normalization of a half. An interesting
point is the frequencies induced by the new phases ¢; ;, 47 ;, and ¢; ;
The summed energies Ei(q) + E;(q) will result in higher frequency
oscillations compared to the subtracted energies of £, (q) — E;(q).
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To illustrate further how our formulation is distinguishable by the
additional oscillation phases we plot the momentum dependence of
the absolute deviation,

D(aq) = (LY (T))oa — Prssa(T)], (2.74)

for a fixed time 7 in figure 2.1 from Eq.(2.58) and Eq.(1.12). We con-
sider the lightest neutrino mass to be mjjgneest = 0.01€V, which means at
least one neutrino is non-relativistic when q < 0.1eV. For the values of
the mass squared differences Am; ; and the PMNS matrix parameters
we use the best-fit results of NUFITv5.0 [88]. Details on how the PMNS
matrix is parametrized is in appendix A. Lastly, we take the Majorana
phases to be zero.

In figure 2.1, for momentum below 0.1eV the absolute deviation
tends to increase when approaching zero that is the effect of the addi-
tional oscillation phases ¢; ;, ¢7;, and ¢;; Addltlonally, below 0.01eV
the absolute deviation can be greater than one. This is because the
Majorana expectation value can become negative due to the last line
in Eq.(2.58), which depends on the square root of 1 — v?h Y

1.5 1

— 1.0

0.5

0.0

10-2.5 10-2.0 10-1.5 10-1.0 10-0.5
momentum q (eV)

Figure 2.1: Absolute deviation between the Majorana expectation
value and the quantum mechanic probability at a fixed time 7" = 15ps.
We assume the lightest neutrino mass to be 0.01eV, the Majorana phases
are set to zero, and all other oscillation parameters are the best-fit
values from NuFITv5.0 [88]. The x-axis follows a logbase10 scaling.

For a different perspective, we plot the quantum mechanic prob-
ability Eq.(1.12) and the Majorana expectation value Eq.(2.58), sepa-
rately, over a momentum interval at a fixed time 7 in figure 2.2. We
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see the quantum mechanic probability envelopes the Majorana ex-
pectation value that is due to the common phase ¢, ;). The addition
phases of the Majorana expectation value, ¢; ;, ¢ ;, and ¢; ;, cause the
higher frequencies, which lead to the small scale oscillations. This
effect of the addition phases holds true for appearance ¢ — ¢ and
disappearance e — p transitions as illustrated in the lower and upper
panels of figure 2.2.

1.0 - -
084 - =

5067 b flitl "

©0.4- '
0.2- T

0.4 no
< 0.3- I
T 0.2
) . f N
0.1 il - A ‘
0.0 J

T
0.020 0.025 0.030
momentum ¢ (eV)

— Majorana --- Quantum mechanic

Figure 2.2: Oscillations of the Majorana expectation value overlaid
with the quantum mechanic probability at a fixed time 7' = 15ps. We
assume the lightest neutrino mass to be 0.01eV, and we set the Majorana
phases to zero. All other oscillation parameters we use are the best-fit
values from NuFITv5.0 [88].

Next we plot the appearance e — ¢ and disappearance ¢ — x transi-
tions over a time interval for a fixed momentum of q = 0.02eV in figure
2.3. We see the same higher frequencies of the Majorana expectation
value being enveloped by the quantum mechanic probability. This
illustrates how small scale resolution is important to distinguish our
formalism.

Another distinction of our formulation, which is unrelated to the
phases ¢ ;), is the PMNS combination of U}, U;, U, ,U, ;. That combina-
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Figure 2.3: Time evolution of the Majorana expectation value overlaid
with the quantum mechanic probability for a fixed momentum q =
0.02eV. We assume the lightest neutrino mass to be 0.01eV, and we set
the Majorana phases to zero. All other oscillation parameters we use
are the best-fit values from NuFITv5.0 [88].

tion is unique to our Majorana expectation value and the combination
depends directly on the Majorana CP phases. Importantly, that combi-
nation is suppressed by the absolute masses of the neutrinos through
the term /1 — v} /1 —vi = (mym;)/(Ei(p)E;(p)). So, it only meaning-
fully contributes when the momentum is similar to, or below the
absolute masses of the neutrinos. The suppression is the same reason
we see greater than one values discussed before about the absolute
deviation in figure 2.1.

For a final comment, the discussions of this section are also true
for the external wave packet model in quantum field theory of section
1.3.4. This is because the external wave packet probability Eq.(1.31)
shares the same phase, ¢ ), as the quantum mechanics probability
Eq.(1.12). The external wave packet probability also has no PMNS
combination of U} U* U, .U . or Majorana phase dependence.

aj=oj
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2.3 Lepton number for Dirac neutrinos

We formulate the Dirac lepton number similarly to the Majorana lep-
ton number of section 2.2. A major difference between the Majorana
and Dirac lepton numbers is the new right-handed neutrino fields,

P = Vo 0uVia + VRtV ' OuVra — 0(t) (Tramapvis +huc.), (2.75)

which are used to construct the mass term. The time-dependent step-
function #(¢), again, guarantees an initial pure flavor state. In contrast
to Eq.(2.22) of the Majorana formalism, the Dirac mass is diagonalized
by two distinct unitary matrices,

Vg = U,BjVLj (276)
VRa = VakVRk (2.77)
(VD kamasUsj = midy;. (2.78)

Rewriting the Lagrangian Eq.(2.75) with the four component Dirac
field v, = vgy, + v for a diagonal mass matrix results in the form,

LP = Y (i9"0,, — 0(t)my) U (2.79)

In the same manner as the Majorana formalism, the step-function
0(t) separates two regions. We connect those two regions by continuity
of the equation of motion for the separate fields v;, and vg,. The zero
time for the two regions is approached by reaching an infinitesimal
time away,

tlir& t=—¢ region one, (2.80)
tlir&t = +te region two. (2.81)

In region one, we take the Fourier expansion of the left- and right-
handed Weyl fields,

' d3p ip-X —ip-X
a(=ex) = [ 5 (0@l (p)e™ + b, (plun(p)e ™) (2:82)

! dsp ip-x —ip-X
o) = [ 5 (ana)un(p)e ™+ by p)valpe ) 289

Recall, our integral notation [ " means the momentum regions {p #
0,p € A,—p € A} with details in appendix B. We have constrained the
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spinors to be normalized as,

w(p) = ~o0) = VIR, () (284)
() = ~un(-0) =i/l , () (2.85
un(p) = —onlw) =201 (7)), (286)
up(—p) = —vr(~p) = iv/2[p] (‘b‘é“)) . (2.87)

Notice the imaginary unit for the negative momentum spinors appears
due to Eq.(2.28) and Eq.(2.29). For convenience, we rewrite the spinor
momentum dependence here,

i2 0
¢.(n) = (e,.fo.s 29> , (2.88)
e "2 sing
—¢'7 sin ¢
¢_(n) = 0 R (2.89)
e "2 cos 2
—ie'% sing
(b‘F(_n) = . 7i£ ) ) (2-90)
1e”"2 cos g
z'e’% Cosg
¢_(—n) = | o ] (2.91)
ie”"2 sin 3

In addition, the operators after the expansion obey the usual anti-
commutation relations,

{ara(p), als(a)}
{bra(P), bl 5(a)}
with all others being zero.

