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Abstract

One of the long-standing puzzles in neutrino physics concerns the number of neu-
trino flavours in nature. So far the existence of three types of active neutrinos has
been established. However, it is crucial to ascertain if more neutrino flavour states
exist. Such neutrinos are dubbed sterile as their weak interaction with ordinary matter
is below available detection limits. Nonetheless, sterile neutrinos can mix with active
neutrinos leaving visible imprints in the form of a deviation from the unitarity of the
Standard Model neutrino mixing matrix. Thus, studies of non-unitarity of the mixing
matrix are crucial in understanding neutrino physics.

We develop a novel approach of studying neutrino mixing matrices based on matrix
theory. It has been built on quantities known as singular values and the notion of
contractions. Based on that we define a region of physically admissible mixing matri-
ces as a convex hull over experimentally determined three-dimensional unitary mixing
matrices. We study the geometrical properties of this physical region by measuring its
volume expressed by the Haar measure of the singular value decomposition and explor-
ing its internal structure corresponding to a different number of sterile neutrinos.

We show how to identify unitarity-breaking cases based on singular values and
construct their unitary extensions yielding a complete theory of minimal dimensionality
larger than three through the theory of unitary matrix dilations. Using that we find
stringent constraints on active-sterile neutrino mixings in models with three active and

one sterile neutrino states.






Streszczenie

Jeden z kluczowych probleméw wspotczesnej fizyki czastek elementarnych doty-
czy liczby zapachéw neutrin wystepujacych w naturze. Do tej pory udato sie ustali¢,
ze istnieja trzy rodzaje neutrin aktywnych. Istotnym problemem jest ustalenie, czy
istniejg inne dodatkowe stany neutrinowe. Neutrina takie nazywamy sterylnymi ze
wzgledu na fakt, ze ich oddzialywanie stabe ze znana materia jest jak do tej pory
ponizej eksperymentalnego progu detekcji. Niemniej jednak neutrina sterylne mogg sie
miesza¢ z neutrinami aktywnymi pozostawiajac tym samym $lady swojego istnienia na
poziomie Modelu Standardowego w postaci nieunitarnosci macierzy mieszania neutrin.
7 tego powodu badanie nieunitarnosci macierzy mieszania jest tak istotne dla petnego
zrozumienia fizyki neutrin.

W rozprawie przedstawiamy nowa metode analizy macierzy mieszania neutrin oparta
na teorii macierzy. Fundament naszego podejscia do badania macierzy mieszania neu-
trin stanowia pojecia wartosci osobliwych oraz kontrakcji. Dzieki tym pojeciom zdefin-
iowaliSmy obszar fizycznie dopuszczalnych macierzy mieszania jako powloke wypukty
rozpieta na tréjwymiarowych unitarnych macierzach mieszania wyznaczonych na pod-
stawie danych eksperymentalnych. W rozprawie badamy geometryczne wtasnosci tego
obszaru wyznaczajac jego objetos¢ wyrazona poprzez miare Haara rozktadu na warto-
Sci osobliwe oraz studiujac jego strukture wewnetrzng zalezng od minimalnej liczby
dodatkowych sterylnych neutrin.

Stosujac teorie unitarnej dylatacji pokazujemy jak warto$ci osobliwe pozwalaja zi-
dentyfikowa¢ nieunitarne macierze mieszania oraz jak tworzy¢ ich rozszerzenia do petnej
macierzy unitarnej wymiaru wiekszego niz trzy, opisujacej kompletng teorie zawiera-
jaca neutrina sterylne. Na tej podstawie wyznaczamy nowe ograniczenia w modelach

gdzie aktywne neutrina mieszaja si¢ z jednym dodatkowym neutrinem sterylnym.
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1 Introduction

Since its earliest history, neutrino physics has stimulated discoveries that break the
paradigms of particle physics. Even today, when we know much more about neutrinos,
there are still many unsolved problems. Solutions to them could change the physics
we know today drastically. Among them is the question concerning the number of
neutrino types in nature. At the moment three types of neutrinos are known, each one
corresponding to the different type! of the charged lepton (electron, muon, tau). That
there are three types of neutrinos has been known since the LEP era. The central value
for the effective number of light neutrinos NV, was determined by analyzing around 17
million Z-boson decays, yielding N, = 2.9840+0.0082 [1,2]. Tt is worth mentioning that
the recent reevaluation of the data [3,4], including higher-order QED corrections to the
Bhabha process, constrains further the value of N,, which is now N, = 2.996340.0074.
Moreover, from oscillation experiments it is known that neutrinos are massive particles
[5,6]. Massive neutrinos can be either self-conjugate Majorana particles or of Dirac
type. In the second case left-handed neutrino fields are accompanying by right-handed
neutrino states. These additional right-handed states do not couple directly with the
Standard Model (SM) W and Z bosons. Such non-weakly interacting neutrinos are
known as "sterile" and are in the limelight of modern particle physics research. However,
they may influence the Standard Model physics, as they can mix with active Standard
Model left-handed states. As a result, new neutrino states modify the mixing matrix,
so that it is no longer unitary, and the mixing between extended flavour and mass
states is described by a matrix of dimension larger than three. This extended matrix
should, in general, itself be unitary, meaning completeness of the active-sterile mixing
is restored.

The concept of sterile neutrinos is very appealing. They can explain important
physical phenomena such as small masses of active neutrinos, e.g. by the seesaw mech-
anism [7—10]. Interestingly, some recent experiments and experimental signals suggest
that the fourth type of neutrino may exist. Namely, measurements of the v, flux at
small distances from nuclear reactors give 6% fewer events than expected [11]. Such
a deficit referenced as a "Reactor Antineutrino Anomaly" can be explained as active-
sterile antineutrino oscillations at very short baselines [12]. The recent results of Daya
Bay [13], NEOS [14], RENO [15] and Double Chooz [16] experiments confirm this re-
actor antineutrino anomaly. Moreover, the NEUTRINO-4 reactor experiment claims

to detect an electron antineutrino to sterile neutrino oscillation at the 3o significance

Various lepton types are also often named flavours or species.



level [17-19]. However, there are some controversies concerning this result and a more
refined analysis of the data shows that claimed results are rather doubtful [20-22]. Gal-
lium solar neutrinos experiments also observe fewer events than predicted. A deficit in
data is reported by GALEX and SAGE collaborations [23]. Statistical significance for
such "Gallium Anomalies" in terms of neutrino oscillations was recently estimated at

the level of 2.30 [24] which decreases the previous estimation of 3o level [25].

Clues for sterile neutrino oscillations exist also in the long-baseline experiments.
The first reported abnormalities were reported by the LSND collaboration in 1995.
More efficient analysis from 1996 showed an excess of electron antineutrinos events
from the muon antineutrino beam [26]. Recent results from the MiniBooNE exper-
iment [27] show a massive excess of electron (anti)neutrino events from the muon
(anti)neutrino beam. There also exist some hints towards two additional sterile neutri-
nos with eV scale masses [28-31]. However, they contradict the latest muon neutrino
disappearance results from MINOS/MINOS+ and IceCube [32,33]. So, the situation is
not clear concerning scales and the number of additional neutrino states in general,
and further scrutinized studies are needed, both on experimental and theoretical sides.
Hence, studies of the violation of unitarity of the SM mixing matrix are crucial for

finding hints for new neutrino states.

Theoretical approach to the deviation from unitarity of the mixing matrix is based
on 1 and « parametrizations [34-39]. The use of these parametrizations is mostly phe-
nomenological, focused mainly on the estimation of this deviation without touching the
nature of the mixing mechanism. However, there are great possibilities for formal stud-
ies of neutrino mixing. On the one hand, the structure of the neutrino mixing matrix
can be studied in terms of group theory using additional symmetries (Ay, S3, etc., [40]).
On the other hand, matrix theory opens new insight to the neutrino mixing studies. In
this work, we will develop the latter approach which allows for a unified treatment of
both the Standard Model and beyond the Standard Model (BSM) scenarios by focusing
on the 3 x 3 mixing matrices available from oscillation experiments. The crucial step
in the development of this method is the recognition of the significance of the singular
values in studies of mixing matrices [41]. They underlie the notion of contractions
which impose a strong restriction on the mixing matrices allowing to sift the physically
meaningful mixing matrices from those non-physical. Following this idea, all physically
admissible mixing matrices form a geometric region whose structure reflects important
physical properties. It appears that the minimal number of additional sterile neutrinos
is not arbitrary, but is encoded in singular values. This property is inscribed in the

internal structure of the geometric region of physically meaningful mixing matrices.



The study of complete unitary matrices of some BSM scenarios agreeing with experi-
mental results is possible by a procedure called a unitary dilation. Besides its formal
insight, the matrix theory approach to mixing studies enables also to make quantitative
predictions of the physical effects of sterile neutrinos.

The dissertation has the following structure. In the next chapter, we present details
of the theory of massive neutrinos important for further studies. Chapter three contains
the basic notation of matrix theory presented from the neutrino mixing perspective.
In chapter four, we define and study geometrical properties of the region of physically
admissible mixing matrices. Chapter five is devoted to the study of phenomenological
predictions of effects of sterile neutrinos by singular values. In the final chapter formal
aspects of the connection between masses and mixing are presented, focusing on the
seesaw family. The work ends with a summary and discussion of the possible directions

of further studies.






2 Theory of neutrino masses and mixing

2.1 Basic framework

The history of neutrinos has been inseparably connected to the -decay and develop-
ment of weak interactions. The [-decay possesses the continuous energy spectrum of
the decaying particle which cannot be reconciled with a discrete energy spectrum of
directly detectable particles seen in a two-body decay, 2X — 4.,X + e, unless the
energy conservation law is broken. On the other hand, if an additional neutral particle
takes part in this process, X — 4 11X + e+ v, the continuous spectrum of the elec-
tron can be obtained. Such a postulate was made by Wolfgang Pauli and announced
in 1930 during the nuclear conference in Tibingen. In his original statement, Pauli
names the new particle v a neutron and assumes that its spin is 1/2, and mass must
be about the same as the electron mass and certainly not larger than one percent of
the proton mass. After the discovery of the neutron, as it is known today, in 1932 [42],
Fermi changed the name of Pauli’s particle to the neutrino. Further development of the
neutrino theory was driven by the necessity of the description of experimental results
of the S-decay. The first step in this direction was undertaken by Fermi in 1934 [43]
who constructed a suitable Hamiltonian assuming that the neutron decays to the pro-
ton and electron-neutrino pair, n — p + e 4+ v, and the interaction is similar to the

electromagnetic one
HP () = Grp(z)y.n(z)e(z)y v(x) + H.c., (2.1)

where G is the interaction constant, p(z), n(z), e(x) and v(x) are proton, neutron,
electron and neutrino fields, respectively. Further experimental discoveries, such as the
discovery of the parity violation in the 5-decay [44], were followed by the development
of the theory [45-47] in which the two-component neutrinos are massless particles. In

this framework, fermion fields are the sum of the left-handed and right-handed chiral

components
v(x) = vi(z) + va(z), (2:2)
where
vir(x) = ! :Fz%u(:c) = P rv(z), (2.3)

with  being the identity matrix and 75 = 797172773 (gammas are defined along with

the Dirac equation). The P, i are called chirality projectors and satisfies the following

bt



properties

IT—v+1T+7 7
2 ’ (2.4)
P Pr = PrPr, = 0.

Pr+ Pr =

In the two-component theory, it is assumed that the neutrino fields exist only in one

chiral state vy, or vg. Let us express the neutrino mass Lagrangian in terms of chiral
fields

£ = —mp(e)v(z) = —m(vL(2) + Pa(x))(ve(2) + va(z))

(2.5)
= —m(vp(z)vp () + v (z)vr(x) + vr(x)vp(x) + vr(x)ve(z)),

where 7 = v'7°. By using the fact that 7z = vP;, and v, = vPgp and applying the
second identity of (2.4), we end up with

L =—m(vy(z)vr(x) + vr(x)vp(x)), (2.6)

which is a standard form for a fermion mass term. However, in the two-component
neutrino theory, one of the fields does not exist and as a result, neutrinos must be
massless particles. Experimental confirmation of the two-component neutrino theory
was given in 1958 [48], showing that neutrinos are left-handed particles. If we assume
that the Standard Model is based on the two-component neutrino theory, where only
left-handed neutrino fields vy are present in the SM Lagrangian, then neutrinos are
massless particles. However, there is experimental evidence that neutrinos are massive
particles [5,6]. That being said, massive neutrinos can be easily accommodated within
the SM by introducing right-handed neutrino fields vy which are singlets of the SU(2),
gauge group. Then, the Yukawa Lagrangian reads

Ly = —sz/_Jl/LMZ’/ZVZRé—i—H.c. (2.7)

I

where ¢, = (v},10)T for | = e, u, 7, M’ is a complex matrix and ¢ is a conjugated
Higgs doublet with the vacuum expectation value v. After the spontaneous symmetry
breaking we get

H
Ly =—-v;M'vy <1 + ) + H.c. (2.8)
(%
with

/o / / I N\T
vy, = (Ver» VL Vi)

/o / / I N\T
Vr = (Ver: Vurs Vrg) -

Y

(2.9)

6



The left-handed fields v} can be transformed to the flavour basis by a transformation
vl = ULV, = (Wer,, vur, ver) 7, (2.10)

where Uy, is a unitary matrix used to diagonalize a charged leptons mass matrix. This
gives

H
c;:—ﬁMm%Q+>+Ha (2.11)
v
where Mp = U;M ’. The first part represents the neutrino mass term
LP = —oIMpvh, + He. (2.12)

The complex mass matrix Mp can be diagonalized by the singular value decomposition
Mp = UmVT, where U and V are unitary matrices and m = diag(my, my, ms). After

the diagonalization we obtain
LP = —iymug + H.e. (2.13)

where

v, = UMW =UtUj v,

2.14
v = Vv, (214)

The left- and right-handed fields can be combined into neutrino fields with a definite

LP(z) = —v(x)mrv(x), (2.15)

where v = vy + vg and v = (v, 15, 13)7 and v; are neutrino fields with definite mass
m; for ¢ = 1,2,3. This mass term is called the Dirac mass term. The relation (2.14)
is known as the neutrino mixing and the matrix Upwys = UpU is called the PMNS
(Pontecorvo-Maki-Nagawa-Sakata) mixing matrix [49,50]. This relation describes the
fact that neutrino fields with definite flavour differ from the fields with definite mass,
but are related as the linear combinations of each other. Experimental data shows
that for charged leptons the flavour fields are physically measurable fields, i.e fields
with definite mass. Thus, for charged leptons, flavour and massive fields coincide
within experimental accuracy. This implies that the charged lepton mass matrix is
already in a diagonal form, hence the unitary Uy matrix is the identity matrix and the
PMNS mixing matrix is equal to the neutrino mixing matrix U.

However, as neutrinos are neutral particles, there is another possibility to construct

a mass term involving only one chiral type of the field, namely the Majorana field. For
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neutral particles the charge conjugation of left-handed fields (11)¢ = C , where C is
a charge conjugate unitary operator satisfying Cy,C~' = —, and C* = —C, behave
as right-handed fields and, conversely, the charge conjugation of right-handed fields
(vr) are left-handed fields. To construct a mass term we need a combination of right-
and left-handed fields, thus in the case of Majorana particles, we can build a mass
term only from one type of neutrino fields. It is called a Majorana mass term and for

left-handed neutrino fields its matrix form can be written as
1
Ly = —517LMLV§ + H.c. (2.16)

where vy, = (Ver, Vur, vr1)" and M, is a complex symmetric matrix. Such a matrix

can be diagonalized by the congruence transformation
M, =UmUT, (2.17)

where U is a unitary matrix and m = diag(my, ms, ms). After the diagonalization we
get

1
Ly = —iﬁMmyM, (2.18)

where we defined
oM = Uty + (UTI/L)C = (v, vy, 13)" = uﬁf + 1/?34. (2.19)

The v; are Majorana neutrino fields with mass m; for ¢ = 1,2,3. The Majorana fields

are invariant under the charge conjugation
(v™)¢ = M or for individual fields ¢ = v;. (2.20)

This is the so-called Majorana condition and physically it means that Majorana parti-
cles are their own antiparticles. The mixing between flavour and massive fields is given
by

vy = Ui’ (2.21)

A similar mass term can be constructed for the right-handed neutrino fields

1
ﬁ% = —§(VR)CMR<VR) + H.c. (222)

Finally, the most general neutrino mass term consists of all three types of mass terms,

i.e. Dirac, left- and right-handed Majorana mass terms

1 1——
L, = —§DLML(VL)C — v Mpvg — i(VR)CMR(VR) + H.c. (2.23)



where M is a complex 3 x 3 matrix, Mp is a complex 3 X Ni matrix and My is a

complex Nr X Nr matrix. This term can be written in the following compact form

L, = —i(nL)CMnL + H.c. (2.24)

where ny, = (vr, (vg)°)T, and

M, M
M = P (2.25)

The M matrix is a (3+ Ng) X (3+ Ng) complex symmetric matrix. As in the case of the
Majorana mass matrix, the M can be diagonalized by the congruence transformation

M =UmUT, (2.26)

where U is (3 + Ng) x (3 + Ng) unitary matrix and m = diag(my, ..., mainy)-

2.2 Modelling the neutrino sector

The introduction of neutrino masses requires abandoning the two-component neutrino
theory and accepting either the existence of right-handed neutrino fields or the Majo-
rana nature of neutrinos. The theory of massive neutrinos is in the limelight of particle
physics research and there is a variety of models trying to explain the origin of neutrino
masses. We will focus on the models based on the Dirac-Majorana mass term (2.24)
as an interesting, general framework. Two main classes of possible extensions of the
neutrino sector dictated by the renormalizability and gauge symmetries of the SM will
be discussed. Apart from Dirac or Majorana neutrino types, there are also pseudo-
Dirac (or quasi-Dirac) [51], schizophrenic [52], or vanilla [53] neutrinos, to name some
of them. Popular seesaw mechanisms give a possibility for a dynamical explanation
of why the known active neutrino states are so light. They appear to be of Majorana
type (recently, a dynamical explanation for Dirac light neutrinos was proposed [54]).
By including more types of new fields we can approach neutrino masses by inverse or

linear seesaw models [55-58].

2.2.1 Minimal extension of the Standard Model

To stay within the SM framework, i.e. keeping the Lagrangian invariant under the
SU(2)r x U(1) gauge group with the SM fields, we must abandon the left-handed

Majorana mass term in (2.23) since it does not leave the Lagrangian invariant under the

9



SM gauge symmetry. This imposes that M, = 0. On the other hand, as right-handed
neutrino fields are singlets of the SM gauge symmetry, the right-handed Majorana mass
term is allowed. This setup we call the minimal extension of the SM. Thus, the most

general neutrino mass term compatible with the SM is given by

1
me = _5LMDVR - §(I/R)CMR(VR> + H.c. (227)

This Lagrangian can be written in a compact form as

1
L, = —§(nL)CMnL + H.c. (2.28)
where

nr = (VL7 (VR)C)Tv

2.29
vo | 0 Mp) (2.29)
ML My

The complex symmetric mass matrix M can be diagonalized by the congruence
transformation UT MU = m, where m = diag(my, mg, ms, ...,m3,n,). The unitary
matrix U is responsible for the transition between flavour and massive neutrino bases,

i.e. the mixing mechanism for neutrinos
ny = U’ﬁL with ﬁL = (7~L1L,’I~11L, m;ﬁ?)-i—NRL)- (230)

The fields 7n;;, are neutrino fields with definite mass m; for i = 1,2,...,3 + N,.. The
current experimental data [59] ensures that at least two standard neutrinos must be

massive
Am3, = (7.534+0.18) x 10 %eV?,

(2.31)
Am3, = (2.453 £0.034) x 10 eV

This data restricts the minimal number of additional sterile neutrinos allowed in the
minimal extension of the SM. If we add only one right-handed neutrino the mass matrix

(2.29) takes the form
0 0 0 14

0 0 0 maoy
0 0 0 msy

Mg Mog T34 1y4

M- (2.32)

Such a matrix has two eigenvalues equal to zero. It is easily seen by solving the

eigenvalue problem for the M matrix, Mx = Az, which gives
A — (M3 N2+ Mo N2+ m3 A +mugA?) = = N2 (mi,+ma,+mi, +maud—N?) =0, (2.33)

10



which is true only if A = 0 or m},+m2,+m32,+myA—A* = 0. From the first condition,
we see that two eigenvalues are equal to zero which contradicts experimental results
(2.31). The same is true in the general setting, where masses are taken to be singular
values. Thus, the minimally extended SM defined here excludes the possibility that
only one additional right-handed neutrino exists and the allowed minimal number of
sterile neutrinos is two. The fact that the M submatrix is equal to zero in the minimal

extension restricts also the structure of the mixing matrix.

2.2.2 Beyond the minimal SM extension

In order to allow the most general structure of the neutrino mass matrix (2.25), i.e.
My # 0, it is necessary to go beyond the SM framework. The simplest way to do
this is by introducing a weak isospin triplet A = (AT, AT A%) into the model. The
effects of interaction between new fields such as the isospin triplet and SM fields can
be incorporated into a model by an effective Lagrangian of dimension 5 consisting only
of SM fields [60]

Ls = _/1\ > yn(Vi,020)CH (¢ aothu) + H.c. (2.34)

I
where ¥, = (vp,l)? and ¢ = (¢T,¢")T are lepton and Higgs doublets, respec-
tively. The L5 operator is invariant under the SM symmetries, however, it is also
non-renormalizable. It can be treated as an effective low-energy Lagrangian of the
high-energy physics, which can be generated by integrating out heavy fields. At the
tree level, this can be done in only three ways, one of them involves heavy-scalar triplet

A. After the symmetry breaking L5 gives

1

M __
£_2

Z (VZ/L)CM”IJZL + H.c. (235)
'l

where My, = yl’j\UZ, which is exactly the Majorana mass term for neutrinos. Thus, by

adding such a term to the Dirac mass term and right-handed Majorana mass term, we
recover the complete mass matrix (2.25). In that way, we can consider scenarios with
only one sterile right-handed neutrino (three active and one sterile neutrinos) which
are not allowed in the minimal extension of the SM. The 3+1 scenario is promoted
by some oscillation experiments [61]. As mentioned the L5 operator can be realized
in three different ways by involving only one type of new heavy fields. The one way
has been discussed above and it involves heavy scalar triplet A. All these realizations
provide the small mass spectrum of the known neutrinos. The realization involving

the A is known as the seesaw type II mechanism [10,62]. The other two are known
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as seesaw type I [7—10] and III [63]. Seesaw type I is generated by the introduction of
heavy-sterile neutrino fields vg, whereas the seesaw type III is generated by the heavy
fermion triplet ¥ = (X7, %% ¥7). A hybrid mechanism is also possible [64].

2.3 Neutrino mixing matrix

Neutrino flavour fields are (linear) combinations of the massive fields
vl =S U (2.36)
i=1

This property of neutrino fields is called the neutrino mixing mechanism. The mixing
of neutrinos occurs regardless if they are Dirac or Majorana particles. As the massive
and flavour fields form two orthogonal bases in the state space, the transition from one
base to another can be done by the unitary matrix. This restricts coefficients of the
linear combination, the sum of squares of their absolute values must equal one
vl =3 Uy with Y |U,* = 1. (2.37)
i=1 i=1
This unitary matrix is a major object of study in the theory of massive neutrinos. In
the Standard Model, it is known as the PMNS mixing matrix.
It is useful to study the neutrino mixing matrix via a specific parametrization.
The general n x n complex matrix has n? complex parameters or equivalently 2n? real

2

parameters. The unitarity condition UUT = I imposes n? additional constraints on

the elements. It can be seen from the UU' which is a Hermitian matrix and has n
independent diagonal elements and n? — n independent off-diagonal elements which
together give n? independent elements or conditions imposed on the unitary matrix.

2

Thus, the n x n unitary matrix has 2n? — n? = n? independent real parameters. An

alternative way to see this is by writing a unitary matrix as the matrix exponent
of the Hermitian matrix U = e, where the H matrix is Hermitian and thus has
n? independent real parameters which implies that U also has n? independent real
parameters. These parameters can be split into two categories: rotation angles and
complex phases. The number of angles corresponds to the number of parameters of

the orthogonal matrix which has @ independent real parameters. The remaining
parameters correspond to phases. Thus, the n? independent real parameters of the

unitary matrix split into

-1
angles: n(nz)’
2.38
n(n+1) (2.38)
phases: —

12



However, not all phases are physical observables. The charged leptons and neutrino
fields can be redefined as
v; — ey and [ — el (2.39)

The «o; and S; phases can be chosen in such a way that they eliminate 2n — 1 phases
from the mixing matrix leaving the Lagrangian invariant. This reduces the number
of phases of the mixing matrix. The number of remaining free parameters is (n — 1)?

which divides into

angles: n(nz—1)7
- B (2.40)
phases: (n 1)2(n 2) .

These are the numbers under consideration when neutrinos are of the Dirac type.
However, we know already that neutrinos can also be particles of the Majorana type.
Then the Majorana condition (2.20) fixes phases of the neutrino fields, which no longer
can be chosen to eliminate phases in the mixing matrix. On the other hand, the phases
of charged leptons are still arbitrary and can be chosen in such a way as to eliminate
phases from the mixing matrix. Thus, from all @ phases of the unitary matrix,
n phases can be eliminated. Finally, for the Majorana neutrinos, the number of free

parameters of the mixing matrix is as follows
n(n—1)
2 Y
2.41
n(n —1) (241)
—g

angles:
phases:

Knowing the number of parameters necessary to describe the mixing matrix, we can
find its explicit form by invoking a particular parametrization. In the SM, the mixing
matrix is a 3 x 3 matrix and thus for the Dirac case we have three mixing angles and
one complex phase. The standard way of parametrizing the PMNS mixing matrix is as
the product of three rotation matrices with additional complex phase in one of them,
i.e. in terms of Euler angles 6,5, 613, 53 and complex phase §

1 0 0 Cc13 0 813671'(S C12 si2 O
Upmns = | 0 c23 523 0 1 0 —s12 c12 0
0 —S8923 (€23 —513(3“s 0 C13 0 0 1
(2.42)
Uel UeZ UeS
= Um UMQ ng

UTl UT? Ur3
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In the case of Majorana neutrinos we must include additional phases, which is done
typically by multiplying the PMNS mixing matrix from the right-hand side by the
diagonal matrix of phases PM. For the 3 x 3 mixing matrix, we must add two more

complex phases. The Majorana neutrino mixing matrix is then given by
U;\P{NS = Upmis PV, (2.43)

where PM = diag(e™, e, 1).

2.4 CP transformation in the neutrino sector

The decays of neutral kaons show that CP symmetry is violated by weak interactions in
the quark sector of elementary particles. In principle, strong interactions could violate
CP symmetry, but the size of the CP violation found there is insufficient to explain
the matter- antimatter imbalance. However, leptogenesis with hypothetical heavy Ma-
jorana neutrinos and their matter-antimatter asymmetric decays can produce desired
effects. Thus, it is very important to study possible CP effects in the neutrino sec-
tor. As we will see, CP transformations affect possible parametrization of the neutrino

mixing and mass matrices.

2.4.1 C, P and CP transformations

The C charge conjugation transformation is responsible for the particle to anti-particle

transition. The spinor field ¥ (x) under the C transformation changes as follows
—T * *
() = 0C(@) = (€Y (x) = CeCrg v (x) = —CerCY (=), (2.44)

where C is a charge conjugation matrix satisfying

CrC™ = =,
ct=c, (2.45)
T =—c.

The coefficient (¢, which is a phase, is restricted by the fact that two consecutive charge

conjugation transformations must leave the field unchanged
—T * *
() S G (1) S CC(=uTCH (@) = ~[¢efCCi(a) = |Gel¥ (). (246)
Thus, (¢ must satisfy |[(¢|? = 1.
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The P transformation or parity transformation is responsible for the spatial reflec-
tion
ot = (2%, 2) B2 = (20, —x) = .. (2.47)

The spinor field ¥ (z) under the P transformation is transformed as
b(x) = P (') = Gy (), (248)

The phase (p is constrained by the fact that two parity transformations must reproduce
the initial state of the field

D) B o (@) B Gy () = G(a), (2.49)

which gives (2 = 1. However, as the sign of fermion field changes with the rotation by
27, the values of ¢? are &1 which gives (p = %1, &i.
The combination of C and P transformations is called the CP transformation. The

fermion field under the CP transformation changes as follows
(@) P (el °CP (@), (2.50)

We will call the product of coefficients (¢ and (p the CP phase and denote it by (ep,
i.e. (¢p = (e(p. From the already established restrictions on (¢ and (p, the CP phase
must satisfy

|Cepl? = 1. (2.51)

To check if it is true, we use the fact that two successive CP transformations must
reproduce the initial field

b(x) DL Cepn°CO" (1) s —|CepP(a). (2.52)

Since the sign of the field has no physical meaning, we get |(cp|? = 1.

2.4.2 CP conservation

Let us discuss conditions for the CP invariance of the neutrino sector by investigating

the charged-current (CC) Lagrangian

L0 =L Y v laWut Y Ly varW) ). (2.53)
\/§ a=e,,T a=¢e,[1,T 8

It is necessary to discuss the CP invariance condition for both Dirac and Majorana
type of neutrinos as the Majorana condition (2.20) imposes additional restrictions. Let

us first investigate the Dirac case.
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The CP transformation (2.50) is applied to the fermion fields by the unitary opera-

tor Ugp
Uert)()Usp = Cepn°CY (7). (2.54)
The conjugate field transforms then as
Uep(x)Usp = —Copp" €70 (a). (2.55)

As the fields are the sum of left- and right-handed fields, these components transform

in the same way

Ueptr,r(2)Usp = CCP’YOC?/JL,RT(UC/)’

Y -1 x T ot 071 <2'56)
Ueptrr(z)Ucp = _CCPwL,RC 7 ().
Thus, we require the £¢¢ to be invariant under the CP transformation
Uep LS (2)Uzp = LI (2). (2.57)

The charged-current Lagrangian can be expressed in terms of massive neutrino fields

L5 = _< Z Z ailit Y ot W, + Z ZUmZaL’V#ViLWJ)- (2.58)

a=e,u,T i a=e,u,T i

Under the CP transformation, the W boson transforms as
UepW,(2)Uzp = e WH (2/), (2.59)
which gives the following CC current Lagrangian transformation
Uep L] “Usp =
= j?; il Vi CTy G L e Wt fZUm-CélaTLCWOv“mOCﬂﬂe_igWW“

o g * % i *7T t —i& * = T _
= ——= > U miCae™ Wyl I Wt — ZUQ, me WL Al W =
\/_ Z ar'ly \/_ [e% «

Z 2771 Ca bw laL’yMVzLWM \/— Z Uaz anz VzL’yulaLW

(2.60)

where the change of the sign in the second line is due to the properties of the C matrix
(2.45), and in the last row owing to the anti-commutation of fermion fields. As the
phase e“W of the W boson is not a physical observable and is arbitrary, we can choose

it to be equal to one, which is achieved by taking SW = m, this gives

Ucpﬁchc_fpl = _\55 Z U;in;kCal_aL'tuiLWJ \/— Z UazC nszL’Y laLW (261)
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Comparing this with the initial Lagrangian, we see that to maintain CP invariance the

mixing matrix must satisfy
Uzi = 1iCoUai & Uy = €7 Upse™. (2.62)

As the phases of lepton fields are not observable, we can set up e~ = ¢ = 1, this
gives

U’ = Ui (2.63)

From this condition follows that the CC Lagrangian is invariant under CP transforma-

tion if the mixing matrix is a real orthogonal matrix
Usi = Uai = Oqi- (2.64)

For the Majorana neutrinos situation is slightly different. The neutrino field with

definite mass transforms under the CP transformation as
Uepv(2)Uzp = Cepy"CoT (2) (2.65)
Then, the charge conjugated neutrino field v(x)¢ = CvT(z) transforms as
Uep“(2)Uep = —Cop v(a'). (2.66)
If v(x) is a Majorana field, i.e. v(z) = 1°(x) from (2.65) and (2.66) we have

Uepv(2)Uzp = Cepy°vC(2') = Cepv(2)),

C -1 -1 * 0 / (2'67)
Uept™(x)Uep = Ucpv(z)Ucp = —(opy v(2).
By comparing these two relations we get
(ep = —Cep, (2.68)

which means that (¢p in the Majorna case is purely imaginary and combining this with
(2.51) we establish that
(ep = ti. (2.69)

Thus, in comparison with the Dirac case (2.51), the CP phase for Majorana neutrinos
is not arbitrary.