In region two, we use the on-shell Fourier expansion on the Dirac
field v;(+¢,x) from Eq.(2.79),

} = 2|p|(27)%®) (p — Q)us (2.92)

wk(+€a X) = / mé—z’k@ zh: <ak(pa h)uk’(pa h)eip-x

+ bl (p, h)u(p, h)e’ip"‘) :

(2.93)
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where % denotes the spinor helicity and E?(p) = |p|*> + m? is the energy
of the mass states. The spinors are normalized the same as Eq.(2.37)
though Eq.(2.40) and obey the same orthogonality, completeness rela-
tions. Lastly, the operators obey the usual anti-commutation relations,

{ax(p, 1), a}(a, 1)} = {be(, R, bl(a, )} = 2B4(p)(2m)*0) (b — a)d.
(2.94)
and all others are zero. The operators a,(p, h) and b, (p, h) are distinct
from the creation and annihilation operators of Eq.(2.92). Then, we
use the continuity of the equation of motion, discussed in appendix B,
to find two connections between the Fourier expanded fields,

11153r vik(+e,x) = E1_1)r(1)[1 ZU WVia(—€,X) (2.95)
61_1)r(1)%r Vpi(+€,Xx) = 61_1)151 ZVBkVRﬁ —€,X). (2.96)

We use the connections of Eq.(2.95) and Eq.(2.96) to derive relations
between the operators of Eq.(2.82), Eq.(2.83), and Eq.(2.93). After we
split the momentum regions to be {p # 0,p € A, —p € A} the operator
connections are,

a; . (£p) = ZU LR p)2Ip| (ak(j:p, )—i—z—bT (Fp, — ) (2.97)

2Ek T 2E.(p)

v/ Ni(p)2
bEa (£p) = ZU |p| (b,i(:l:p, +) — z—ak (Fp, + ) (2.98)

2Ek T 2B (p)

(po(£D) = Z V 2‘p‘ (aj&p,) Jb* (Fp,+ ) (2.99)
b (£P) = Z BT 2’p’ (b}(ip,—)— i(Fp, — ) (2.100)

Notice the two differences between the left-handed a, (+p) and the
right-handed a,, (+p) versions are,

1. the exchange of the mixing matrices U,; <> Vi,

2. and the exchange of the massive operator helicities a,(+p, k)
ar(£p, —h) and b} (£p, h) <> b} (£p, —h).
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Similar to the Majorana relations of Eq.(2.46) and Eq.(2.47), there is
a non-trivial mixing between the Dirac operators a,(+p, /) and the
Weyl operators a.,(+p). The time evolution form of the operators are
solved by writing Eq.(2.93) as (¢, x), which means the operators are
multiplied by,

ay(p, h) — a;(p, h)e FrP, (2.101)
bl (p, h) — bl.(p, h)e! @), (2.102)

Then the equations Eq.(2.97) though Eq.(2.100) become time depen-
dent,

3

B Nk(P)Q‘p‘ —iE(p)t
aLa(j:p’ t) - ; Uak 2Ek(p) (ak(ip’ _)e (2103)
+ z’%bl(ﬂm —)eiE’“(p)t>7
k
3
Ni.(p)2|p| /4 iEy.(p)t
bha(£P.1) = D U Vg o (B (2p, +)e P+
ma .
— ZFkak(:Fpa +) ZEk(p)t)’
CLRa j:pv Z \/72|p|< j(:l:pv +)€_iEj(p)t
(p) (2.105)
N] b;(:pr +)€iE‘j(p)t> )
)2|p| 7o
Hha (.1 e
R Z (p) ( J (2.106)
m,; —iE;
— Zﬁaj(:Fpa _)6 EJ(p)t) ’

J

We desire to write the time evolution solely in terms of the Weyl oper-
ators a,,(+p), ag,(£p), b} (+p), bk, (+p). To accomplish that we will
substitute for the Dirac operators a,(+p, &) and b/ (Fp, h) from Eq.(2.97)
though (2.100), which we derived from the continuity condition. Then
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we expand the exponential into sine and cosine components to find,

ar.(£p,t) Z Z {UakUBk cos By (p)t — ivy, sin Ey(p)t) ars(+p)
B=e k (2107)

F U Va1 — visin Ey(p)t bEB(ZFp)l ,

al (+p,t) = Z Z [ 1. (cos Ey(p)t + ivg sin Ey(p)t) aTLW(ip)

—e & (2.108)
F U Ve /1 — vZsin Ey(p)t bRw($p)] ,
b (£D, 1) Z [ ng cos By, (p)t — ivy sin Ei(p)t) bLﬁ(:l:p)
B=e k (2.109)

F ULV /1 — vZsin Ex(p)t aﬁw(q:p)] ,

bra(£Pt) =D > [UakUé‘k (cos Ex(p)t + ive sin Ex(p)t) bl (+p)
= K (2.110)

F Uakvgk, /1 — v,% sin By (p)t aR7($p)] ,

where v, = |p|/Ex(p) and /1 — vi = my/Ex(p). Using our knowledge
from Eq.(2.97) though Eq.(2.100), we can 1dentify the right-handed
versions of Eq.(2.107) through Eq.(2.110) the time evolution operators
from,

1. replacements of the mixing matrices Ui, g1k <> Viag4)k

2. swapping of the operator handedness ap(s ) (+p) < ars)(EP)
and bR(gﬁ)(zl:p) <~ bL(/g,,y)(:l:p).

We emphasize the time dependent operators will lead to phenomena
equivalent to neutrino oscillations, because of the non-trivial mix-
ing of the operators. For example, the time evolution of the operator
a;,(t,£p) depends on the creation operator bRﬂ(ZFp) and the annihi-
lation operator a;4(+p). Naively, one may expect only a dependence
on the annihilation operator a,,(+p). In the next subsection we will
derive how the non-trivial mixing leads to phenomena similar to neu-
trino oscillations.
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2.3.1 Time evolution of Dirac family numbers

For the Dirac formulation we have two types of lepton family Heisen-
berg operators, which we denote L% (¢) and L%Z(t). The summation of
those two operators is what we assign the lepton family numbers
to based on the charged lepton in the SU(2), doublet from the weak
interaction L., L,, L,. The two lepton family numbers are then,

LE(t) = /d3m VLo (t, )Y vLa(t, X) ¢, (2.111)
LE(t) = / &3 Tt ) e () : 2.112)

and
LP() = LE(t) + LE(D). (2.113)

The notation : : denotes normal ordering according to the a (. z).(Ep)
and b(; g).(£p) vacuum. First, we focus on the operator of left-handed
lepton family number LZ by substituting the time dependent form of
Eq.(2.82). The substitutions hold the two regions for p,

Loy dp
L0 = [ oy (P D02e.1) = 0.1

+a£a(_p7 t)a’La(_pv t) - b}/a(_pa t)bLa(_pa t))
(2.114)

Then, we substitute the time dependent operators of Eq.(2.107) through
Eq.(2.110) to write the operator of the left-handed lepton family num-
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ber with time independent a(;, z).(p) and bz zy.(P);