Let us now study the CP invariance of the £C to obtain the necessary conditions
for the invariance under the CP transformation in the case of Majorana neutrinos. The

left-handed massive Majorana field transforms as
Uepvir(x)Ucp = prin°Cvjy (a'), (2.70)
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where pr = £1. Thus the CC interaction Lagrangian

ggcz_\%< S S UL i W, + Y ZUmZam"wLWJ)- (2.71)

a=e,u,T g a=e,[,T q

is transformed into

UepLS Uz =~ 3 Usapiiv/i Cln Py Can CIL e W 4

V2

95 . (2.72)
V2 S Uil CTA Y piin Cilp e W WH

After similar steps as for the Dirac case, we finally obtain

Uep LSCUZ = —\% (

Comparing this with the initial Lagrangian, we get the following condition imposed on

> Uaipit iy lart Wy — Y U;ipiiCaZaL’Y”ViLWJ> . (2.13)

) a,i

the neutrino mixing matrix providing CP conservation
anipiC; = U;z (274)

The charged lepton CP phase (, can be chosen arbitrary, and if we chose it to be equal
—1, we get

Unipi = U, (2.75)
With this choice of the leptonic CP phase, the mixing matrix can be either real for
pi = 1 or purely imaginary for p; = —1.

So far we have discussed the CP invariance in the neutrino sector by considering
the charged-current interaction. However, as the mixing matrix diagonalize the mass
matrix, it is important to check whether the same conditions follow from the mass
terms and what kind of restriction is imposed by the demand of the CP invariance on
the neutrino mass matrix. The Dirac mass term

LP == My + H.c. (2.76)
vl

is invariant under the CP transformation if
UepLP (2)Uzp = LP (). (2.77)
After the CP transformation £ looks as follows

UepLP (2)Ucp = = 3 (=) CTy° My °Ciy + He.c.
v

= IZZ: Cﬁmylf,FLCWO'yOCMl/lﬂ; + H.c. (2.78)

* T =T * o —
= Z Cl’nlyl’LMl/lVlR + Hc =— Z Cl’anlRMll’Vl’L + H.c.
Ul U,
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By comparing it with the initial mass term it is invariant under the CP transformation
if
My = My,. (2.79)
The phases of the leptons are not physical observables, thus we can always set (;j =
1, = 1, which gives
My = Mj,. (2.80)

In other words, the CP symmetry of the Dirac mass term imposes that the mass matriz
must be a real matriz. Any real matrix can be diagonalized by the singular value

decomposition with orthogonal matrices
M = O'mO7, (2.81)

which means that if CP symmetry holds, then the mixing matrix is a real orthogonal
matrix. What follows, we came to the same conclusion as by investigating the CP
invariance of the CC Lagrangian.

Let us now consider Majorana neutrinos and suppose that the left-handed flavour
neutrino fields transform under CP as given in (2.54) with the CP phase equals to i,
ie.

UcepVar(z)Usp = iy°CilL, (). (2.82)

Together with the choice of not physically observable phases of charged leptons and W
boson (equal to —¢ and 1, respectively) the charged-current Lagrangian, in the flavour

basis, is invariant under the CP transformation. The Majorna mass term

1_ 1—
LM = —§VLML1/2 - §(VE)M£VL, (2.83)

transforms under the CP transformation as follows

1 1
UCPEMUC_PI = —iil/LCWOMLMOVL + H.c. = iyLCWOyOMLVL + H.c.
(2.84)

= —g(vg)MLVL + H.c.

Comparing this result with the initial Lagrangian, we see that Majorana mass term is
CP invariant if
My, = M. (2.85)

Moreover, M}, is a symmetric matrix which implies that
M, = M;. (2.86)
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Thus, the Majorana mass matrix is a real symmetric matrix. This type of matrices

can be diagonalized by the orthogonal similarity transformation
M, = OmO™. (2.87)
However, eigenvalues of the real symmetric matrix can be either positive or negative
my = |m| pr, (2.88)

where pr, = £1. The sign factor p, can be incorporated into the diagonalizing ma-
trix resulting in positive masses and giving the same condition as established from
inspection of the CP invariance of the CC Lagrangian (2.75).

When sterile neutrinos are taken into account, the mixing and mass matrices have
a dimension larger than three and hence the number of complex phases increases ac-
cordingly (2.41). As the effects of CP can be visible in physical processes [65,66] it
is crucial to provide a method of studying these extended complex mass and mixing

matrices.

2.4.3 Rephasing invariants

Let U € Mizx3 be unitary matrix with elements U,; o, j = 1,...,3. Let us seek for the

invariants of the following phase transformation
Unj — € Uy e?. (2.89)

It is immediate that invariants of this transformation must contain the same amount
of elements with indices i, j as their complex conjugate. Thus, the simplest of such

invariants is the square of the absolute value of the element U,;
Unj|? = UyUs; — e Ugeie?Usie% = UyU,. (2.90)
The next invariant consists of four elements and will be called a square invariant
g = Ua;UskU%e U, (2.91)

The box (OJ) notation has been established in [67]. Each more complicated invariant
can be constructed from these two basic types of invariants. The square invariant

behaves in the following way under the index interchange
g =% Oy =" O3, =7 07, (2.92)
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Rephasing invariants are very useful in the study of mixing matrices since they are
parametrization independent and reveal important properties without invoking any
specific parametrization. Especially they provide information about the CP invariance.

To see this let us look at what we can take out from the unitarity relation UUT = I
> UajUs; = bap. (2.93)
J

Let us multiply this relation by U}, Ug for a given k

> UoiUsUsUsie = UaiP|Uskl? + D UajUp; Ui Usr = [Uak|*0as (2.94)
J J#k

The imaginary part of this formula gives

> Im(Ua;Us,UUsi) = 0. (2.95)
J#k

The second unitarity condition gives

> Im(UyUU%Ugy) = 0. (2.96)
B
These two relations impose that the imaginary parts of square rephasing invariants
are equal up to sign. Thus, all of them can be expressed by the so-called Jarlskog
invariant [68-70]
J = Im(UyaUas UL Usy). (2.97)

The sign of the other square invariants is expressed by the Jarlskog invariant as

[m(UajngU;kU;j) = sza,é"y zejkl- (298)
v l

2.5 Neutrino oscillations

The discovery of neutrino oscillations is one of the major achievements of particle
physics. In the core of neutrino oscillation lies the mixing mechanism. To relate the
discussed earlier theory of CP transformations and mass and mixing neutrino matri-
ces with neutrino oscillation formalism and experimental data, we will sketch now a
simplified plane wave description of the oscillation phenomenon which is sufficient for
studies undertaken in this thesis. For more refined analysis, see e.g. [71-74].

Let the neutrino of definite flavour be created via the charged-current interaction

process

cc_ __ 9 (. ot
L =575 (W, + 3w, (2.99)
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with the charged-current
JE=2 Y artlar =2 >, > UkiiitY"lar- (2.100)
a=e,u,T a=e,u,T g

The field operator ;5 creates the neutrino with mass m; whereas [, creates either
lepton [~ or anti-lepton [T. Thus in the CC process neutrino is either created for the
lepton or in a pair with the anti-lepton. In the process, the neutrino of definite flavour

is created and is defined as

|Ve) Z sy for a=e, p, T (2.101)

The massive neutrino states |v,) are eigenstates of the Hamiltonian H
Hlvi) = Eilvy), (2.102)

with eigenvalues Ej = \/p? + mj. The time evolution of the massive state is governed
by the Schrodinger equation

. d
i (0) = (1) (2.103)

which gives the plane wave solution |v;(t)) = e v;). From (2.101) we get the time

evolution of the flavour state

(2.104)

|val(t) Z

with |v,(t = 0)) = |v,). By using the unitarity of the mixing matrix U we can express

massive states as the linear combination of the flavour states
vi) = Uailva) (2.105)
which can be inputted into the time evolution of the flavour state
() = > > UkLe FtUsvg). (2.106)
B=e,u,r i

Thus, in the time evolution, the pure flavour state (t=0) becomes the combination of
all the flavour states. Then the transition amplitude for the evolution of a given pure

flavour state to another state is given by

Aua—n/ﬁ <t> = <V6|Va E E :U* —iE; tU Vﬁ‘%;) _
pP= e',u T 1 | (2107)
= E E U;ie_lEitUpi(Sﬁp e Z U:iUﬂie_lEit.
P=EU;T 1 3
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This gives the probability of transition from the flavour state o to 3 as

Pyomsiy (L, B)(8) = [Avomn, (D] = D UgiUsie™ 5 Ui Upyet™" =

o) (2.108)
= Y UsilUsUasUsje™

For the ultra-relativistic neutrinos when the momentum is much larger than mass,

energy eigenvalues can be approximated as
2

By~ E+ Tk (2.109)
E
where E = |p|. Moreover, the time ¢t equals almost the distance travelled by the

neutrinos t ~ L which gives

(2.110)

P, (L, E) Z Uﬁan]Uﬁjexp< o5

Am? L)
where Am2 = m? — mj. The probablhty of transition from one neutrino flavour to
another becomes a function of the travelled distance and the neutrino energy. The

probability in (2.110) can be rewritten as

A
P,y (L E) = Z|Um| \Ugi|* + 2Re > U, UBZUWUB]&’E]?<—Z ;nE ) (2.111)
i>7

Further, we can use the following relation
Y NUailP|Usil* = 6ap — 2Re Y UUsiUqsUj; (2.112)
i i>j

which gives

A
Pl,a_ﬂ,ﬁ (L, E) = 0a8 — 2R€Z UotiUﬂanjUgj ( — exp ( m )

i>j )
2L
(Saﬁ—QRCZU;iUﬁanjUgj (1 ( ) —ZSIH< mj >> =
i>j
2.113
Aml-L ( )
Sap — 2ReZU§iU5anjUEj — oS — ¢sin ] =
i>j
mg; L , Am?jL
dap — 2Re; aiUpiUajUs; 2 sin’ 4E — isin 5 .
This finally can be written as
Am?. L
Pl,a_,l,ﬁ (L, E) = af — 42 Re(UinﬂanjUgj) sin? ( Tg )
i (2.114)

AmZ L
+2ZIm(U;iUganjUgj)sin< m” )

i>]
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The transition probability can also be written in terms of square rephasing invariants
[ 4.
Bi

. Am2L
Py (L, E) = 0ap — 4ZR6(‘”D5¢) sin? < iy )

— 4F
i , (2.115)
+ 23 Im(*0g;) sin Am,; L
—~ o 2F )
i>j
The antineutrino flavour state is defined as
Va) = D Uailti) (2.116)
which gives the following transition probability for antineutrinos
AmZ L
Py, (L E) =Y UaiUg U, ;Upjexp (—z’ 25 ) . (2.117)
.3

It differs from the neutrino probability by the complex conjugation of the square rephas-

ing invariant and thus, after the similar steps as for neutrinos, it results in

Am?2. L
Py (1. B) = 6o = 430 RelUL UV ) s 27

> 4F
i>
] Am2 L, (2.118)
-2 I UsU an,U*' . ij ‘
; m( ai B j BJ)SII’I< Yo )
or in terms of the rephasing invariants
; Am? L
Pysws (L B) = dap — 43 Re(*D;) sin® <4Em>
” (2.119)

. AmZ. L
— 2 Im(%0g;) si Y )
Z m(*Og;) sm( 5 )

i>j

Thus, we see that the CP violation is visible only through the imaginary term.

The oscillation experiments provide the major information about the structure of
the neutrino mixing matrix. The current data gives the following limits for the mixing

parameters [59, 75]

015 € [31.270, 35.860], O3 € [40.10751.70],

(2.120)
013 € [8.20°,8.93°], 4 € [120°,369°].
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By inputting these ranges into (2.42) we get allowed ranges for the mixing matrix

elements [75] (at the 30 confidence level)

0.801,0.845] [0.513,0.579] [0.143,0.155]
Ulsy = | [0.243,0.500] [0.471,0.689] [0.637,0.776] |- (2.121)
0.271,0.525] [0.477,0.694] [0.613,0.756]

The exact values of the allowed ranges in the CP invariant case presented as the

interval matrix are

0.801, 0.845] (0.513,0.579]  [0.143,0.155]
Ui = | [-0.529,-0.417]  [0.431,0.606]  [0.637,0.776] |, (2.122)
0.233,0.388]  [—0.721,—0.586] [0.613,0.756]

whereas when the non-zero CP phase 0 is included, the elements of the U;,; are within

the following ranges

U, € [0.801,0.845],

U.s € [0.513,0.579] ,

0.155 — 0.155¢, 0.155 + 0.134i],
0.528 — 0.09014, —0.218 + 0.1044] ,

Ue € [~

ul € [

U2 € [0.432 — 0.06167,0.707 + 0.07117] (2.123)
Uz € [0.637,0.776]

U, € 1]0.233 — 0.0878¢,0.538 + 0.1014] ,

Ur, € [—0.721 — 0.0607, —0.453 + 0.0693i] ,

U3 € [0.613,0.756] .

2.6 Non-unitarity of the PMNS mixing matrix

If sterile neutrinos exist, they can mix with the SM neutrinos. In such case the PMNS
mixing matrix is no longer unitary, but is a part of a larger unitary matrix where the

mixing between known neutrinos is preserved

7 _ pmvs  Vin 7 . (2.124)
Vf U, hl U, hh v
vf and v™ are SM neutrinos in the flavour and massive basis respectively, and 7/ and

U™ are sterile neutrinos in both bases. So far, there is no restriction to the number of
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sterile neutrinos which will be denoted by Ng. Thus, if we exclude the case where SM

and sterile neutrino sectors are decoupled

Z Upms 0O v
G-(7a)z) e

signals of sterile neutrinos should be visible as a deviation from unitarity of the Upuys

mixing matrix

V&i = (UPMNS)ain‘m—i_ (Ulh)ajﬁjm- (2.126)
—_— —
SM part BSM part

Hence, the study of non-unitarity of the PMNS mixing matrix is of unprecedented
importance for particle physics. Presently there are two commonly used ways of de-
scribing the deviation from unitarity of the neutrino mixing matrix. These are known
as the - and a-parametrization [34-39]. In these approaches the mixing matrix is
expressed by a product of a unitary matrix with the second matrix of some special
type. The n-parametrization decomposes the mixing matrix into the product of the

Hermitian and unitary matrix
UPMNS = HU = (I — n)U, (2127)

where H is a Hermitian matrix and U is a unitary matrix. The current data shows that
such a deviation from unitarity must be very small, thus it is common to represent the
H part as I —n where 7 is a Hermitian matrix representing a small deviation from the
unitarity. On the other hand, the a-parametrization decomposes the mixing matrix

into the product of the lower triangular and unitary matrix
UPMNS == TU/ == (] - Oé)U/, (2128)

where T' is a lower triangular matrix and U’ is a unitary matrix. Similarly to the
n-parametrization, it is common to write the 7" term as I — «, with «a being lower tri-
angular and parametrizing small deviation from unitarity of the PMNS mixing matrix.
These two parametrizations can be related to each other as they decompose the same

matrix [39]. Let us calculate the Hermitian product of the PMNS mixing matrix in
(2.127)

UPMNSUFJIMNS = (I - T})UUT(I - 77)T = (I =) —n)=1-2n+n" (2.129)
On the other hand, calculating the same product for (2.128), we get
UpisUnns = (I — )U'(UN(I =) = (T —a)I —af) =T —a —aof + aal. (2.130)
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By comparing (2.129) with (2.130) and neglecting the square terms in  and a, we get
2n~a+al (2.131)

Let us write this in the explicit form

M1 T2 73 a1 Qg Q3
201 iy M2 M3 | R a an aiy |- (2.132)
* *
T3 Tz 133 Q31 Qg2 Q33

This gives us

Q11 = M1, Qo2 =122, Q33 =133,

. . . (2.133)
Q1 = 211y, Q31 = 21)13, O3z = 203
Thus, n and a matrices are related as
aip 00 mi 0 0
Q91 (99 0 ~ 277;2 122 0 . (2134)
Q31 (32 (33 2ms 253 733

The current bounds for the n matrix are as follows [39]

1.3-107% 12-107° 1.4 -107°
Magl < | 12107 22 -107* 6.0 - 107* |. (2.135)
14107 6.0-107* 2.8 - 107°

From (2.134) it is clear that that knowing limits for one parametrization, we can
calculate limits for the second one.
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3 Basic notions of matrix theory in mixing

mechanism

The prominent feature of the neutrino mixing matrix (2.14) is its unitarity and it has
important consequences. The neutrino states with definite masses are orthonormal,
ie.

(vilvi) = O (3.1)

The unitarity of the neutrino mixing matrix ensures that flavour neutrino states are

also orthonormal

3 3 3 3 3 3

(vr|vy) = Z vl D> Unv) = D0 Ui Un(vilv) = 2D Ui Ui
k=1

i=1 k=1 i=1 k=1

3 (3.2)
=Y UU; = o

=1

The unitary mixing matrix is also necessary to diagonalize the neutrino mass matrix
in order to obtain neutrinos with definite masses. These are mostly theoretical require-
ments of the unitarity of the mixing matrix. The last consequence of the unitarity has
important physical significance, namely, it ensures that the probability of oscillation of

a given flavour state to any other is equal to one
ZP,,Q_W =1. (3.3)
B

Similarly, the probability of transition to a given neutrino flavour state from any neu-

trino state is also conserved

S P, =1 (3.4)

In other words, the unitarity of the mixing matrix provides that no neutrino states
disappear during the propagation or are created out of nowhere.

If sterile neutrinos exist, exactly the same requirements must be satisfied and the
complete, extended mixing matrix (2.124) must also be unitary. Thus, the PMNS
mixing matrix is either unitary or is a part of a larger unitary matrix. In the latter
case, if active and sterile neutrinos do not decouple, it is no longer unitary. These
are two strong restrictions imposed on the 3 x 3 PMNS mixing matrix. Thus, the
natural question arises, whether it is possible to characterize matrices by these two

requirements.
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3.1 Singular values and operator matrix norm

To answer this question we first need to introduce some notions coming from matrix
theory. Let A be an arbitrary matrix of size n x m, the space of all n x m matrices
will be denoted M, y,,, thus A € M, .

Definition 1. Singular values of a matriz A are the positive square roots of the eigen-

values of the matriz ATA, i.e.

The set of singular values of a matrix A will be denoted by S(A). The matrix
ATA is a Hermitian matrix which ensures that its eigenvalues are real numbers and
moreover they are also non-negative. The matrix of this type is called non-negative
definite. From the definition it is clear that singular values are also non-negative
quantities. Every matrix can be decomposed into the diagonal form according to its

singular values [76,77].

Theorem 3.1. (Singular value decomposition)

Let A € M, xp, be given and let ¢ = min{m,n}. Then there is a matrizv ¥ = (o) €
Miysen, with o5 = 0 for all i # j and 011 > 092 > ... > 044, and there are two unitary
matrices U € M, um and V' € M,,»,,, which will be called left- and right-hand singular
matrices respectively, such that A = UXVT.

From the singular value decomposition A = UX VT it can be seen that the nonzero

cigenvalues of AAT are equal to the nonzero eigenvalues of ATA

ATA=Vvxiutuxvt = vyt

3.6
AAt = Uxviveiut = unxTut. (3.6)

These are eigenvalue decompositions of ATA and AAT respectively with nonzero eigen-
values 0%, ... ,02.
singular values. Moreover, if we take the Hermitian conjugation of the singular value
decomposition AT = (USVT)T = VXU, we see that S(A) = S(AT). As the singular

values are real numbers, they can be ordered. In this work, we use the convention

In other words, we can also use a matrix AA" in the definition of

that singular values are ordered in non-increasing order, i.e. if oy,..., 0, are nonzero

singular values of a matrix A, then
01> 09> >0y (3.7)
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The problem of finding singular values can be transformed into a problem of finding
cigenvalues of Hermitian matrices ATA or AAT. However, there is another way to obtain

results about singular values by considering eigenvalues of Hermitian matrices [76,77].

Theorem 3.2. Let A € M,xn, let ¢ = min{m,n}, let oy > 09 > --- > g, be ordered

singular values of A. Then the ordered eigenvalues of the Hermitian matrix

0 A
A:(ATO) (3.8)

L < <oy< o (3.9)

are

_O-IS_O-QS"SO-(ISOZZOSO-
~—_———

Im—n|

Another important notion associated with matrices is that of a norm. As the
matrices form vector space, we can use a standard vector norm to measure the size
of objects. However, for matrices we can define another function that suits matrices

better. This function is called a matrix norm.

Definition 2. A matriz norm is a function || - || from the set of all matrices My«

into R that satisfies the following properties

|A] = 0 and ||A| =0 & A =0,
[ All = [e[[All,

A+ Bl < [|All + [IB]],

[AB]| < [|A|[|B|-

(3.10)

In other words, the matrix norm is a vector norm with the additional condition of
submultiplicativity.
There exists an important class of matrix norms consisting of matrix norms which

do not change by the unitary multiplication.

Definition 3. A matriz norm || - || is called unitarily invariant if for every unitary

matrices U,V and a given matriz A it satisfies
[UAV]| = [|A]. (3.11)

Another important class of matrix norms, called the induced matrix norms, contains

matrix norms that are obtained from the vector norms in the following way

|All« = max ||Az||, (3.12)

[zl x=1
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where || - ||, stands for the corresponding vector norm. In our case, of particular in-
terest is the matrix norm induced from the Euclidean 2-norm ||z|s = /X, 27 =

V(r,z) = Vaty for x = (21,...,2,)7. From the Rayleigh quotient Apyax(A4) =
max|;|,—1 ¢ Az [77], we have

|A]|2 = max ||Az|3 = max (Az)'Ar = max 2T AT Az
o=

lzll2=1 e Jzll2=1 (3.13)
= Amax(ATA) = o3 (A).
Thus, the matrix norm || - |2 can be defined as the largest singular value of a given

matrix. This matrix norm is called an operator norm or spectral norm and will be
denoted throughout the text as || - ||. Thus,

Definition 4. A spectral norm of a matrix A € M, «,, s the matriz norm defined as

|Al| = max [|Azx|s = o1(A). (3.14)
lz]l2=1
Moreover, the spectral norm is also a unitary invariant norm (3.11).
Let us define a special class of matrices that have operator norm less than or equal

to one, i.e. matrices for which the largest singular value is less than or equal to one.

Definition 5. A matric A € M., is called a contraction if
1Al < 1, (3.15)

and a strict contraction if || Al < 1.

3.2 Mixing matrices as contractions

As we have already seen, the crucial property of the mixing matrix is its unitarity. Let
us investigate singular values of the unitary matrix U € M,,«,, which is determined by
the unitarity condition

Uu =1, (3.16)

where [ is the n x n identity matrix, i.e. I = diag(l,...,1). From the definition
of singular values (3.5), it immediately follows that all singular values of the unitary
matrix are equal to one, i.e. S(U) = {1,...,1}. This is the case for the PMNS mixing
matrix in the Standard Model. However, in the presence of sterile neutrinos, the PMNS
mixing matrix is no longer unitary but is a part of a larger unitary matrix. Moreover,

to preserve mixing between SM neutrinos untouched, the PMNS mixing matrix must
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occupy a top diagonal block of a complete unitary matrix. Thus, it is important to
know the mutual relation between the spectral norm of a matrix and its submatrices.
For principal submatrices such as the PMNS mixing matrix, this relation is presented

in the following proposition.

Proposition 3.1. Let A € M.y, be a principal submatriz of B € M, xr,, 7 < n. Then

A< 1B (3.17)

Proof. Let x € C" with |||l = 1. Then there is a vector y € C" which is a unit
embedding of z in C" with ||ly||2 = 1 such that

[Azl[2 < [[Byl2- (3.18)
Then,
max ||Az|s < max || Byl (3.19)
llzll2=1 lyll2=1
[l

From the neutrino mixing point of view, it is crucial to know singular values of

submatrices of a unitary matrix.

Corollary 1. Every principal submatriz A of a unitary matriz U is a contraction
|A] < 1. (3.20)

Thus, every 3x3 PMNS mixing matrix must be a contraction, either unitary, if there
are only three neutrinos, or a non-unitary contraction, if additional sterile neutrinos

exist. This allows us to make the following definition
Definition 6. A mizing matriz is called physically admissible if it is a contraction.

As the result, the notion of singular values and contractions allows us to describe

completely neutrino mixing matrices including both the SM and BSM scenarios.

3.3 Unitary dilation

We have established that the physically interesting mixing matrices are contractions.
These are matrices that are either unitary or can be a part of a larger unitary matrix.

If we are interested in the BSM scenarios with additional sterile neutrinos we need to
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study the structure of the complete unitary mixing matrix. However, at our disposal
we have only data concerning the SM 3-dimensional mixing matrix. Thus, we need to
find a way to extend these 3 x 3 contractions to a higher dimensional unitary matrix
and maintain the mixing between the SM neutrinos. In mathematics, such a procedure
is called a unitary dilation and it takes lower-dimensional contraction and puts it as

the principal submatrix of a larger unitary matrix

ilation U U
Upyyg —tion, | PSS =i ) = 7 5 Ut = 1. (3.21)
Uhl Uhh

The inverse operation is called the compression of the unitary matrix to the lower
dimensional contraction. Practically the dilation procedure can be applied through

the so-called cosine-sine decomposition (CS decomposition) [78].

Theorem 3.3. Let the unitary matriz U € M ym)xn+m) be partitioned as

n m
U — (UPMNS Ulh> n (3.22)
U  Uw) m

If m > n, then there are unitary matrices Wi,0Q1 € M,x, and unitary matrices
Wa, Qo € M5 Such that

Unns U, W, 0 C|=5 0 Ql 0
PMNS lh _ 1 S O O 1 ; : (323>
Uu  Unn 0 Wy ol o 1 0 @

where C >0 and S > 0 are diagonal matrices satisfying C* + S? = I,.

There exists another form of the CS decomposition which is more important from
the neutrino physics perspective. Let Upws have the singular value decomposition
Upmns = I/Vldz'ag(j},C’)Cﬂ7 where I, denotes r singular values equal to one, and C'
contains singular values that are strictly less than one. The structure of the CS de-
composition reveals the intriguing fact, namely the minimal dimension of the unitary
dilation of a given contraction is not arbitrary, but is encoded in the number of singular

values strictly less than one.

Corollary 2. The parametrization of the unitary dilation of the smallest size is given

by
U, U, W, 0 00 Ql 0
( ;MNS Ulh):< 01 W) 0 C|-S ( 01 QT>, (3.24)
hl hh 2 O S C 2
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where r = n—m is the number of singular values equal to 1 and C' = diag(cos 0y, ..., cos b,,)
with |cosB;| <1 fori=1,...,m.

This is crucial from the physical point of view, since it tells that the minimal number
of sterile neutrinos is not arbitrary, but depends on the singular values of the PMNS

mixing matrix.

3.4 Remarks on the parametrization of the non-unitarity of

the mixing matrix

In section 2.6 we have presented the two most commonly used parametrizations of
non-unitarity of the neutrino mixing matrix and a connection between them. Let us
discuss now more formal details. The a- and n-parametrization represent the deviation
from unitarity as a multiplicative perturbation of a unitary matrix, which requires
decomposition of a matrix into a product of matrices from which exactly one is a unitary
matrix. There exist three different ways to decompose the matrix into a product of
matrices of which one is unitary, namely [77,79]

1. Polar decomposition,
2. QR decomposition,
3. Mostow decomposition.

The first two are already used in neutrino physics in the context of parametrization
of non-unitarity effects in the neutrino mixing matrix [34-39,80]. These are the polar
decomposition and a modified version of the QR decomposition. Thus, let us take a
closer look at these two parametrizations. The polar decomposition factorizes a given
square matrix A into the following product

A=PU (3.25)

where matrix P is a positive semidefinite Hermitian matrix and U is a unitary matrix.
The polar factor P is uniquely determined and is given by v/ AA! while the unitary
part is uniquely determined if the initial matrix is non-singular.
In the physical application, the polar factor is further decomposed in the following
way
P=1—n (3.26)
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where a Hermitian matrix 7 describes the deviation from unitarity of the neutrino
mixing matrix and this is the idea behind the n-parametrization. As we already know,
physical mixing matrices must be contractions, i.e. matrices with spectral norm less
than or equal to one or equivalently with the largest singular value less than or equal
to one. Let us notice that in general the polar decomposition does not provide this

property. To see this let us look at a simple example, where we take matrix n in simple

- ( 8 _06 ) (3.27)

Observe that this results in a positive semidefinite matrix P = I — n which is

diagonal form

where 0 < e < 1.

necessary for a polar factor. However, such P is not a contraction since one singular
value will be always larger than one, independently of how small e is.

Recently, the polar factor in a form of (3.26) was identified with a matrix I — GTGT
which arises in the context of the complete unitary mixing matrix [81] (for similar
construction see also [82,83]). Hence, in scenarios where the polar factor is considered
as a principal submatrix of a complete unitary mixing matrix, it must be a contraction
(Proposition 3.1). Thus, to ensure that the polar factor I — 7 is a contraction, a
necessary condition must be imposed on the n matrix, namely it must be a positive
semidefinite matrix. On the other hand, using the fact that the operator norm is
unitarily invariant, it can be shown that for sufficiently small entries of the matrix n
also the inverse is true, i.e if the n matrix is positive semidefinite then P = I —n must
be a contraction [41].

The second of currently used factorizations in neutrino physics is the QR decompo-
sition. It factorizes a given matrix into a product of a unitary matrix ) and an upper
triangular matrix R. For the purpose of neutrino physics, a modified version of the QR
factorization is used, namely the LQ decomposition, where L corresponds to a lower
triangular matrix and () is a unitary matrix. Moreover, in the context of the neutrino

mixing this lower triangular matrix is further split into the following form
L=1—-« (3.28)

where the matrix « is lower triangular and describes a deviation from unitarity of the

UPMNS .

2Since by the unitary invariance (3.11) of the spectral norm the unitary part is irrelevant here, we

can focus only on the polar factor given by (3.26).
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Both QR and polar decompositions can be related to each other by either applying
the polar decomposition to the lower triangular matrix L or the L() decomposition to
the polar factor P.

Finally, let us look briefly at the last factorization, i.e. Mostow decomposition. It

decomposes any non-singular complex matrix A in the following way
A=Ue*e? (3.29)

where U is a unitary matrix, K is a real skew-symmetric matrix and S corresponds to
a real symmetric matrix.

At the end, let us emphasize the relation between the approach based on singu-
lar values and the polar decomposition. In our analysis, we use singular values as
an indicator of whether a given matrix is a contraction. However, it is known that
eigenvalues of the polar factor, which follows from its definition, are equal to singu-
lar values of the initial matrix. Thus, from that perspective, a polar decomposition
can be treated as an intermediate step between the matrix under consideration and
its singular value decomposition. Nevertheless, from the numerical analysis point of
view, singular value decomposition algorithms are more natural since they arise from
eigenvalues decomposition of matrices AAT and ATA. Thus, in most cases, in order to
obtain an algorithm for a polar decomposition, we have to adjust algorithms for the

singular value decomposition.

3.5 Non-standard parametrizations, norms and contractions

For the SM Upwys matrix, it holds that sum of probabilities of neutrino oscillations

equals 1, i.e.