ZZ/EA 2m) 32|10‘

X [(cos E;(p)t + iv; sin E;(p)t) (cos Ej(p)t — iv;sin E;(p)t)
x (UyUgU,,; U301 (p) — Uy UgUs, U 0% (p))

aj =g aj =i

+ /1 — 7 (cos Ey(p)tsin E;(p)t + iv; sin E;(p)t sin E;(p)t)
X (~U8Us U V208 (p) + U Us UV, 0% (p))

aj i aj " vj

+1/1 — vZ (sin E;(p)t cos E;j(p)t — iv; sin E;(p)tsin E;(p)t)
x (=U%L VU, UL 0% (p) + U ViU, U O (p)

aj =g aj =g

+ \/1 — V; \/1 — visin Ey(p)tsin E;(p)t
X (Us VUi V0%(p) — Ui ViU V,.05(p)) |-

aj g aj v yg

(2.115)

We have compacted the operator notation to be,
04(p) = al 4(p)a,(p) + als(—p)ag,(—P). (2.116)
O} (p) = bl 5(P)by, (P) + bl 5(—P)br,(—D), (2.117)
O%(p) = bg(—P)bk, (—P) + bps(P)bk, (D), (2.118)
O%(P) = apg(—p)ak, (—p) + agps(P)ak, (p), (2.119)

for the single operators and

Ofa(p) = al5(p)bl, (—p) — a} 5(—p)b, (P), (2.120)
O(p) = bl 5(p)ak, (—P) — bl 5(—P)ak, (p), (2.121)
0% (p) = brs(—=P)ar,(p) — brs(P)ar, (—p), (2.122)
O%(p) = apg(—P)bL,(P) — ags(P)bL, (—P), (2.123)

for the mixed operators. The right-handed lepton number L%Z(¢) is
found by following the same replacement rules of

1. exchanging the mixing matrices U,k <> Via,5)k

2. swapping the operator handedness aps ) (+p) <> ars) (£p) and
br(p.)(£P) < br(s.)(EP)-

40



2.3. Lepton number for Dirac neutrinos N.J.Benoit

Lastly, the operator for the lepton family number in the Dirac case is
L2(t) = LE(t) + LE(t) from Eq.(2.113).

Our next step is to take the expectation value of the Dirac operator
for which we prepare a normalized left-handed flavor state,

lor(q)) = 1o (@)I0) (2.124)

V Olaza(a)al, (a)]0)

which is a pure state of o/ (q) = e, i, 7. That state is based on a Weak in-
teraction production process. Then, we sandwich the state of Eq.(2.124)

around Eq.(2.115) the operator of the left-handed lepton family num-
ber to get,

(LEW)ay 0 = Y [Re (U Unil,,Usy) (cos Ei(@)t cos Fy(a)t
0,]
+ v;v; sin B;(q)tsin E;(q)t)
—Im (UZ;ZUMUOU U;j) (v;sin E;(q)t cos Ej(q)t

— v; sin E;(q)t cos Ez(q)t)} ;
(2.125)

which is the left-handed expectation value, and we have used the

notation (LL(t)),, .o = (or(q)|LE(t)|or(q)). Next, we calculate the right-
handed expectation value by sandwiching the state of Eq.(2.124) around
the operator of the right-handed lepton family number,

(LE(t)) o, a = VOZUMVQJU(Z \/1 — V3 \/1 — visin Ey(p)tsin E;(p)t.

(2.126)
The sum of Eq.(2.125) and Eq.(2.126) is the Dirac expectation value,

(L2()gya =Y [Re (U2,0,,U,.U)

ai - ot aj > og
,L’]

X (cos E;(q)t cos Ej(q)t + v;v; sin ;(q)t sin £;(q)?)
—Im (U;,U,,U,,U)

ai ot aj~ oj

X (v; sin E;(q)t cos E;(q)t — v; sin E;(q)t cos E;(q)t)

+V3iUyiVo;Usin/ 1 — vy /1 — 3 sin Ey(p)t sin Ej(p)t

(2.127)
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The Dirac expectation value Eq.(2.127) is our second main result, after
the Majorana expectation value Eq.(2.58), and was not featured in our
original work.

Importantly, the discussion we had in section 2.2.2 about the com-
parison between the Majorana expectation value and quantum me-
chanic formulation also applies to the Dirac expectation value. Be-
cause the lines one though four match exactly between Eq.(2.58) the
Majorana expectation value and Eq.(2.127) the Dirac expectation value,
and the last line is suppressed by the absolute masses of the neutrinos.
In the next chapter, chap.3, we will compare the Majorana and Dirac
expectation values in greater detail.

42



Chapter 3

Comparison of Majorana and
Dirac Expectation Values

The usual formulations of neutrino flavor oscillations in quantum
mechanics and quantum field theory can not address the fundamental
question of neutrino mass type. Being neutral fermions, the mass of
neutrinos can come from three possible sources;

1. Majorana mass type,
2. Dirac mass type,
3. Majorana and Dirac mass type.

If neutrinos are Majorana fermions then the first and third mass types
are possible, but if they are Dirac fermions only the second mass type
is possible. High-energy experiments, in general, can not distinguish
the fermion type of neutrinos!. Kayser called this the “Practical Dirac-
Majorana Confusion Theorem” [89, 90, 91, 92]. Presently, this means a
different type of experiment called neutrino-less double beta decay
(OvgpB) is needed. However, the positive detection of neutrino-less
double beta decay is only proof that neutrinos are Majorana fermions.
The recent null-results of neutrino-less double beta decay experiments
does not imply neutrinos are Dirac fermions[94].

Our formulation provides a look into if neutrinos are Majorana or
Dirac fermions independent of neutrino-less double beta decay. This
is from differences in the evolution of the expectation values Eq.(2.58)

1Last month 05/2022, on the arXiv, it was suggested that neutrinos are Dirac
fermions. Unfortunately, this is a common mistake and has been discussed by
Kayser before [93].
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and Eq.(2.127). We will highlight those differences in two ways, first
by studying the total lepton number and second by comparing the low
momentum phenomenology.

3.1 Total Lepton Number

As we introduced in section 1.1.2, total lepton number is defined as a
summation over all lepton family numbers L = L. + L, + L.. In our
formulation, the total lepton number is found after taking summation
over the Greek index a = ¢, i, 7. We take the o« summation for Eq.(2.58)
the Majorana expectation value and Eq.(2.127) the Dirac expectation
value resulting in,

> (o ()| LA (t)]o( _1—ZZ] L2 (1 = 0?)sin? By (q)t, (3.1)

«

> (on(@| L (B)on(a)) = 1, (3.2)

(&7

where conservation of total lepton number is equal to one. The Ma-
jorana expectation value violates total lepton number as proved in
Eq.(3.1) and the violation oscillates between,

olal® —m?
-ls Z|U EE a2 + m2 < Z Q)| LY (t)|o(q)) < 1. (3.3)

From Eq.(3.2) the Dirac expectation value conserves total lepton num-
ber. The Dirac lepton family number oscillations are bounded by

0 < (ou(q)|LE(1)]on(a)) < 1. (3.4)

The reason for the violation and conservation of the expectation
values are the last terms in Eq.(2.58) and Eq.(2.127), which we repro-
duce in Fig.3.1 with notes. So, the reason for total lepton number
violation in the Majorana expectation value is the minus sign in front
of the last term. Whereas the reason for conservation in the Dirac
expectation value is the plus sign. Unsurprisingly, based on our dis-
cussion at the beginning of chapter 2, both of those terms are directly
proportional to the absolute masses of the neutrinos. As an example,
we outline the taking a sum over « for the Dirac expectation value.
We start with separating the expectation according to Eq.(2.113) into
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Majorana Expectation Value
(LM () g = Z [Re (UékU kU Ua]) (cos Ex(q)t cos E;(q)t + viv; sin By (q)t sin E;(q)t)
kg
—Im (U},.U,.U,,;Us;) (vr sin Ex(q)t cos E;j(q)t — v; cos Ey(q)tsin E;(q)t)
The minus sign
9 _pe (UarUzUniUy;) (1 — 0R)/2(1 — v3) /2 sin By (q)t sin E;(q)t

leads to total ajze )
lepton number Majorana phase dependance is

el e suppressed by the absolute masses

Common terms between the Dirac and Majorana expectation values.