ZP(w:l’ €.g. Pee+Peu+Pe~r:1- (330)
B

However, for a non-unitary matrix U the analogous relation is not fulfilled. Let us
see it in a simple case of two flavours (the same can be done for dimension 3 modified

Upmns matrix), when U is defined as

U ( cos©; sin @1) | (3.31)

—sin ©y  cos Oy

where Oy = O + €.
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In this case we get, Ay o< (m; —m3)

ot~

Z Peoo = Pee—i_Pe,u (332)
a=e,u
= 1+ 4esin® Ay sin ©; cos O cos 20, + O(e?),
Y P = Pu+Py (3.33)
a=e,u

= 1 — 4desin® Ag; sin ©; cos O cos 201 + O(€?).

We can see that the sum can be either larger or smaller than 1. This example was
given in [84], however, no clue at that time was how to interpret possible results where
the sum of probabilities does not equal 1. Here we show that matrix (3.31) is not the
right way to parametrize BSM effects since it is not representing physically meaningful
mixing matrices. This will be shown by considering the spectral norm of the U matrix
(3.31).

First, we calculate UU? and UTU, and use the following abbreviation s(c); =
sin(cos)©; for i = 1,2

1 _
Ut = ( 162 ) , (3.34)
§51Co — S2Cq1 1
T C% + 5% €151 — 8202
U'U = s .- (3.35)
C181 — S9Co s1+ 6

The spectral norm satisfies the following relation ||{UTU|| = |[UUT| = ||U|?, thus we

can focus on either of these products. Let us write the first product in (3.35) as the

UUT _ 1 S1Co — S2Cq1
S$1Co — S9C1 1

(10 n 0 $1C2 — S2C1
B 0 1 S51Co — S9C1 0 .

10 0
UUTz(O 1>+( ?)EI—G—B (3.37)
53

sum

(3.36)



where s3 = sin O3 = sin(©; — ©3). The B is symmetric matrix which eigenvalues are
equal +s3. Let V be a unitary matrix such that V7BV = D = diag(s3, —s3). Since
operator norm is unitarily invariant (3.11), we can write
lwvtl = 1+ Bl =V +B)V|=|I+V'BV|
= |I+D). (3.38)

1+83 0 (339)
0 ]_—83 7 ‘

hence its spectral norm, i.e. the largest singular value, is equal

The I 4+ D equals

1453 if s3>0,
’ ’ (3.40)
1—s3 if s3 < 0.
So we can see that by adding B to the identity matrix we cannot decrease the operator

norm
L=[lI] <7+ Bl = lUU"]| = [U]]* = 1 +s3]- (3.41)

Thus
U]l > 1. (3.42)

It is already clear that physically meaningful theory should include only mixing ma-
trices for which contraction relation (3.15) is fulfilled, which is obviously not satisfied
by the discussed matrix U (3.31). The result (3.42) implies that not all parametriza-
tions which violate unitarity are a proper choice, and a simple mixing matrix (3.31)
is superfluous from the physical point of view. It fulfills |[U]| = 1 for € = 0, but then

trivially a unitary matrix is recovered.

3.6 Numerical precision of singular values determination

In the next sections and chapters we will determine numerically singular values. Thus
it is important to estimate errors connected with matrix evaluations. Singular values
are continuous functions of matrix elements [77], and hence a small change in elements
does not change drastically singular values. Quantitatively this can be described with
the use of the Weyl inequality for singular values [85,86] which describes the behaviour
of the singular values of a given matrix U under the additive perturbation gathered in
the matrix F

0i(U + E) —oi(V)| < [|E], (3.43)
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where || - || is a spectral norm. In our analysis the elements of the perturbation matrix
E are taken to be equal to the finest precision of the elements of the matrix under
the consideration. For example, if the best precision of elements of the PMNS matrix
is 1073, all the elements of the matrix E are equal to 1073, This gives the following

estimation of the error for singular values
l0i(U + E) —0y(V)] <3 x 107°. (3.44)

The experimental data with which we will work on (Chapter 5) has the matrix elements
given with 107° accuracy. We keep such accuracy, which is correct for considered
interval mixing matrix elements. This precision of matrix elements implies that the
singular values will be given with the 3 x 107° accuracy. In other words, the threshold
put on the largest singular value of a given matrix to be acknowledged as a contraction
is 1.00003.

On that basis, we can establish the allowed lower bounds for singular values for
physically admissible mixing matrices by considering the interval matrix U;,; (2.122)

or (2.123). The results are as follows

CP invariant scenario: {o7 = 0.95954, 05 = 0.88186, 03 = 0.84189},

(3.45)
General scenario: {7 = 0.95592, 09 = 0.84112, 03 = 0.70275}.

As the deviation below unity of any of singular values is a signal of the BSM scenario,
these results clearly show that within current experimental limits there is a lot of
space for additional neutrinos. Moreover, the largest singular value tells us whether
the mixing matrix is physically meaningful. Thus, if we abandon the restriction of
contraction, i.e. o7 < 1.00003, then the study of the upper limit for the o; of the U,
(2.122)-(2.123) will measure the amount of non-physical mixing matrices within the

present experimental limits

CP invariant scenario: {o; = 1.1369, 09 = 1.09429, 03 = 1.02917},

3.46
General scenario: {0y = 1.28378, 05 = 1.17208, 03 = 1.02917}. (3.46)

We can see that the largest possible o; within the U, is much above the limit of
contractions. On top of that, its deviation from unity is much larger than for the lower
bound for physically admissible matrices (3.45). Moreover, all other singular values also
exceed the unity from above in (3.46), which suggests that within current experimental
limits there is a lot of physically meaningless mixing matrices. In the next chapter we

will construct a general space of physically meaningful mixing matrices.
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4 Region of physically admissible mixing matrices

We will show that a matrix constructed as a finite convex combination of unitary
matrices is a contraction. Let U;, ¢ = 1,...,n, be a unitary matrix, and let A =
> o;U; with a; > 0 and 37 | a; = 1, then

JAI = 1> caliill < D> aul|Uill = 3 oi =1 = [JA| < 1. (4.1)
i=1 i=1 i=1

The converse is also true [87], i.e.

Theorem 4.1. A matrix A is a contraction if and only if A is a finite convex combi-

nation of unitary matrices.

This characterization of contractions has physical consequences. It allows gathering

physically meaningful mixing matrices into the geometric region.

Definition 7. The region of all physically admissible mizing matrices, denoted §2, is
the set of all finite convexr combinations of 3 X 3 unitary matrices with parameters

restricted by experiments

Q :=conv(Upyys) = {Z a; Ui |U; € U3), 1y ey Uy, > O,Zai =1, (42)
i=1 i=1 4.2

012,613,623 and § given by experimental values}.

There is another equivalent definition of the 2 region, which reflects its geometric
nature, namely as the convex hull spanned on the unitary PMNS matrices.

The Corollary 2 in section 3.3 restricts the minimal dimension of the unitary ex-
tension of the contractions. This allows us to divide the 2 region into four disjoint

subsets according to the minimal dimension of the unitary dilation

Qp:  3+1 scenario: ¥ = {07 =1.0,09 = 1.0,03 < 1.0}, (4.3)
Qg 342 scenario: 3 = {07 = 1.0,09 < 1.0,03 < 1.0} , (4.4)
Q3: 343 scenario: ¥ = {07 < 1.0,09 < 1.0, 03 < 1.0}, (4.5)
Q4 :  PMNS scenario: ¥ = {01 = 1,00 = 1,03 = 1}. (4.6)

This division allows to analyze individually scenarios with a different number of
sterile neutrinos. Thus, the study of geometric features of this region is useful for a
better understanding of neutrino physics, especially regarding the number of additional

sterile neutrinos and the structure of the complete mixing matrix.
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It is important to notice that matrices from the €2y subset can be extended to
unitary matrices of arbitrary dimension, starting from the dimension four. The same
is true for contractions from the subset {25 which can produce any unitary matrices of
dimension five or higher. It may look that there is an overlapping between matrices
from different subsets of the {2 region and some of them may be redundant. This is
however not true, as unitary matrices produced by the contraction from each subset
are unique. It is so because contractions must end up in the 3 x 3 top diagonal block
of a complete unitary matrix and as the subsets are disjoint, we cannot reproduce
the same unitary matrices using contractions from different subsets. Thus, instead
of overlapping, we should treat dilations of a given dimension of contractions from

different subsets as complementary to each other.

4.1 Geometry of the region of physically admissible mixing

matrices
The €2 region is a subset of the unit ball of the spectral norm
B(n)={AecC"" . |A] <1}. (4.7)

This fact allows us to give another characterization of the 2 region as the intersec-
tion of the B(3) with the interval matrix Uy, (2.123)-(2.123), i.e.

QO = B(3) N Uy (4.8)

The geometry of B(n) is strictly connected to the geometry of symmetric gauge

functions [76].

Definition 8. A function ® : R" — R is a symmetric gauge function if it satisfies the

following conditions

1. ® is a vector norm,

2. For any permutation matriz P we have ®(Pz) = ®(z),
3. ®(|z]) = O(x).

Von Neumann proved that symmetric gauge functions and unitarily invariant norms

(3.11) are connected to each other [88], namely

Theorem 4.2. || - || is a unitary invariant norm if and only if there exists a symmetric
gauge function ® such that ||A|| = ®(S(A)) for all A € C™™, where S(A) is the set of

singular values of A.
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The spectral norm is a unitarily invariant norm and its corresponding symmetric

gauge function is an infinite norm, i.e.
O () = max{|z1],|z2l, ..., |20} (4.9)
The unit ball of the infinite norm is a hypercube
Bo(n)={xeR": o (z) <1} =[-1,1]". (4.10)

The Von Neuman’s relation between unitary invariant norms and symmetric gauge
functions is also reflected in the geometry of the corresponding unit balls. The charac-
terization of the extreme points and facial structure of unit balls of unitarily invariant
norms by the corresponding structure of unit balls of symmetric gauge functions have
been studied in [89-93]. Faces and extreme points are defined as follows [94, 95]

Definition 9. Let C' € R" be a conver set. A convex set F' C C' is called a face of C
if for every x € F' and every y, z € C such that x € (y,z), we have y,z € F.

Definition 10. The zero dimensional faces of a complex set C' are called extreme points
of C. Thus a point x € C is an extreme point of C' if and only if there is no way to
express x as a conver combination (1 — ANy + Az such that y,z € C and 0 < X < 1,
except by taking r =1y = z.

It appears that the extreme points of the B(n) are exactly unitary matrices. This
result has also been obtained in a more general setting by Stoer [96]. The facial

structure of the B(n) is given in the following theorem [90, 93]

Theorem 4.3. F is a face of B(n) if and only if there exist 0 < r < n and unitary

matrices U and V' such that
I, 0
.F:{U(O A)V:AEB(n—r)}. (4.11)

As the Q region is a subset of B(n), its geometric structure is inherited from B(n).
Thus, the facial structure of the Q region is the same as for B(n) with restriction
of parameters of unitary matrices U and V' to experimental results (2.120) and with
established ranges of singular values (3.45). However, if we look at the definition of
the faces of B(n) (4.11), we will observe that they do not correspond completely to
physically interesting subsets (4.3)-(4.5) of the §2. Namely, higher-dimensional faces

contain lower-dimensional faces, e.g. for r = 1 the face contains not only matrices with
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two singular values strictly less than one, but also unitary matrices and contractions
with only one singular value strictly less than one. In other words faces of B(n)
comprise matrices from different subsets of 2. To restrict faces to subsets containing
only matrices with the specific number of singular values strictly less than one, we can

use the notion of the relative interior [94].

Definition 11. The relative interior of a convex set C' C R™, which is denoted by

ri(C), is defined as the interior which results when C' is regarded as a subset of its

affine hull aff(C).

In this definition by the affine hull of the set C' we understand the set of all finite affine
combinations of elements of C [97], i.e. aff(C) = {&F  aur; : 23 € C, X% a; = 1},
In that way, the subsets of B(n) corresponding to different minimal unitary extensions
are the relative interiors of F, i.e. subsets of faces for which singular values of the A

submatrix are strictly smaller than one.

Definition 12. The subsets q,...,8Q4 of the Q region are relative interiors of the
faces F of B(3) for r = 2,1,0,3, respectively, with parameters of unitary matrices U

and V restricted by experimental data and with allowed ranges of singular values.

There is another way to characterize subsets of the () region, namely in terms of

Ky-Fan k-norms.
Definition 13. For a given matriz A € C"*" the Ky-Fan k-norm is defined as the sum
of k largest singular values
k
|Allk =D 0i(A), for k=1,... n. (4.12)
i=1

In particular for matrices in C3*3 the three possible Ky-Fan norms are

|All1 = o1(A) (spectral norm),
|A]l2 = 01.(A) + 02(A), (4.13)
|Alls = 01(A) + 02(A) + 03(A) (nuclear norm).

Let us define for £k = 1,..., 3 the following sets

Sp(r) ={A e C"™" :||Allx =1},

(4.14)
Ag(r1,me) = {A € CV" i ry < || Ak < ra2},

44



i.e. we defined the sphere of radius r and the annulus with radii r; and ro for Ky-Fan

norms centered at the origin. Then, the subsets of the 2 can be defined as

S1(1) N S2(2) N A3(2 + o3min, 3),
S1(1) N Az(1 + Oomin, 2) N As(1 4 Tomin + T3min, 3),

1(F1min, 1) N Aa(01min + Tomin, 2) N As(T1min + 02min + T3min, 3)5
S1(1) N S2(2) N S5(3),

(4.15)

I
o

O
Qy
Q3
Q4

where 0, for i = 1,2, 3 are lower limits of singular values allowed by current experi-
mental data (3.45).

4.1.1 Physically admissible mixing matrices as a convex combination of
PMNS matrices

The 2 region is defined as the convex hull of unitary PMNS mixing matrices or equiva-
lently as the set of a finite convex combination of PMNS mixing matrices. In this way,
we claim that every physically admissible mixing matrix can be represented as a fine
convex combination of unitary PMNS matrices. This agrees with the Krein-Milman
theorem which states [97,98]

Theorem 4.4. Let C C R™ be a nonempty compact convex set, and let ext(C) be the

set of extreme points of C', then
C = conv(ext(C)), (4.16)

As we have discussed, the extreme points of the unit ball of the spectral norm are
unitary matrices and as the {2 is a subset of the B(n), the above theorem justifies
our definition. However, this theorem does not put any restriction on the number of
extreme points necessary to construct any point of a convex set as a convex combination
of its extreme points. The upper bound for this number has been given by Carathéodry

[97,99]

Theorem 4.5. If K C R", then each point of conv(K) is a convexr combination of at

most n + 1 points of K.

The natural question arises: What is the Carathéodry number for the B(n) and
which are embedded in C** ~ R2"*? In the physically interesting case where n = 3
according to the Carathéodry theorem we would need 19 unitary matrices. However,

we will prove that for B(3) this number can be significantly reduced.
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Proposition 4.1. The Carathéodory’s number for the conv(U(3))=B(3) is 4.

Proof. Let By, = {x € R® : ||z]|.c < 1} be a unit ball of the infinite norm in R3
i.e. the cube [—1,1]>. The extreme points of the By, are vertices of the cube, i.e.
vectors v; = (£1,+1,4+1)" for j =1,...,8. Let ¥ : By, — M3 be a mapping which
sends a vector from the unit ball B, into the diagonal matrix. Then, the ¢ sends the
extreme points of the B, into the diagonal unitary matrices U; = diag(+1, +1, +1) for
j=1,...,8. The Carathéodory’s number for the cube is 4. Thus, every point in B
can be written as the convex combination of at most 4 extreme points v;. In particular
every point of the positive octant can be written in this way. This means that every
diagonal matrix D € Mjsy3 with diagonal elements in [0, 1] can be written as convex
combination of at most 4 diagonal unitary matrices U;, i.e. D = Ele o;U;, with a; >
0and 3}, a; = 1. Now, let A be a contraction with a singular value decomposition

A =WDVT, where W and V are unitary matrices. This gives

4
A=WDVI =3 ;WU V1. (4.17)

i=1

As the conv(U(3))=B(3) is the set of all 3 x 3 contractions, this completes the proof. [

As an immediate consequence of this proposition and the construction used in the
proof, matrices from the €2y subset, i.e. with two singular values strictly less than
one, can be constructed as the convex combination of 3 unitary matrices. Whereas,
matrices from the €2y subset, i.e. with only one singular value strictly less than one,
can be constructed as the convex combination of two unitary matrices.