Dirac Expectation Value
<L£(t)>”ﬁa = Z {Re (U;iUganjU;j) (cos E;(q)t cos Ej(q)t + v;v; sin E;(q)tsin E;(q)t)
]

—Im (U},U,;U,,;Ux;) (visin E;(q)t cos E;(q)t — vj sin E;(q)t cos E;(q)t)

ai” ot aj oj

VAU VU (1—02)Y2(1 71)]2_)1/2 sin E;(q)tsin E;(q)t|.

ot~ oY agy og
Mixing matrices from right-handed fields appear.
Plus sign lead to conservation.

Figure 3.1: Comparison of the Majorana and Dirac expectation values.

Eq.(2.125) the left-handed and Eq.(2.126) the right-handed expecta-
tion values. Next, we separately sum over « to find the total lepton
numbers,

Z< Yor—a = Z] (cos® Ei(q)t + v} sin® Ey(q)t) (3.5)

[0}

> {LE1) g, 0 = Z| [2(1 — 02 sin? B (p)t. (3.6)

«

When we recover the Dirac expectation value as the summation of
Eq.(3.5) and Eq.(3.6) the sine squared terms with the coefficient v?
cancel. Then, the cosine squared plus sine squared is equal to one and
the sum over the PMNS matrices squared is also one. The summation
of a for the Majorana expectation value has a term similar to Eq.(3.6)
expect the Majorana case has an overall minus sign. That is the minus
sign, which leads to total lepton number violation.

Because the effect of the conservation or violation terms is sup-
pressed by the masses of the neutrinos though /1 — v? = m;/(E;(q)),
for larger momenta differences between the Majorana and Dirac ex-
pectation values is negligible. We illustrate this with figure 3.2, where
we consider the lightest neutrino mass to be mjjgnest = 0.01eV, which
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means at least one neutrino is non-relativistic when q < 0.1eV. Similar
to chapter 2, the values of the mass squared differences Am?; and
the PMNS matrix parameters? are the best-fit results of NuFITv5.0
[88]. Lastly, we take the Majorana phases to be zero. In figure 3.2
the Majorana expectation value starts to take negative values below
q = 0.01eV, whereas the Dirac expectation value is always positive.
Additionally, the negative values are larger as the momentum moves
toward zero.

Majorana expectation value Dirac expectation value
1.0
0.5
0.0
-0.5
—e—eatt=132ps
-1-0_ T T T TTTag T T TTTTTg T T TTTTT] T T T TTTTTg T T T TTTag T T TTTTTg T

1073 1072 107 1073 1072 107
momentum ¢ (eV)

Figure 3.2: Comparison of the Majorana and Dirac expectation values
at a fixed time. We set the Majorana phases to zero and assume the
lightest neutrino mass to be 0.01eV. All other oscillation parameters we
use are the best-fit values from NuFITv5.0 [88]. The x-axis is a loghase10
scale.

We also illustrate with figure 3.3 how the different appearance
o — « and disappearance ¢ — o Majorana expectation values are
unequally affected by the lepton number violation. In the left panel for
momentum g = 0.0002eV the e — ¢ disappearance oscillates to larger
negative values than the e — ; and e — 7 appearance expectation
values, although all three expectation values do oscillate to negative
amplitudes. Comparing the two panels we see at a larger momentum
of g = 0.2eV the three expectation values do not take on negative
amplitudes. Thus, the Majorana and Dirac expectation values are
indistinguishable.

It is important to notice the x-axis timescale is different among the

?Details on how the PMNS matrix is parametrized is in appendix A.
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panels of figure 3.3. For the larger momentum of q = 0.2eV we have
taken a longer timescale, than the momentum of q = 0.0002. We have
changed the timescale because the higher frequency phases ¢; ;, ¢; ;,
and ¢} ; we discussed in section 2.2.2 dominate the amplitude for the
smaller momentum q = 0.0002eV.

Momentum of q = 0.0002 eV Momentum of g = 0.2 eV

1.0

0.5

0.0 4 et ¥ A\

-0.5

Majorana expectation value

-1.0 -

T T ] T ] ] T ] ]
0.0 0.5 1.0 15 0 5 10 15 20
time t (ps)

Figure 3.3: Comparison of the Majorana expectation values at different
fixed momenta over time. We use the best-fit oscillation parameters
from NuFITv5.0 [88], assume the lightest neutrino mass to be 0.01eV,
and set the Majorana phases to zero.

3.2 Phenomenology of the lepton family num-
bers

We focus on the interesting phenomenology that occurs for the ex-
pectation values of the three lepton family numbers « = ¢, u, 7. First,
phenomenology of Eq.(2.127) the Dirac expectation value depends
strongly on the model that generates the Dirac mass term for the neu-
trinos. This is because the mixing matrix related to the right-handed
field V,, is ill-defined, unless we consider the model that generates
the Dirac neutrino mass term. In this section, for generality, we treat
the influence of the mixing matrix V,, as a missing component for the
total lepton number. This results in an equation similar to Eq.(3.5);

> (Lh) ,,L%_1—Z| P =) sin? Ey(q)t, (3.7

«
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recall our notation (LZ(t)),, .o = (o(q)|LE(t)|or(q)). This means we
are only considering the phenomenology of Eq.(2.125) the left-handed
expectation value. An interesting part of Eq.(2.125) is the influence of
the summed energy phases,

o7 = (Ei(p) + E;(p)) t, (3.8)
i; = — (Ei(p) + E;(p)) t, (3.9)

at different momenta. We already discussed how those phases can
be used to distinguish our formulation from the quantum mechanic
probability in Section 2.2.2, but we have not discussed how we can
use them to help distinguish the neutrino mass hierarchy.

The neutrino mass hierarchy is an open question about if the mass
eigenstate v is the heaviest or the lightest in standard neutrino os-
cillations as introduced in section 1.4. Commonly in this is called the
normal (5 is the heaviest) or inverted (v is the lightest) hierarchy
problem. Near future neutrino experiments are expected to answer
that question, but they require a high degree of precision and a large
amount of statistics. This is because the oscillation phase the experi-
ments are sensitive to, ¢, ; = (Ei(p) — E;(p))t, is only weakly related
to the mass hierarchy. The additional phases ¢7; and ¢?; of our for-
mulation have a stronger relation to the mass h1erarchy and become
more pronounced at lower momenta. We illustrate the differences of
the left-handed expectation and the quantum mechanic probability in
figure 3.4. We can clearly see the influence of the high frequency oscil-
lations in the left-handed expectation value for the inverted hierarchy.
Furthermore, as the momentum approaches zero the amplitude of
the high frequency oscillations increases.

For the time evolution, the additional phases appear as high fre-
quencies within the envelope of the oscillations. As we lower the
momentum the amplitude of the additional phases increases, chang-
ing the effects of constructive and destructive interference. This effect
is clear if we rewrite Eq.(2.125) from trig products to sums,

(LY () g, —a = ; Z [Re (U3:U:U,Uz) {1+ vi0;) cos[(Ei(q) — Ej(q))t]

+ (1 = vyv;) cos|(Ei(q) + E;(a))t]}
—Im (U:ﬂUmUaj U:]) {( Uj) Sln[(EZ(q) + Ej ((]))t]
+ (v o) sin[Ey(a) — Ej(a)t]}].
(3.10)
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Figure 3.4: Comparison of the Dirac expectation value for inverted
mass hierarchy and normal mass hierarchy at different momenta. We
use the best-fit oscillation parameters from NuFITv5.0 [88] and assume
the lightest neutrino mass to be 0.01eV. The x-axis uses a log base 10
scale.

Recall that v; = |q|/(Ei(q)), which means for smaller momentum com-
pared to the neutrino masses, v; is smaller from one. So the terms

(1 — wvv;) cos[(Ei(q) + E;(q))t], (3.11)
(vi — ;) sin[(Ei(aq) + E;(a))t], (3.12)

from Eq.(3.10) become more important to the oscillation amplitude
for smaller momenta. This allows our formulation to have a greater
distinction in the neutrino mass hierarchies at smaller momenta. We
illustrate this effect over a wide momenta range in figure 3.5. Clearly,
the higher frequency oscillations have a greater influence on the am-
plitude of the left-handed expectation value as momentum decreases.
Furthermore, the higher frequencies are more pronounced in the in-
verted hierarchy case. We understand this by considering the effect of
the mass hierarchy on the summed energy phases (E;(q) + £;(q))t. For
the inverted hierarchy two heavy states exist, v, and v, that generate
the frequencies,

f22(q) = Ea(q) + Ea(q) the highest frequency, (3.13)
fa1(q) = Ex(q) + Ei(q), (3.14)
fir(a) = Ei(q) + Ei(q), (3.15)
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normal hierarchy at t = 1.32 ps inverted hierarchy at t = 1.32 ps
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Figure 3.5: Comparison of the Dirac expectation value for inverted
mass hierarchy and normal mass hierarchy at different momenta. We
use the best-fit oscillation parameters from NuFITv5.0 [88] and assume
the lightest neutrino mass to be 0.01eV. The x-axis uses a log base 10
scale.

because the mass squared difference of Am3, = 7.25 x 10-° eV* is two
orders of magnitude smaller than |Am32,| = 2.498 x 1073 eV°. In the
normal hierarchy only one heavy state exists, 15, SO we are left with a
single high frequency and some medium frequencies,

f33(q) = Es(q) + E3(q) the high frequency, (3.16)
fs1(q) = Es(q) + Ei(q) a medium frequency, (3.17)
fas(q) = E2(q) + Es(q) a medium frequency, (3.18)

and the mass squared difference becomes |Am3,| = 2.517 x 103 eV
In summary, our formulation has a stronger relation to the neutrino
mass hierarchy and the strength becomes more pronounced at lower
momenta, because of the additional phases ¢;; and ¢ ;.

For Eq.(2.58) the Majorana expectation value, the exact Majorana
mass model is not important to the general phenomenology. This is
because the Majorana phases are physical parameters that can in
principle take on any value, see the discussion in appendix A. In our
formulation the PMNS term Re (U, Uz, U,,;U,;) is directly proportional
to the Majorana phases a»; and a3;. That term only has significance
for lower momentum, as we have noted at the end of section 2.2 after
Eq.(2.58); and in the middle of section 3.1. We illustrate the effect of
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the Majorana phases in figure 3.6 by considering the cases they have
the least and the greatest contributions to the Majorana expectation
value,

(a1, az1) = (0,26) the least effect, (3.19)
(a1, a31) = (m, 7 + 20) the greatest effect. (3.20)

In the left panel of figure 3.6 the Majorana phases are chosen to be

Majorana phases greatest Majorana phases least

S 1.0
'S
>
& 051 Iﬂwff""* W/\m,\,\/"""‘
T
2, 0.0
]
(«5]
]
5 -0.5 1 —e—e
5 e—r
)
= -1.0 T T T T T

0.00 0.02 0.04 0.00 0.02 0.04

momentum ( (eV)

Figure 3.6: Comparison of different Majorana phases over a momenta
range. We use the best-fit oscillation parameters from NuFITv5.0 [88],
assume the lightest neutrino mass to be 0.01eV, and use normal hierar-
chy.

their greatest values. Near the momentum q = 0.02eV the disappear-
ance amplitude e — e for the Majorana expectation value becomes
negative. Contrast this to the right panel where the Majorana phases
are their least values and the disappearance amplitude is positive near
the momentum q = 0.02eV. Additionally, for momenta closer to zero
the Majorana phases at their least values do not constrain the negative
disappearance amplitude. However, when the Majorana phases are at
their greatest values the disappearance amplitude is almost always
positive. This illustrates how the PMNS term Re (U, U,.U,.U,.) and

aj = oj

the Majorana phases are suppressed by the masses of the neutrinos

through (/1= U(sz) = m(m-)/(E(k,j)(q)) in Eq(258)
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3.3 Summary

From this chapter we have illustrated how our formulation provides
a look into if neutrinos are Majorana or Dirac fermions. We have
done this by investigating from differences in the evolution of the ex-
pectation values Eq.(2.58) and Eq.(2.127). We have investigated those
differences in two ways, first by studying the total lepton number
and second by comparing the low momentum phenomenology. For
total lepton number, we found for the Dirac expectation value the
total lepton number is always conserved and for the Majorana expec-
tation value violates total lepton number. We highlighted how this
occurs though figure 3.1 and illustrated the effect on disappearance
and appearance calculations in figures 3.2 and 3.3. For the low mo-
mentum phenomenology we discussed how our formulation has three
interesting phenomenology properties,

1. we can distinguish the neutrino mass type,
2. differences from the neutrino mass hierarchy are enhanced,

3. the Majorana phases can play an important role to the Majorana
Expectation value.

In the next chapter, chap. 4, we will change directions completely and
discuss some theoretical implications of our formalism.
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Chapter 4

Lepton number in the
Schrodinger picture

For this final chapter, we will discuss the ideas from one of our other
works [95]. The basis of our formulation in chapters 2 and 3 is the
Heisenberg picture, where the operators of the Lepton family numbers
are Heisenberg operators Eq.(2.56) and Eq.(2.113). But, in principle
we can reformulate to the Schrodinger picture and reproduce the
same results. We are motived to do this because, as we stressed in
chapter 2, the creation and annihilation operators of Eq.(2.46) and
Eq.(2.47), Eq.(2.52) and Eq.(2.53), Eq.(2.97) through Eq.(2.100), and fi-
nally Eq.(2.107) through Eq.(2.110), have a non-trivial mixing. That
suggests a non-trivial relationship between the Fock spaces of the
operators.