Following the idea of Stoer [96], we will show how to construct contractions with
two and one singular values strictly less than one as a convex combination of three and

two unitary matrices, respectively. Let us take the following diagonal matrix
Di=|0 a 0 [, (4.18)

where a,b < 1. It can be written as the following sum

, 1 0 0 (100 L1000
Di=-5—0 -1 0 |+-5-|01 0 [+-——|010 (4.19)
0 0 -1 00 —1 00 1
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Now let us take another diagonal matrix. This time with only one diagonal element

strictly less than one
100

Dy=101 0 [, (4.20)
0 0 «a

where ¢ < 1. The Dy matrix can be written as

1—a 1+a

2

0
Dy = 0 (4.21)

O O =
S = O
o O =
S = O
= o O

—1

Multiplying D; and Dy matrices from left- and right-hand side by unitary matrices,
we end up with a singular value decomposition of a given matrix with singular values
gatherd in D and D,, respectively. As a result contractions with two and one singular
values strictly smaller than one can be written as convex combinations of unitary

matrices with singular values encoded in coefficients of the combination.

4.2 Volume

Lie groups, besides being of course groups, are also manifolds [100], i.e. geometric
structures. Thus, we can associate with them geometrical properties such as the surface
area, also called the volume. Two very important groups in physics fall into this
category, namely an orthogonal group, and its complex counterpart: a unitary group.
These groups are also very important in neutrino physics as the mixing matrix is either
an orthogonal matrix or, if the CP phase is non-zero, a unitary matrix.

The set of all orthogonal matrices of dimension n x n, i.e. O(n) = {0 € R™":
OOT = T}, is an example of a Stiefel manifold [101]. As the orthogonal matrices have

n(n—1

T) independent parameters, the Stiefel manifold of the orthogonal group is a @

dimensional manifold embedded in n? space. We can associate to it a volume which is

expressed as the Haar measure over the orthogonal group [101-105]
vol(O(n)) = / oo, (4.22)
O(n

where [OTdO]" denotes the wedge product of the matrix OTdO and dO is the matrix
of the differentials of the orthogonal matrix O. This volume can be expressed in the

following compact form [105, 106]

vol(O(n)) = _ ot (4.23)




n(n—1)

where I',(z) = 7~ 1 I'(z)l (:1: — %) . (:B - ”T_l) In the case interesting from the

neutrino physics perspective, i.e. for n = 3, this gives

vol(O(3)) = 167 (4.24)

However, as the determinant of the PMNS mixing matrix is equal to 1, it belongs
to even a smaller subset, namely the special orthogonal group SO(3). The special
orthogonal group is a subgroup of O(3) and its volume is half of the volume of the
orthogonal group, i.e.

vol(SO(3)) = 872 (4.25)

Moreover, the PMNS matrix does not cover the entire range of parameters and hence
we must start from O7dO in order to calculate the volume of this submanifold. Taking
the standard PMNS parametrization (2.42) we get

0 db,s + 813d923 C12d'913 - 013312d923
0"dO = —dbo — s13d023 0 c13C12d0a3 + S12d013
—c12d013 + c13512d023  —c13C12d023 — S12db13 0
(4.26)

The wedge product of the independent elements of this matrix is equal to
[OTdO]A = 608(913)d¢912d6’13d923. (427)
Thus, the volume of PMNS matrices is given by

012, bz, 023y
UOl(PMNS) = / / / = COS(913)d812d613d923, (428)

O12, JO13, JO23,

which with the current experimental limits on 62, 613 and a3 (2.120) gives
vol(PMNS) = 2.2667 x 10™*. (4.29)

As we can see the PMNS matrices contribute only in a small portion, 0.00029 percent,
to the entire SO(3), and if compared to the orthogonal group the PMNS matrices
constitute only 0.00014 percent of the O(3).

The unitary group U(n), i.e the group of all unitary matrices U(n) = {U € C"*" :
UUT = I}, is another example of Stiefel manifold. Similarly, as for the orthogonal
group, the volume of the unitary group is given by the Haar measure over the group

vol(U(n)) = /U ot (4.30)
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where [UTdU]" denotes the exterior product of the matrix UTdU and dU is the matrix
of the differentials of the unitary matrix U. The volume of the unitary group can be

expressed in a compact form as [102-106]

2 n(n+1)
2

20 2™

volU(n) = &= =Bl = 1)1

(4.31)
where T, (z) = W@F(aj)l“(x —1)...I'(@ = n+1). Thus, the volume of the 3 x 3
unitary matrices equals

vol(U(3)) = 4r°. (4.32)

Moreover, the determinant of the PMNS matrix is equal to one, which means it belongs
to the special unitary group SU(n). The volume of the SU(n) written in the compact
form is [102-104]

2M7T(n—l)2(n+2)
vol(SU(n)) = RNCEEE (4.33)
For the physically interesting dimension, i.e. n = 3 this volume is equal to
vol(SU(3)) = /3. (4.34)

The PMNS mixing matrix with non-zero CP phase, however, does not have the full set
of parameters, as some of them can be incorporated into the redefinition of the fermion
fields, and moreover ranges of these parameters are restricted by experiments. Hence,
in order to calculate its volume, it is necessary to start from a specific parametrization
of the mixing matrix (2.42). It can be done in the same way as for its real counter-
part, i.e. by calculating the wedge product of the matrix U'dU. However, for the
complex matrices, it is much more complicated. Alternatively, it can be calculated by

determining the Jacobian matrix of the PMNS matrix in the parametrization (2.42)

O
J= (L) =1, . 4.35
(). (4.39)

and the y, are parameters (for the PMNS matrix & = 1,...,4). Then, the volume

clement is multiplied by the Jacobian |J| = y/det(3J1.J).
The volume of complex PMNS matrices can be calculated in one more way, namely
by using the Cartan-Killing metric [107-109]

ds* = (V,V)dt?, (4.36)

where (A, B) = 3Tr(A'B) is the inner product induced by the Frobenius norm and
V =U'dU. The V is anti-Hermitian and thus (V,V) = $Tr(VIV) = —Tr(V?).
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The Hermitian product of the Jacobian matrix for the PMNS matrix is given by

1 0 sin(643) cos(d) 0
1 0 1 0 0
“Jiy=1 (4.37)
2 sin(f3) cos(d) 0 1 0
0 0 0 sin2(913)
Let us look also at the expression for the Cartan-Killing metric
ds® = df3, + db?, + db?, + 2sin(6y3) cos(8) + sin?(0y3)ds> (4.38)

which as expected gives the same matrix as (4.37). Finally, the Jacobian for the PMNS

matrices is equal to

|| = \/sin?(013) — cos?(8) sin (6r3). (4.39)

Thus, the volume of the complex PMNS matrices is given by

vol(PMNS) = / 1lav
DMN (4.40)
= / \/sin2(913) — COSQ<(S) sin4(913)d023d6’13d012d5.

Taking into account current experimental limits for mixing parameters (2.120) the

numerical value for the volume of the complex PMNS mixing matrices is
vol(PMNS) = 1.4777 x 107%. (4.41)

So far we have established the volume of the neutrino mixing matrices only for the
SM scenario. However, if we want to consider also BSM scenarios, it is required to
consider the entire €2 region and not only its extreme points. In order to do this, we
will use the fact that the region of all physically admissible mixing matrices is a subset
of the unit ball in the spectral norm B(n) = {A € C*™ : ||A|| < 1} and for the CP
conserving case it is restricted to the real matrices B(n) = {A € R™" : ||4]| < 1}.
Volumes of the B(n) and B(n) can be calculated from the singular value decomposition.
The differential of the singular value decomposition of a given matrix A = UXVT is
equal to

dA = dUXV + UdsVT + UXdVT, (4.42)

By multiplying this from the left-hand side by Ut and from the right-hand side by V/
we get
dX = U'dAV = U'dU Y + dX + SdV'TV, (4.43)
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which can be rewritten using dVTV = —V1dV in the following form
dX = U'dAV = UTdUY 4 d% — 2V1dV. (4.44)

The Haar measure is left- and right-invariant, thus [dA]" = [UTdAV]" = [dX]". The

entrywise analysis of the dX in the CP invariant scenario gives

=] |<7]2~ — 0| A, do;[OTdONQTdQ)". (4.45)

1<j

Hence, the volume of the unit ball of the spectral norm in a real case is given by

vol(B(n)) = o~ L / Il - o H dor. (4.46)

The inclusion of the factor 5; assures the uniqueness of the singular value decomposi-

tion. For the physically mterestlng dimension n = 3, we have

87t

vol(B(3)) = TR (4.47)

Similar entrywise analysis of the (4.44) provides the volume element for the singular

value decomposition of complex matrices

[dX])" =Tl o: I loF — o ALy dos[UTaUMVIdV ] (4.48)

=1 i<j
Thus, the volume of the unit ball of the spectral norm is given by

1
vol(B(n)) = 771@01 / H ox [1 107 — of? H doy. (4.49)
(2m) i<
The factor ﬁ ensures the uniqueness of the singular value decomposition. In the

case interesting from the neutrino physics perspective, i.e. n = 3, this gives

71.9

vol(B(3)) = S640°

(4.50)
We can use the formulas for the volumes of B(3) and B(3) as the basis in the calculation
of the volume of the 2 region. As the ) region is defined as the convex hull of the
PMNS matrices, to find its volume we need to replace in the formulas (4.46) and
(4.49) vol(U(n)) and vol(O(n)) by vol(PMNS) in the general and CP conserving

case, respectively. Moreover, it is also necessary to restrict ranges of singular values for
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those allowed by current experimental data (3.45). As the result, for the CP invariant

scenario, we have the following formula

. 1 1
vol(§2) = 5 vol(PMNS)? /U I10% - o2 H doy. (4.51)

min 'L<]

Taking into account current experimental bounds (2.120) and allowed ranges for sin-

gular values (3.45), the numerical value is equal
vol(Q) = 6.45 x 10716, (4.52)

Thus, the  region in the CP invariant case constitutes only 1.84 x 107!® percent of
the unit ball (4.46).

For the general case including the CP phase, the formula for the volume of the 2
region is given by

vol(Q) = UOZ(PMNS [T ox[IloF — o I do. (4.53)
k=1

(2m)"n Tmin p—1  i<j
and its numerical value is
vol () = 1.12 x 107'%. (4.54)

In the complex case, the contribution of the () region is even smaller than in the CP
invariant scenario and it constitutes only 4.34 x 10725 percent of the respective unit
ball in the spectral norm (4.49). It may look like that vol(Q) is larger than the vol(Q),
however, we must keep in mind that Q) and Q are structures of different dimensions,
and thus cannot be compared directly.

We have established earlier the characterization of the €2 region as the intersection of
the B(3) and Uy, (4.8). The Uy, can be treated as a hyperrectangle in R? or C° ~ R!8
respectively for the CP invariant case and the general case. As such, they also are
geometric structures with associated volume. This volume is simply the product of the

length of its sides, i.e. given intervals. Thus for the CP conserving case, it gives

0ol (Upy) = 2.84 x 1071, (4.55)
Whereas when the CP phase is taken into account it is equal to

vol (Ugpy) = 2.27 x 1071 (4.56)

In [41] statistical analysis was performed concerning the amount of physically admissi-

ble mixing matrices contained within the interval matrix U;,;. The analysis establishes
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that for the CP invariant scenario only about 4% of matrices within the interval ma-
trix are contractions. Comparison of volumes gives a similar qualitative result, namely
contractions make a small part of the U;,,. The exact calculation reveals that the
volume of the §2 region constitutes 0.00023 percent of U, in the CP conserving case

and 8.12 x 107% percent for the general complex scenario.
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5 Phenomenological implications

So far we have discussed formal aspects of the region of physically admissible mixing
matrices. Now, we will focus on the application of the matrix theory methods in order
to make phenomenological predictions, focusing in particular on the estimation of the

active-sterile neutrino mixing.

5.1 Numerical analysis based on the a-parametrization

Most of the numerical estimations will be based on the a-parametrization (2.128).
UPMNS = TUI = ([ — Oé)U/. (51)

Since the singular values are unitarily invariant [110], i.e. the unitary matrix U’ does not
change their values, we can focus solely on the triangular matrix 1" which simplifies the
calculations. Moreover, it is important that the left-hand singular matrix (see Theorem
3.1 in section 3.1) is the same for Upys and T. This can be seen if we consider the

singular value decomposition of the 7" matrix 7= UX V. Then,
Upms = TU' = USVTU = USWT. (5.2)

The next reason to work with the a-parametrization lies in the fact that it is possible
to construct lower triangular matrices with a prescribed set of singular values [111].
The process is known as the inverse singular value problem. Thus, right from the
beginning we control the number of singular values that are strictly less than one, i.e. we
can specify the minimal number of additional neutrinos. Moreover, constructed lower
triangular matrices have prescribed diagonal elements which in the case of triangular

matrices equal to eigenvalues. As a result, we are able to construct the following matrix

tiz O 0
T=1] ta taa 0 (5.3)

t31  t32 tas

with S(T) = {01(T),02(T),05(T)} (the highlighted quantities are prescribed).

The elements t;; are restricted by the experimental data. The current bounds are
presented in Tab. 1. These limits are given for three different massive scenarios: m >
EW (EW stands for the electroweak scale), Am? > 100 eV? and Am? ~ 0.1 — 1 eVZ.
The numerical estimation will also be performed for these three different massive sce-

narios.
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Entry (I):m> EW (ID): Am? 2100 eV? (II1): Am? ~ 0.1 —1¢eV?

Thi=1—-a;; 0.99870 =1 0.976 + 1 0.990 +1

Ty =1—a 099978 =1 0978 +1 0.986 =+ 1

T3 =1—a33 099720 =1 0.900 =1 0.900 =1
To1 = || 0.0 =+ 0.00068 0.0 +0.025 0.0 +0.017
T3 = |as 0.0 =+ 0.00270 0.0 = 0.069 0,0+ 0.045
T30 = |cvsa] 0.0 = 0.00120 0.0 =+ 0.012 0.0 =+ 0.053

Table 1: Limits on the elements of the T" = I — o« matrix for different non-standard
neutrino mass scenarios (I)-(III). Limits for the o matrix elements «;; are taken from
[39] (with 95% CL), which are obtained from the global fits [112] to the experimental
data [113-117]. Moreover, these data also include formalism connected with non-

standard interactions [39].

5.2 Numerical distinguishability and continuity of singular
values

It is important to distinguish numerically, with the chosen precision, matrices which

exhibit two distinct sets of singular values. This is crucial when we consider subsets of

the € region (4.3)-(4.5). To see under which circumstances it is possible, let us consider

a simple two dimensional model of a lower triangular matrix.

We start from the following diagonal matrix

099 0
( 0 0.99>' (5.4)

This matrix has obviously two singular values strictly less than one, equal to 0.99. Now

we transform this matrix to the lower triangular form by adding to the position (2, 1)

0.99 0
( € 0.99)' (5:5)

We will increase € from 0 to 0.1 with different precision (Tab. 2) to see which precision

a parameter e:

guarantees such distinction. The behaviour of singular values for the matrix (5.5) is
shown in Fig. 1.
Singular values will be fixed with the 3 - 1075 accuracy, as discussed in section 3.6.