When we do reformulate to the Schrodinger picture, we find the
operator relations of Eq.(2.46) and Eq.(2.47) from the Majorana cal-
culation can be expressed as a Bogolyubov transformation. The Bo-
golyubov transformation leads to a relationship between the different
vacua of the operators. The Bogolyubov transformation has been
applied by others to neutral particle oscillations and neutrinos as Ma-
jorana particles have been suggested to be Bogolyubov quasi-particles
[78,79, 80, 81, 82, 83, 96, 97]. To understand those ideas we will first in-
troduce some concepts about quantum field theories that is normally
not covered in high energy physics, but is discussed in condensed
matter physics in section 4.1. Then, we will clarify the relationship
between our original formulation in the Heisenberg picture and the
other formulations in the Schrodinger picture, over sections 4.2 and
4.3.
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4.1 Unitarily inequivalent representations

We set a background for the Bogolyubov transformation using a pre-
scription of condensed matter physics [98]. We start with a many
body system described by a state |n;,ns,...) and those states form a
set {|n1,no,...)}. That set is non-countable, and can be proven for a
Fermion system that uses the binary number system. For example,
in a binary system the set can be written as {n;ny...n;...} where
nr = 0 or n, = 1. That set is across (0,1) on the real number line
and corresponds directly to the set {|ny,ns,...,n,...)}. Thus, the set
{In1,na, ..., ng,...)} is non-countable.

We can not use a non-countable, in other words an infinite, set for
a base of a Hilbert space #, which only allows countable, or finite, sets
[99]. To fix this problem we can select a subset from {|ny,n,,...)} that
is countable and use that subset to build the Fock space F. The Fock
space F is a unique subspace of the Hilbert space because it holds the
vacuum |0), or zero particle state. However, we are then faced with
infinite selection of countable subsets, so an infinite number of Fock
spaces F, to form our Hilbert space #. If we are able to define two
unique subsets as the base for representing the operators a;, a! : i =
1,2,... then those two representations form unique Fock spaces F.
Those Fock spaces F are said to unitarily inequivalent to each other
[98]. This leads to Haags theorem[100], which to simplify states;

1. when two fields are unitarily equivalent, then both are free if
one is free,

2. only when the ground states are equal can their corresponding
Fock spaces be unitarily equivalent.

As we introduced in section 1.3.2, neutrinos can be described by
the weak states,
Vo) = > Uilvi). (4.1)

In the two flavor case the index i = 1, 2 tells us the flavor fields, ». and
v,, are a superposition of the massive fields v, and v,. So, there are
two general types of Fock spaces one for the massive fields F; and the
other for the flavor fields F,. Both 7; and F, are unique subspaces of
the Hilbert space H, which means they must be treated as unitarily
inequivalent. In other words, there is no unitary transformation V/
between the fields v, and »; that satisfies the relation,

v, =V V. 4.2)
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Consequently, there is also no such unitary transformation between
the creation and annihilation operators of those fields.

We stressed in chapter 2, the creation and annihilation operators
of Eq.(2.46) and Eq.(2.47) for the Majorana case and Eq.(2.97) through
Eq.(2.100) for the Dirac case have a non-trivial mixing among them-
selves. That non-trivial mixing is a consequence of us creating Fock
spaces F in two separate regions, then connecting those regions with
a continuity condition. Thus, the relations between the fields, and
consequently the operators, is non-trivial because the Fock spaces are
unitarily inequivalent.

As we mentioned before, each Fock space F is a unique subspace
due to the vacuum. In other words, the vacuum of separate Fock
spaces are different and operators of one Fock space can not act upon
the vacuum of a second Fock space. We will study how the unitarily
inequivalence and different vacuums we use in our formalism in the
next section, sec. 4.2.

4.2 The Bogolyubov transformation

For simplicity, we will only consider a single flavor case of the Majo-
rana lepton number from section 2.1;

L5 = iy dibr, — Q(t)% (_gm + h.c.) . (4.3)
Recall the notation of ¢ = ()¢ for charge conjugation. Next, we
reproduce the operator relations of Eqs.(2.14) and (2.15) for conve-
nience,

a(p) = V2PIN(p) (aM(p,—) + m ot (—p7—)>, (4.4

2E(p) N(p) ™
o) = VP (o) sl pn) @)

and extend them into the second momentum region of «(—p) and
b(—p);

a(—p) = YAPIN(p) (aM<—p,—>— im a&(p,—)), 4.6)

2E(p) N(p)
bl-p) = % (GM(—P, )= Ny P, +)) %)
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Recall the normalization factor is N(p) = F(p) + |p|. To proceed we
point out that the operator relations can be rewritten as a rotation
between a definite lepton family number state and mixed state. To
accomplish the rotation we use the velocity definitions |p|/E(p) = v

and m/E(p) = v1 —v?;
(4.8)

4.9

The angle of rotation ¢, depends on the momentum of the particle
states. Then, we rewrite the operator relations as rotations dependent
on the angle 6,;

a(p) o coshf, 4¢sinh@ ay(p,—)

(aT(—P)) - (Z sinh Qpp cosh pr) (aRA_p’ _)) ) (4.10)
b(p) \ _ coshd, isinhd ay(p,+)

(b*(—p)) v (Z sinh 9pp coshepp) (GRA_P, +)> . (4.11)

To further simplify we use the hyperbolic trig relation of cosh 2z =
sinh?® z+cosh? z, which leads to cosh 26, = v=! = cos™! 2¢,. Then Eq.(4.10)
and Eq.(4.11) are written as,

a(p) \ _ (cos¢, ising,\ [ au(p,—)
(aT(—P)) =Ny (z sinq;; CcOS ¢pp) (a;rw(_p7 _)) , (4.12)
b(p) B cos ¢p 1Sin g, ay(p,+)
(bT(—p)) =M <z sing, cos ¢p) (ajvl(_PH—)) ) (4.13)
where n, = |/cos2¢,.

The momentum dependent rotation ¢, suggests the existence of a
Bogolyubov transformation,

T(gbp) _ €i¢p[g(p,+)+g(pﬁ)]7 (4.14)

where the dimensionless generators of the transformation are,

ay (P N)ay (=p,A) + a;/[(p, /\)ajw(_l% A)
2E(p)(2m)36®)(0) '

9P, A) = (4.15)
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The operator relations then become,

a(p) = n,T(¢p)an (P, _)T_1(¢p)a (4.16)
a(=p) = np,T(¢p)an (—p, )T~ (¢y), (4.17)
b(p) = in(Cbp)CLM(p, +)T_1(¢p)a (4.18)
b(—p) = 0T (dp)an (—p, +)T " (¢y). (4.19)

Because we have two sets of operators, a(p) and a,(p, —), we should
define two distinct vacua. The first vacuum is annihilated by a(p) and

b(p),
a(£p)|0) = b(£p)|0) = 0; (4.20)

and the second vacuum is annihilated by a,,(p, —) and a(p, +),

ay(£p, —)|0n) = an(£p, +)[0ar) = 0. (4.21)

Similar to the operators the vacua are related to each other though
Eq.(4.14) the Bogolyubov transformation,

10) = T 7(6,)10.). (4.22)

peA

We expand the Bogolyubov transformation to show that the relation-
ship between the vacua is nontrivial,

|O> = H |:COS2 ¢p — B}LV[(I)7 _|_)B;rw(p7 _) SinQ pr
pEeA

(4.23)
+ i sin ¢, cos ¢y, Z B;rw(pa )‘)] 0ar)-
A==+

The bosonic operator B}, (p, \) creates two Majorana particles with
opposite momentum. These bosonic operators appear as a superposi-
tion of the Majorana particles in a state of two pairs or one pair with
the norm,

(0mY By, N) D B, N)]0w) =2, (4.25)
Y A

a}L\/l(_pa )‘)ail-\/l(p7 A)

2E(p) (@m0 (0) (420

Bl (p,)) =
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4.3 Expectation value in the Schrodinger pic-
ture

We use three steps to calculate the Majorana expectation value in the
Schrodinger picture. We start with an initial state of definite lepton
number, then we solve for the evolution form of that state, and last we
sandwich that state around the operator for the lepton family number.
The initial state is built using Eq.(4.23) the relationship between the
vacua and Eq.(4.16) the transformation of operator,

a'(q)|0)
U(t=0)) = , 4.27
BN TCRREID -

which becomes,

woy = ] [cos2¢p—BMp,+>BL<p,—>sm2¢p
(p#q)eA

+ i sin ¢, cos ¢, Z ij(p, )\)}

A=+ (4.28)
cos 2¢,
) \/2\q\<2w>36<3><0> (coss,

+iBly(a,+) sin g,)al (q, =) 0ar).

Next we obtain the time evolution form,

1 ,
U(t)) = e~ 1Ot (q)]0); 4.29
[ (t)) N TOREID) (a)|0) (4.29)

which is equivalent to,

(W(t) = H {COSQ ¢p — Bl,(p, +)Bl,(p, —) sin? ¢,e~#E@)!
(p#a)€A

+ i sin ¢, cos gpe” HE@! Z B!, (p. )\)}
A=+

—iE(q)t cos 2¢, .
e \/2rq|<27r>35<3><0> [(cos,

+ie PE@! BT (g, +)sin ¢,)al,(q, —)} 10a7).
(4.30)

58



4.3. Expectation value in the Schrodinger picture N.J.Benoit

Lastly, we sandwich Eq.(4.30) the time evolution form of the initial
state around the operator for the lepton family number. For the single
flavor case we define the operator for the lepton family number to be,

/ dq
1= [ g (ol @ata ~ @) 4.31)

We use the results of the Bogolyubov transformation in Eq.(4.16),
Eq.(4.17), Eq.(4.18), and Eq.(4.19) to substitute the operators,

v quZ N[o(Ala ) + A(=q, 1)
iV — 02 (B]Tw(q, ) + Bul(a, —A)ﬂ .

The notation V' = (27)36®(0) refers to a volume normalization and we
define,

(4.32)

:
_ aM(pJ )\)G’M(p7 A)
AN = 25 p) @ne0 () )
Sandwiching the operator of Eq.(4.32) with Eq.(4.30) the evolved initial
state results in two matrix element calculations,

(L%) = H (O] [COS2 ¢p — By (P, +) By (p, —) sin? ¢, e Pt
(p#a)eA

— isin ¢, cos ¢, PP Z By (p, /\)}
A=+
X [cos2 Op — B]TW(P, +)BJT\4(P7 —) sin® g FP
+ i sin ¢, cos g e PP Z Bl,(p. A)} 0ar)

A=t
dq
< J o (o o 20ntOnlon
X [cos bg — ie? BB, (q, +)sin ¢q} °
X [cos ¢y +ie PEDBY (g, +) sin ¢q] ajr(a, —)[0nr).
(4.34)

The first matrix element consists of the direct product for all momen-
tum (p # q) € A and is equal to one. The second matrix element is the
integral over q € A, which evaluates to be,

(LY = v* 4 (1 — v?) cos 2E(q)t. (4.35)
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Thus, our result in the Schrodinger picture is exactly the same as the
Heisenberg picture for the single flavor case derived in section 2.1.
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Chapter 5

Conclusions

Neutrino physics has evolved significantly since the discovery of flavor
oscillations by Super Kamiokande [50] and the Sudbury Neutrino
Observatory [51]. Nowadays, there are numerous experiments that
aim to take precision measurements within the next ten years. Some
measurements include:

* Neutrino mass hierarchy,

* Neutrino mass type,

» CP violation in the leptonic sector,

» Absolute mass scale of the neutrinos.

Furthermore, the originating work of Pontecovo with neutrino oscil-
lations in quantum mechanics [47] has been established to not be a
theoretically complete model for neutrino oscillations. A consensus
for the theory of neutrino oscillations in quantum field theory has not
been reached and is an active area of research [67, 68, 69, 70, 71, 72,
74,73, 75,76,77,78,79, 80, 81, 82, 83].

We developed a formulation of neutrino flavor oscillations based
on lepton family numbers in quantum field theory. We introduced
lepton family numbers in section 1.1.2 as conserved valuesin V — A
theory and a U(1) global symmetry in the Standard Model. However,
neutrino flavor oscillations imply lepton family numbers are violated
[8]. We started with a derivation of lepton family number for neutrinos
with Majorana masses in sections 2.1 and 2.2. The main result of
that derivation is the Majorana expectation value of Eq.(2.58) from
our original work [86]. Some important features of the Majorana
expectation value are,
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* The cosine and sine terms are responsible for time dependent
oscillations of the expectation value.

« In the last line of the equation, the quantity Re (U3, Ux.U,,U,,) is
dependent on the Majorana phases a,; and as;. Those Majorana
phases are observable CP phases and could be determined by
some experiments.

» A sum over all the lepton family numbers > _(o(q)|LY (t)|c(q))
is the total lepton number. The total lepton number is not a
conserved, time independent, value because of the minus sign
in the last term. We explored this further in section 3.1.

* The quantum mechanics equation for neutrino flavor oscillation
Eq.(1.13) is recovered from Eq.(2.58), the Majorana expectation
value, using the ultra-relativistic limit; which we discussed in
section 2.2.2.

Next, we derived the lepton family number for neutrinos with Dirac
masses in section 2.3. Our second main result is the Dirac expectation
value Eq.(2.127) that we derived in section 2.3 and is new for this thesis.
The discussion we had in section 2.2.2 about the comparison between
the Majorana expectation value and quantum mechanic formulation
also applies to the Dirac expectation value. This is because the lines one
though four match exactly between Eq.(2.58) the Majorana expectation
value and Eq.(2.127) the Dirac expectation value, and the last line is
suppressed by the absolute masses of the neutrinos.