Thus, we are interested in the precision of € which allows us distinguishing singular
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Figure 1: The behaviour of singular values o; and o5 as a function of the ¢ parameter
which changes from 0 to 0.1. The continuity in changes of singular values with € is
evident. We are looking for the precision of the parameter € for which ¢y has within the
precision of calculations a common value with the horizontal dashed line at 1, which

represents the physical limit, see Table 2.

values with this precision. In particular, we will determine when the first singular value
can reach unambiguously the value one, i.e. 143 - 107°. The results are gathered in
Tab. 2. We can see that the exact determination of the singular value is possible for
the precision of € at the level of 10~%. It cannot be achieved with the precision of the
matrix element € at the level of 1073. Further increase of the € precision results in a
larger number of solutions so, as long as we stay within allowed intervals, by adjusting

a proper density of sifting we are able to distinguish two singular values with imposed

accuracy.
Initial singular value (o) 0.99
Size of the € step Number of matrices
0.001 0
0.0001 1
0.00001 11

Table 2: A number of matrices that can reach the value of the first singular value (o)
equal to 1+ 3 - 107° starting from 0.99. When the precision of € increases, it is more

probably to find non-zero solutions.
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5.3 Numerical separation between the subsets of the () region

According to the division of the €2 region into the subsets corresponding to the min-
imal number of additional sterile neutrinos (4.3)-(4.5), it is natural to ask whether
scenarios with different number of sterile neutrinos can be distinguished on the level of
experimental limits. To answer this we have created lower triangular matrices with pre-
scribed singular values which correspond to the subsets (4.3)-(4.5). After the multiple
repetition of the procedure we have established upper and lower limits for elements of
the T" matrix for each subset. The results show that on the current experimental level
of accuracy it is not possible to distinguish between scenarios with two and three ad-
ditional neutrinos. However, for the scenario with only one additional neutrino, small
deviations from experimental bounds given in Tab. 1 for some matrix elements have
been observed. These results are presented in Tab. 3 where elements with the largest

deviation from the experimental limits are highlighted in red.

(I):m> EW  (II): Am? > 100 eV? (III): Am? ~ 0.1 — 1 eV?

(1,1) 0.99885 =+ 0.99999 0.97641 = 0.99996 0.99020 =~ 0.99999
Exp: 0.99870 <+ 1 0.976 + 1 0.990 +1
(2,2) 0.99980 +-0.99999  0.99331 -+ 0.99999 0.98646 =+ 0.99999
Exp: 0.99978 =1 0.978 =1 0.986 + 1
(3,3) 0.99721 + 0.99996 0.90040 = 0.99985 0.90015 = 0.99958
Exp: 0.99720 =1 0.900 +1 0.900 +1
(2,1) 0.00001 = 0.00062  0.00031 + 0.02214 0.00014 =+ 0.01615
Exp: 0.0 <+ 0.00068 0.0 =+ 0.025 0.0 = 0.017
(3,1) 0.00002 = 0.00266 0.00048 = 0.06892 0.00012 =-0.04500
Exp: 0.0 +0.00270 0.0 =+ 0.069 0.0 =+ 0.045
(3,2) 0.00008 = 0.00113 0.00052 — 0.01196 0.00024 -+ 0.05281
Exp: 0.0 +0.00120 0.0 +0.012 0.0 +0.053

Table 3: Lower and upper bounds for elements of the matrix 7" in the 3+1 scenario.
For scenarios 342 and 3+3 we do not observe any changes of experimental limits given
in Tab. 1.
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5.4 Active-sterile mixing

In scenarios with sterile neutrinos we have at our reach only the 3 x 3 submatrix of
the complete unitary mixing matrix, corresponding to the SM neutrinos mixing. Thus,
it is important to estimate from the currently available experimental bounds possible
limits on the active-sterile mixing, i.e. limits on the elements of the submatrix Uy,
of (2.124). Such estimation can be provided on the matrix theory basis using the
CS decomposition (discussed in section 3.3). Let us first focus on the 3+1 scenario,
i.e. the scenario with one additional neutrino, where the complete unitary matrix is
4 x 4. In this case only matrices from the {2; subset can be extended to a full 4 x 4
unitary matrix, i.e. contractions with only one singular value strictly less than one.

This complete unitary matrix can be decomposed via CS decomposition as

1 00| 0
(UPMNS Um)_<wl 0) 0100 (QI 0) 56)
Us U | L 0 Wy 00 c|—s 0 Q)" '

OOS‘C

We are interested in the estimation of the Uy, which is given by
Ui, = W1 S12Q}, (5.7)

where W € C3*3 is unitary, S = (0,0, —s)T and Qy = €%, 0 € (0,27]. The structure
of the Sio matrix implies that only the third column of the W, matrix is important in

our estimation

Up = —(Wes, Wy, wrg) " se™ . (5.8)

Focusing on the absolute value of the active-sterile mixing we get
(Uin)as| = |wasse™| = |was| - |s], a=e,uT. (5.9)
The absolute value of the s can be expressed by the third non-unit singular value
s| = V1= 2| = |\/1 - o2 (5.10)

Finally, the complete formula for the active-sterile mixing in the 3+1 scenario as a

function of the third singular value is given by

(Uin)as| = |was| - W1 =03, a=e,urt. (5.11)
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The similar steps provide the formula for the active-sterile mixing in the 3+2 scenario

as functions of the o9 and o3. The CS decomposition of the 5 x 5 unitary matrix gives

10 0/ 0 0

0 ¢ 0| -—s 0
Uss Un \ [ Wi O : ’ Ql 0
S = 0w 0 0 ¢3] 0 —sy 0 o) (5.12)
hl hh 2 0 s 0 o 0 2

0 0 S3 0 C3

From which the submatrix corresponding to the active-sterile mixing reads
Ui = W1S1,@Qb, (5.13)

where W, € C**3, Q € C**? are unitary matrices and

0 0
512 = —S9 0 . (514)
0 —S3

The matrix form of the Uy, is as follows

W1252G11 + W13S83G21 W1252¢12 + W1353G22
Ui = — | wa2S2q11 + Wa3S3G21  W22S2G12 + Wa3S3Gaa | - (5.15)

W3252q11 + W3353G21 W3252¢12 + W3353G22

As in the 3+1 scenario, we are interested in the estimation of the absolute values of

the active-sterile mixing which is given by

|(Uih)aj] = |Wa2s101; + WasS2qej| = |Wa2qrj\/1 — 05 + wazqejy/1 — 03] (5.16)

The )2 matrix is arbitrary which makes calculation much more difficult. However, if
we are only interested in the largest value for the active-sterile mixing for each flavour,

we can use triangle inequality and take |¢;;| = 1 to simplify the calculation

(Uih)ag| < Jwaz| - [y/1 = 03] + |was| - [y/1—03]. (5.17)

Finally, we can derive the formula for the active-sterile mixing for the 3+3 scenario

as a function of all three singular values. As before to accomplish this we use the CS
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decomposition

¢ 0 0]l-s1 0 0
0 c O 0 —so O
Umis Un \ _ (W1 0 00 g/ 0 0 —s3f(Q 0
Us Uw | L 0 Wy ss 0 0l ¢ 0 0O 0 Q)"
0 s O 0 Co 0
0 0 s3/ 0 0 C3

(5.18)
The submatrix corresponding to the active-sterile mixing is given by
U, = W1 81208, (5.19)
where W, € C3%3, Q5 € C3*3 are unitary matrices and
—S1 0 0
512 = 0 —S9 0 . (520)
0 0 —S3

After multiplying these three matrices, the matrix form of the active-sterile submatrix

takes the following form

Ulh =
—W11814911 — W1282¢21 — W1353G31 —Ww1181q912 — W1282¢22 — W1353432 —W1151413 — W1282G23 — W1353433
—WwW21514911 — W22582¢21 — W2353431 —wW2181912 — W2252G22 — W2353432 —wW2151¢13 — W22852G23 — W2353433
—W31514911 — W3252421 — W3353431 —W3181q912 — W3252G22 — W3353432 —W3181q913 — W3252¢23 — W3353433

(5.21)

We are interested in the estimation of the absolute value of the active-sterile mixing

which is given by

|(Uih)aj] =|wa151q1j + Wa252G2; + Wa3S3q35] =

|waIQ1jm + Wazqaj\/ 1 — 03 + wa3¢]3jM|~

The )2 matrix is an arbitrary unitary matrix which makes the calculation more diffi-

(5.22)

cult. However, if we are only interested in the estimation of the largest value for each

flavour, we can use triangle inequality and take |g;;| =1

[Uin)agl < [warl = [y 1= 0f] + [waz| - [y/1 = 03] + |was| - [y/1—03]. (5.23)

In this way we have established the analytical formulas (5.11),(5.16) and (5.22) for

the active-sterile mixing as a function of singular values for scenarios with a different

61



minimal number of additional neutrinos. The next natural step is to perform numerical
analysis to obtain bounds for the active-sterile mixing. As it is clearly seen from the
formulas, the difficulty of the calculation grows with the number of additional sterile
neutrinos. The necessary ingredients, i.e singular values and singular vectors w;;, come
from the singular value decomposition of the lower triangular matrix 7. As we have
shown in (5.2) the left singular matrix W) is the same for the 7" matrix and for the
Upuys matrix, and hence we can perform analysis on a much simpler 7" matrix. What

follows, we present the numerical results for the scenario with one additional neutrino:
e (I):m > EW.

Ues| € [0,0.021], U] € [0.00013,0.021],  |U.4| € [0.0115,0.075] (5.24)
Uea| <0.041 [118], |Uysl < 0.030 [118], U.4| <0.087 [118].

o (II): Am? = 100 eV2.

Ues] €10,0.082], |Uys| € [0.00052,0.099], |U,4| € [0.0365,0.44].  (5.25)

o (III): Am?~0.1—1¢eV2

|Ues| € [0,0.130] U] € [0.00052,0.167]),  |Us4| € [0.0365,0.436] .
Uea| € [0.114,0.167) [119], |U,al € [0.0911,0.148] [119], |Upy| < 0.361 [120].
(5.26)

As we can see, for the seesaw like neutrinos, i.e. very heavy sterile neutrinos (sce-
nario I), results obtained with the use of singular values give stringent upper bounds
for the active-sterile mixing when comparing to results obtained by others. The anal-
ysis in [118] assumes that each new lepton mixes with only one SM family. What is
interesting, in some cases (|U,4|, |[Ur4]) we find a preference for non-zero mixings. For
the intermediate massive scenario (II), to our knowledge, these are the first estab-
lished limits for the active-sterile mixing. In the case of light sterile neutrinos (III),
the results obtained with our method are comparable with other results available in

literature.

5.5 Norms as non-unitarity quantifiers

If any singular value of a studied matrix differs from unity, then the matrix is surely

non-unitary. However, not all the time we need such precise analysis. To check unitarity
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condition, we can calculate the Hermitian product of a matrix, and check whether it
satisfies unitarity conditions UUT = I and UTU = I. In particular, we want to calculate

the difference between the identity matrix and the Hermitian product of the matrix

I-UUT,

5.27
I-UU. (5.27)

This tells us how much a given matrix differs from unitarity. However, if we would like
to measure how this deviation differs from matrix to matrix, it is not clear how to do
that using the above formulas. Thus, it is preferable to find a matrix function that

measures the deviation from unitarity as one number.

Definition 14. Let A € C™™ be a given matriz and let || - || be any matriz norm,
then the function
|11 — AAT| (5.28)

measures how far A is from the unitary matriz.

So far we have used only spectral norm, however, there is an abundance of matrix
norms, which can be used to measure the deviation from unitarity. Many of them are
simple functions of matrix elements and thus are easy to calculate. We will discuss
some of them, each measuring non-unitarity on different matrix level and highlighting

different physical properties. The norms we are interested in are

1. Spectral norm : [|Al|s = maz|z|,=1]|Az||s = 01(A (5.29)
mm{n m}

2. Frobenius norm : ||A||p = /Tr(ATA) = ZZ |la;;|? = oi(A)2. (5.30)

i=1j=1

3. Maximum absolute column sum norm (MACN): ||A|; = max Z ;. (5.31)
J 1=1

4. Maximum absolute row sum norm (MARN): [|A|l« = maXZ ;). (5.32)
J=1

We will also consider the maximal absolute value of the elements | Al = max;; |a;;|
as it is usually used to quantify the deviation from unitarity.

Let us construct a matrix from the 2 region and calculate its deviation from uni-
tarity using the above norms. The matrix under consideration will be constructed as

a convex combination of four PMNS matrices
U= OélUl + CYQUQ -+ OégUg —+ Oé4U4. (533)
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As an example, we have chosen the following values for the mixing parameters for U;

matrices

U1 . 012 = 31.2707913 == 8.2007923 == 40.1075 = 12007
Us : 012 = 35.86°, 015 = 8.93°, 03 = 51.7°,0 = 369°,

(5.34)
U3 : 912 = 33.2107 913 = 8.5407 023 = 44.407 = 238o,
U4 . 912 == 32.6707 913 == 8.7807 923 = 48.50, 0= 176(),
and the following values for «; coefficients
12 48 27 13
(5] —m,ag—roo,ag— m,@gl—m. (535)
The resulting matrix is as follows
0.817367 0.555024 0.0239921 — 0.00614¢
U=1 —0.391253 + 0.00345799;  0.538647 + 0.002156217 0.731669 ,
0.409187 4+ 0.00400813¢ —0.619299 + 0.00269373: 0.66064
(5.36)

with the following set of singular values S(U) = {0.99905,0.99165,0.98046}, and as

expected it is a contraction. The evaluation of the deviation from unitarity gives

|1 — UUT||, = 0.0386998,

|1 — UUT||p = 0.0421683,

|1 — UUT||, = 0.0433827, (5.37)
|1 — UU'||o = 0.0433827,

[T — UU|jpax = 0.0232465.

We can see that the maximal absolute value of elements gives the smallest result. It is
useful if we are concerned about the largest deviation amongst the elements. However,
it does not provide information about the deviation of other elements beside that it
is smaller. Other considered norms treat the deviation from uniatarity more globally,
taking into account entire column or all matrix elements. From these norms the spectral
norm gives the smallest result and this is expected from the compatibility of matrix
norms [77]. The MACN and MARN norms gave the same result, as the calculation is
performed on a symmetric matrix. The spectral and Frobenius norm can be viewed as
global indicators of the deviation from unitarity as they involve all matrix elements.
On the other hand, the MACN and MARN norms measure this deviation on the level

of rows, i.e. on the flavour level, even if are disturbed by the addition of cross product
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of elements, which is relatively small for matrices close to unitarity. To measure the
deviation on the column level, i.e. on the massive level, we must calculate MACN or
MARN for I — U'U instead of I — UUT.

It is worth mentioning that all information about deviation from unitarity important
from the physical point of view is encoded in the diagonal of the matrices I — UTU
and I — UUT. The elements on the diagonal contain information about the deviation
for a given flavour or massive state, depending on the choice of UTU or UUT. Whereas
the trace gives a square of the Frobenius norm, which measures the deviation from

unitarity globally.

5.6 Quark sector

On the occasion, as the discussed matrix theory formalism is universal, let us consider
the quark sector. In the quark sector, similarly to the lepton sector, the mass matrices,
in general, are not diagonal. Thus, in order to obtain quarks with definite masses, these
matrices must be diagonalized. For quarks in general the mass matrix is a 3 x 3 complex
matrix and as such it must be diagonalized by the singular value decomposition. As

the result there exists a mixing between weak quark states and mass quark states

U U
qg =V TQ/LU = (ug, cr, tL)Ta q% = VRTq}g = (ur; Cr, tR>T=

(5.38)
qlL) = VLDTQILD = (dr, SL,bL)T, qg = V}?qu = (dr, sk, bR)T’

where qg:g are arrays of quark fields with definite masses and qlgf are arrays of quark
fields with definite flavours. However, the only physical effects of the mixing between
weak and mass eigenstates are visible through the charged-current interactions which

contain only left-handed chiral fields
Jbw = 207" (5.39)
By expressing the weak eigenstate quark fields in the mass eigenstate we get
jg,w = 2EVLUT7MVLD(]I? = QEVHVLUTVLDqg (5.40)

Thus, physically meaningful effects of quark mixing are encoded in the product VLU f VP,
In the quark sector, this matrix is called Cabibbo-Kobayashi-Masakawa (CKM) mixing
matrix [121,122], i.e.

Vud Vus Vub
Vo =VEVE = | Vg Ve Vi | (5.41)
Via Vis Vi
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As the product of two unitary matrices, the CKM mixing matrix is also unitary. It
shares many similarities with the PMNS mixing matrix of the neutrino sector. Alike
for Dirac neutrinos, 2n — 1 complex phases can be eliminated from the CKM matrix by
the redefinition of the quarks fields. As the result, we have exactly same the number

of parameters as for the PMNS mixing matrix in the case of Dirac neutrinos

-1
angles: n(nz),
(5.42)
—1)(n—2
phases: (n )2(n >,

which for a 3 x 3 matrix gives 3 angles and 1 phase. This means that it can be
parametrized in the exactly same way as the PMNS matrix

1 0 0 C13 0 8136_1.‘s C12 s19 0
VCKM = 0 C23 593 0 1 0 —S19 c12 O . (543)
0 —S823 (€23 —513€i5 0 C13 0 0 1

The main difference between the CKM mixing matrix and the PMNS matrix is the
value of mixing parameters and the resulting exact structure of the mixing matrix.

The current bounds for the mixing parameters in the quark sector are [59]
sin 615 = 0.22650 4 0.00048,  sin fy3 = 0.040530000%7, (5.44)
sin B3 = 0.0036170:90011 § =1.19679915 '

These parameters exhibit the following hierarchy s13 < s93 < 12 < 1 which translates

into the allowed ranges of the mixing elements

[0.9739,0.97412]  [0.22602,0.22698]  [0.00352,0.00372]
Verm| = | [0.22588,0.22684] [0.97309,0.97331]  [0.03992, 0.04136] , (5.45)
[0.00838,0.00877] [0.03918,0.0406] [0.999137,0.999196]

or written in an explicit interval form
Vua € [0.9739,0.97412]
Vs € [0.22602,0.22698] ,
Vi € [0.00114 — 0.003524,0.00151 — 0.003221] ,
Vea € [—0.22686 — 0.000144, —0.22587 — 0.000134] ,
Ves € [0.97305 — 0.0000334,0.97334 — 0.0000297] , (5.46)
Ve € [0.03992,0.04136] ,
Via € [0.00755 — 0.003434,0.00827 — 0.00313¢]
Vis € [—0.04059 — 0.00079¢, —0.03914 — 0.00073i],
Vip € [0.999137,0.999196] .
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The CKM matrix has almost a diagonal structure in comparison to the neutrinos sector
where the elements of the mixing matrix are much more uniformly distributed. This
almost diagonal structure of the quark mixing matrix allows to represent it in the

so-called Wolfenstein parametrization [123,124]

1-— ’\72 A AN (p—in)
Vekm = -\ -2 AN + O\, (5.47)
AN(1 —p—in) —AN? 1

The Wolfenstein parameters are defined as follows
S19 = )\, S93 = A)\Q, 8136i6 = A>\3(p + Z?]) (548)
The present limits for the Wolfenstein parameters are [59]

A = 0.22650 £ 0.00048, A = 0.79079-917

(5.49)
p=0.14175018, 7 =0.357 £ 0.011,

Whereﬁ:p(l—’\;—k...) andf]:n(l—)‘;—l—...).

Regardless of the difference in the exact structure between neutrino and quark
mixing matrices, the methodology developed for the neutrino sector translates one-
to-one to the quark sector. As a deviation from the unity of any singular value is
a signal of non-unitarity of the matrix, it is even more desirable to perform singular
value analysis of CKM mixing matrices, as we have experimental access from different
processes to all the matrix elements with much higher precision than for neutrinos.
The calculated maximal and minimal singular values allowed for the interval quark

mixing matrix (5.46) are:

o1 € [0.99997,1.00101],
o5 € [0.99965, 1.00037], (5.50)
o3 € [0.99890, 1.00002].

The obtained ranges for allowed singular values for the CKM mixing matrices are much
narrower than those for neutrinos (3.46). It means that the CKM mixing matrix is
much closer to the unitary matrix than the PMNS mixing matrix. Nevertheless, there
is still a possibility that the CKM mixing matrix is not unitary, however, the physically
interesting deviation from unitarity, i.e. o7 < 1.00003, is visible only by investigating
the second and the third singular value.

It might seem that with the considered precision three additional quarks are forbid-

den. However, referring to the discussion at the beginning of Chapter 4, contraction
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with minimal unitary dilation of dimension smaller than 6 can also be extended to a
6 x 6 unitary matrix. Nevertheless, physically meaningful mixing matrices for quarks
are restricted to the unit sphere in the spectral norm S(3) = {4 € C*3 : ||A|| = 1}.
In other words, they lie on the boundary of the unit ball (4.7) and do not go inside.
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6 Connection between masses and mixing

The neutrino masses and mixing are inseparably connected. The mixing matrix di-
agonalizes the mass matrix (2.26). To study them simultaneously it is necessary to
solve the eigenvalue problem. This becomes an issue when dimensions grow, which is
the case when sterile neutrinos are involved. When, the CP phase is non-zero, which
is currently strongly supported by experimental results, the problem is even more dif-
ficult, as we have to find singular values of the mass matrix. Thus, often we study
these two matrices separately guided by experimental insight. One way to study these
two matrices together as a system is in terms of angles between spaces spanned by the
eigenvectors. This is a very broad and interesting subject, to our knowledge, so far not
discussed in the literature in the context of neutrino physics.

Before we move to the main theorem which allows such description, let us state the
auxiliary theorem which highlights geometric aspects of the relation between subspaces
[76,125].

Theorem 6.1. Let X1,Y; be n X[ matrices with orthonormal columns. Then there exist
[ x | unitary matrices Uy and Vi, and an n X n unitary matriz Q), such that if 21 < n,

then
I

QX\WUy=1| 0 |, (6.1)
0

C
MVi=| S |, (6.2)
0

where C, S are diagonal matrices with diagonal entries 0 < ¢; < ... < ¢ < 1 and
1> s, >...> 5 >0, respectively, and C* 4+ S? = 1.

The geometric interpretation of this theorem is as follows. Let £ and F be I-
dimensional subspaces of C". Then, we can transform C" by the unitary transformation

@ such that the columns of matrices

I C
0 |and| s (6.3)
0 0

form orthogonal bases for Q& and QF, respectively. Space spanned by the columns
for which ¢; = 0, is the orthogonal complement of Q€ in QF. The relation s? +¢? = 1
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suggests that s; and ¢; can be treated as the sines and cosines between these subspaces.
Moreover, these two spaces are equal to each other if and only if S = 0. Thus, the
matrix S measures how close subspaces £ and F are to each other. This allows us to

make the following definition

Definition 15. Let £ and F be l—dimensional subspaces of C"™. The angel operator
between £ and F is defined as follows

O(&,F) = arcsin S. (6.4)

It is a diagonal matriz whose diagonal elements are called the canonical (principal)

angles between subspaces € and F.

Moreover, using this operator, we can define the distance or gap between two sub-

Spaces as

Definition 16. Let £ and F let be |—dimensional subspaces of C*. Let E and F be
orthogonal projection onto £ and F respectively. The distance between subspaces € and
F is defined to be

|E — F|| = [|E~F|| = ||sin O] (6.5)

The perturbation behaviour of individual eigenvectors is much more complicated
than the behaviour of eigenvalues. However, the spaces spanned by eigenvectors behave

quite nicely. This behaviour is described by the Davis-Kahan theorem [126].

Theorem 6.2. Let A and B be Hermitian operators, and let Sy be an interval [a, D]
and Sy be the complement of (a — 8,b+ d) in R. Let E = Pa(S)), F+ = Pg(Ss) be
orthogonal projections onto subspaces spanned by eigenvectors of A and B corresponding

to eigenvalues from Sy and Sy respectively. Then for every unitarily invariant norm,
1 1
|EF| < S| E(A - B)F*| < 5|4 - B, (6.6)

where
d =dist(o(A),o(B)) =min{|A—p|: A € a(A),u € o(B)}, (6.7)

and o(A), o(B) are spectra of matrices A and B, respectively.

6.1 Seesaw family

The most controllable behaviour of eigenspaces is ensured for the Hermitian matri-

ces. However, every problem for singular values can be transformed into an equivalent
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problem for eigenvalues of Hermitian matrices (Theorem 3.2). Thus, the most impor-
tant scenarios from the neutrino physics perspective can be covered. At our disposal,
we have the Davis-Kahan theorem which describes the behaviour of eigenspaces when
the matrices experience perturbation. Such a situation can be identified in the mass

matrices of the seesaw family.

Definition 17. The neutrino mass matriz is called the seesaw matriz if it has the

M:( OT MD) (6.8)
ME Mg

following form

with elements of Mp and My satisfying |mp| < |mg|.

All the matrices with a zero top diagonal block and appropriate scale of elements
of off-diagonal blocks can be reorganized into the seesaw mass matrix. For instance,
this is the case for the inverse seesaw and the linear seesaw [127]. Further, the seesaw

mass matrix can be written in a perturbative way

0 Mp 0 0 0 Mp
(Mg MR) (0 MR)+(M,75 0) Mz + Mbp, (6.9)

where the Mp matrix is treated as the perturbation of the Mgz matrix. This repre-
sentation of the M matrix allows for the immediate application of the Davis-Kahan
theorem (Theorem 6.2).

6.2 Separation between eigenspaces in the seesaw scenario

We are interested in how masses and mixings are connected to each other in the seesaw
scenario®. To pose the problem, we will study the behaviour of the eigenspace of the
matrix Mg under the perturbation Mp (6.9). Thus, we are interested in the estimation
of the difference between eigenspaces spanned by eigenvectors of Mg and M (6.9). As
an example, we will study the CP invariant case that allows for the direct application
of the Davis-Kahan theorem (Theorem 6.2). The CP-violating case can also be treated
by this approach by rephrasing the problem for singular values to the eigenproblem for
a Hermitian matrix (Theorem 3.2).

As a starting point let us consider the eigenproblem for the matrix Mpz. For a

block-diagonal matrix eigenvalues correspond to the eigenvalues of its diagonal blocks.

3Recently, an interesting relation has been found between eigenvectors and eigenvalues for neutrino
oscillations in [128,129)].
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In this case, one of these blocks is a zero matrix. Thus, this block has a threefold

eigenvalue 0 and the corresponding eigenvectors are

(1,0,0,0,0,0,...,0)7,(0,1,0,0,0,0,...,0)7,
(0,0,1,0,0,0,...,0) . (6.10)

They span a standard 3-dimensional Euclidean space embedded in a (34 Ng)-dimensio-
nal space. The rest of the eigenvalues of My corresponds to those of the My subma-
trix. The Davis-Kahan theorem allows us to estimate the sine of the angle between
subspaces, denoted as sin © in (6.5), spanned by the eigenvectors. Since the eigenspace
spanned by the zero eigenvalues of My has a very simple structure, we will focus on
the estimation of the angle between spaces corresponding to light neutrinos. Informa-
tion about the other pair of subspaces follows immediately from the orthogonality of
the mixing matrix. Let us denote the eigenspaces spanned by the eigenvectors corre-
sponding to small eigenvalues by V; and V;, respectively for Mz and M. Then in the

seesaw scenario we have
. ' 1 1
Isin©(Vi, V)l < 5l1M = Mzl = 5[ Mbl], (6.11)

where ¢ is the distance between the largest of the light masses and the smallest of the
heavy masses. The relation is illustrated in Fig. 2.

The above inequality says that sin ©(V7, V; ) can be estimated using a gap between
spectra and the size of the perturbation. It is clear that if the subspaces Vi, and V;
are close to each other then the sine between them will tend to zero. Therefore, from

(6.11) we can draw the following general conclusions:

o If the separation between light and heavy neutrinos is pronounced like in the
seesaw case, then the subspace spanned by light neutrinos is almost parallel to
the 3-dimensional Euclidean space. However, when these two spectra approach
each other not much information can be retrieved from the Davis-Kahan theorem
(Theorem 6.2).

o Even if the 0 is not that large, these two subspaces still can be almost parallel

when Mp is very small.

We have considered the perturbation behaviour of eigenspaces of the neutrino mass
matrix in the CP conserving seesaw scenario. The general complex seesaw mass ma-

trix analysis is much more difficult and requires studying singular values. This can
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Figure 2: The behaviour of the sin ©, controlled by the Davis-Kahan theorem, in the
seesaw scenario. The region below the graph represents allowed values. In this case,
sin © is bounded by a function depending on the norm of M p and the gap between the
spectrum. As heavy neutrinos become lighter and lighter, the blowout of the bound is

observed.

be transformed to the eigenproblem for Hermitian matrices (Theorem 3.2) but the di-
mensionality of the matrix grows. On top of that, it would be interesting to find a CS
decomposition of the seesaw mixing matrix, as it encodes the principal angles between

subspaces.
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7 Summary and outlook

The concepts which have their origin in matrix theory can enrich neutrino studies sig-
nificantly. The major role in the development of neutrino mixing analysis by matrix
theory methods has been played by singular values. First of all, they allow defining
physically admissible mixing matrices as contractions, i.e. matrices with the largest
singular value less than or equal to one. The recognition of contractions as physically
meaningful mixing matrices was crucial for further development, since only those ma-
trices can be extended to a larger unitary matrix which appears when sterile neutrinos
are under consideration. We have found that all physically admissible mixing matrices
form a geometric region defined as the convex hull spanned by the 3-dimensional uni-
tary PMNS mixing matrices (Chapter 4). The structure of this region has important
physical consequences, namely, it can be divided into four disjoint subsets correspond-
ing to the different minimal number of additional neutrinos. This means that the
minimal number of additional neutrinos is not arbitrary and is encoded in the number
of singular values strictly less than one. In this way we can consider independently
scenarios with different number of sterile neutrinos, resulting in separate constraints on
active-sterile mixing. Motivated by this observation, we have undertaken the geomet-
ric analysis of this region. Based on the fact that the region of physically admissible
mixing matrices is a subset of the unit ball of the spectral norm, we found out that
the subsets corresponding to the different minimal number of additional neutrinos are
the relative interiors of the faces of the unit ball with parameters restricted by experi-
ments. We have calculated the volume of this region expressed by the Haar measure of
the singular value decomposition, providing information about its size. We have also
made a step towards an efficient way of constructing physically interesting matrices as
every contraction can be written as a convex combination of unitary matrices. The
upper limit for the number of unitary matrices necessary to construct any contraction
is known as the Carathéodry number. We have proven that for 3 x 3 contractions the
Carathéodry number is equal to four. Moreover, for matrices corresponding to one and

two additional neutrinos, this number can be reduced to two and three, respectively.

The second part of the dissertation (Chapter 5) focused on the application of ma-
trix theory methods to phenomenological studies. The emphasis has been put on the
estimation of the active-sterile mixing. The approach we have undertaken is based on
the so-called unitary dilation procedure, which puts a given contraction on the top
diagonal block of a larger unitary matrix. The practical application of this procedure

has been done by using the cosine-sine decomposition. We were able to derive analytic

75



formulas for active-sterile mixing as a function of singular values for each scenario with
a different minimal number of additional neutrinos. On that basis, numerical esti-
mation of the active-sterile mixing in the scenario with one sterile neutrino has been
performed resulting in new stringent upper bounds, and in some cases lower bounds.
On top of that, we have discussed the application of matrix norms as the indicators of
non-unitarity of the mixing matrix. A simple example has been presented showing that
different norms measure deviations from unitarity on different matrix levels. Finally,
as the matrix theory methods translate one-to-one into the quark sector, we made a
brief comparison of both neutrino and quark sectors based on singular values.

In the last chapter, we studied the connection between neutrino masses and mixing
in terms angles between subspaces spanned by the eigenvectors of the mass matrix. As
an example, we analysed the seesaw family mass matrices. We used the Davis-Kahan
theorem to quantify angles between subspaces in terms of the Dirac mass matrix and
the gap between active and sterile neutrino masses.

Our findings provide new concepts in neutrino mixing analysis, allowing for a con-
sistent treatment of neutrino phenomena, including extra neutrino species, and to go
towards refined neutrino mass and mixing model constructions. The material presented
in this dissertation is by no means exhaustive. However, it gives a solid basis for further
studies. The first step should be the numerical estimation of the active-sterile mixing
in scenarios with two and three sterile neutrinos. On the theoretical side, it would be
important to study carefully the sequence of unitary dilations of increasingly higher
dimensions. Such analysis can shed a light on the upper limit of additional neutrinos.
On top of that, the connection between masses and mixing deserves in-depth studies.

Matrix theory is a broad subject, and more interesting connections between physics
and mathematics are waiting for discovery. Another particularly interesting direction
from the neutrino physics perspective is the application of the inverse eigenvalue prob-

lem in studies of structures of the mass and mixing matrices.
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