In chapter 3, we have illustrated how our formulation provides a
look into if neutrinos are Majorana or Dirac fermions. This is a new
comparison for this thesis. We accomplished this by investigating dif-
ferences in the evolution of the Majorana expectation value Eq.(2.58)
and the Dirac expectation value Eq.(2.127). We investigated those
differences in two ways, first by studying the total lepton number
and second by comparing the low momentum phenomenology. For
total lepton number, the Dirac expectation value was found to con-
serve total lepton number, whereas the Majorana expectation value
was found to violate total lepton number. We highlighted how this
occurs though figure 3.1 and illustrated the effect on disappearance
and appearance calculations in figures 3.2 and 3.3. For the low mo-
mentum phenomenology we discussed how our formulation has three
interesting phenomenology properties,

1. we can distinguish the neutrino mass type,
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2. differences from the neutrino mass hierarchy are enhanced,

3. the Majorana phases can play an important role to the Majorana
Expectation value.

For the final chapter, chap. 4, we discussed some theoretical prop-
erties of our model, and proved our formulation is the same in the
Schrodinger and Heisenberg pictures [95]. We were motived to do
this because our creation and annihilation operators of Eq.(2.46) and
Eq.(2.47), Eq.(2.52) and Eq.(2.53), Eq.(2.97) through Eq.(2.100), and fi-
nally Eq.(2.107) through Eq.(2.110), have a non-trivial mixing. That
suggests a non-trivial relationship between the Fock spaces of the op-
erators, which is not usually considered in high energy physics. When
we reformulated to the Schrodinger picture, we found the operator
relations of Eq.(2.46) and Eq.(2.47) from the Majorana calculation can
be expressed as a Bogolyubov transformation. That was similar to
Thermal field theory and gave an interesting theoretical background
to our model. This concludes the main chapters of this thesis.
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Appendix A

Parameterization of the unitary
mixing matrix

The Pontecorvo, Maki, Nakagawa, and Sakata (PMNS) mixing matrix
is an important piece of neutrino flavor oscillations. As such, we
give a brief overview of the topic with more details in the references
[8, 101, 102]. The origin of the PMNS matrix is the same as the CKM
matrix of the quark sector. We start with Eq.(1.3) the charged current
of the weak interaction, which we reproduce here,

£05 = =3 575 e e Wy + ). A1)

The lepton mass term written as,
Ly = —(lagMlor, +h.c) — L7 (A.2)

where charged leptons obtain a mass though the Standard Model Higgs
mechanism, and the neutrinos obtain a mass though some beyond the
Standard Model physics. In the interaction basis the charged lepton
mass matrix M/, is not diagonal. We can diagonalize the charged lepton
mass matrix with two unitary matrices,

(W' ia(Mp)asg(Vh) g5 = (m1):045, (A.3)

where W' comes from the right-handed charged leptons and V' from
the left-handed.

A similar process happens for the neutrinos, but the details of the
two unitary matrices depends on if the neutrinos have a Dirac or
Majorana mass term. Regardless if neutrinos have Dirac or Majorana
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mass, the charged current of the weak interaction is left-handed, so
the interaction basis is the most convenient. Then in the interaction
basis, the unitary matrices we used to diagonalize the lepton mass
matrices modify the charged current Lagrangian,

LY ==Y (V2 v NG (Trzy LW, + h.c.); (A4)
k,j

where the combination of the lepton and neutrino unitary matrices is
the PMNS matrix,
Ui = (V" DV (A.5)

For three neutrino mass eigenstates, the PMNS matrix is a complex
unitary matrix with nine real degrees of freedom. We can rotate
away three degrees of freedom by re-parameterizing the charged
lepton masses. Two more degrees of freedom can be re-parameterized
if neutrinos have a Dirac mass, otherwise for a Majorana mass six
degrees of freedom remain. The degrees of freedom are three angles
612, Bo3, and 6,3; and three phases ¢, ay;, and «z;. The last two phases
of ay; and ag; are the Majorana phases, which get rotated away if
neutrinos have a Dirac mass. This results in,

—id

C12€13 S512€13 513€
_ 6 6
Uak = | —512C23 — C12523513€ C12C23 — S12523513€ sozciz | U, (A.6)
6 i6
512523 — €12€23513€ —C12523 — 512€23513€ C23C13

where the matrix holding the Majorana phases is given as,

1
Uy = e 3 : (A.7)
;231
e’ 2

All the mixing angles and the Dirac CP phase ¢ have been measured
by experiments, and we use the best-fit values from the NuFITv5.0
collaboration dataset [88]. Presently it is not known if neutrinos have
a Majorana mass, so no measurements of the Majorana phases have
been preformed.

As a short aside discussion, the quantum mechanic probability of
Eq.(1.13) after the ultrarelativistic approximation suggests only the
mass squared differences Amj; of the neutrinos can be measured. In
fact, because in all neutrino oscillation experiments the neutrinos are
considered ultrarelativistic the experiments can only measure the
mass squared differences. The best-fit values for the mass squared
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differences are also reported by the NuFITv5.0 collaboration. Other
experiments are designed to measure the lightest neutrino mass, and
most recently have only provided an upper bound of m.;; < 0.9eV
[103]. This means for our analysis we are free to choose values for a,,
a1, and myghiest-
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Appendix B

Regions of the momentum

We will explain the calculation of Eq.(2.44) the continuity condition,
and how the regions of the momentum appear in the operators of
Eq.(2.56) and Eq.(2.113) the lepton family numbers. This discussion is
based on the supplemental material [104].

B.1 The continuity condition

We start with the equation of motion for Eq.(2.21) the Majorana La-
grangian,

Y01 = —i0()myg0L,, (B.1)
where we have suppressed the field dependence notation of 7, (¢, x)
and used ¢¢, = (¢1,)°. The time derivative of the field is taken,

s, ;0 . .
5/t = —~0y Stk i0(t)mvs. (B.2)

Then we integrate both sides of the equation over an infinitesimal
time region,

€ a € ; a ‘ € §

After integration on the left-hand side the result is,

VEial(€) — Via(—€) = —/ dt’Yoﬁ/i%VLa — z'/ dt@(t)mzﬁl/gﬁ. (B.4)
—€ 0
Lastly, we take the limit of ¢ — +0 and use vz, = U,;Lv; from Eq.(2.22)
to obtain,

lim Y, (—€,x) = lir&r Upi L);(+€, %), (B.5)

e—0+
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which is the same as Eq.(2.45). A similar derivation occurs for the
Dirac mass case. This forms our continuity condition.

B.2 The momentum regions

There is a subtle point about the momentum of the neutrinos that is
important to understand our derivation for the operators of Eq.(2.56)
and Eq.(2.113) the lepton family numbers. The fields on the left-hand
side of Eq.(B.5) the continuity condition are Weyl fields. Thus, the fields
Yra(—€,x) can not have zero momentum. The continuity condition
implies the Majorana or Dirac fields also do not have zero momentum,
despite the fact zero momentum is possible for a free Majorana or
Dirac field. Then, we split the momentum into two regions denoted A
and A with the direction of the momentum defined as,

n==2 (p:p0}) (B.6)

The direction of the momentum n can be parameterized by two polar
angles 6 and ¢. This places the hemisphere of region A inside the angle
¢ = [0,7) and the hemisphere of region A inside ¢ = [r, 27). The angle
0 is always [0, 27) no matter the hemisphere. So, to bring operators
from region A to region A we rotate them accordingly with n.
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