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Preface

In this doctoral thesis we have focused on the phenomenology of the minimal
extensions of the Standard Model (SM) that can explain neutrino masses and are
potentially testable in the next generation experiments, the so called low-scale
Seesaw Models. These models add two or three extra singlet (sterile) fermions to
the SM, with masses below the electroweak scale. The main goal of this thesis is
to study the impact of these extra states in the Early Universe.

The thesis is divided in two parts, the first one covers a lengthy introduction
and background material for understanding the original results of this work, that
have been published in [1-4].

The plan of this thesis is as follows: In Chapter 1 we motivate the need for
new physics (NP) beyond the SM. In Chapter 2 we give a brief review of the
SM, the theory that has been experimentally confirmed at the highest energies
probed by current collider experiments. On the other hand, neutrinos were as-
sumed massless in the SM while oscillation experiments have demonstrated that
neutrinos have non vanishing masses. In Chapter 3 we give a list of the most
popular extensions of the SM that can explain light neutrino masses. In Chapter
4, we summarize what is known about the lepton flavor sector of the SM, focusing
particularly on the phenomenology of the low-scale Seesaw Models. In Chapter
5 we give the motivation for the mass scale of the extra fermions in these mod-
els, the parametrization of the models and the current and future experimental
constraints on the model parameters. In Chapter 6 we give a brief review of the
Standard Cosmological Model (ACDM), and in Chapter 7 we discuss the ther-
modynamics of the Early Universe plasma. In Chapter 8 we focus on the sterile
neutrino evolution before the electroweak phase transition (EWPT), where they
can seed the observed matter-antimatter asymmetry in the Universe. The evolu-
tion of the sterile neutrinos after the EWPT and their impact on the cosmological
parameters is given in Chapter 9. Finally, in Chapter 10 we summarize the main
scientific results in this work, divided in four publications, that are reproduced
in full in Part II of the thesis.
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Chapter 1

Introduction

The belief that matter is made of smaller components goes back to the VIth
century B.C., while the term “atom” was firstly used by Democritus, as the
smallest indivisible particle. More than 20 centuries later, the first elementary
particle, the electron, was detected, which launched an avalanche of progress
both in theoretical and experimental sub-atomic physics. Quantum mechanics
and special relativity emerged as the theory ruling the microscopic word, and a
zoo of particles was discovered.

It is interesting to mention that just before the discovery of quantum me-
chanics and the theory of relativity, many physicists believed that the classical
physics was the ultimate theory that could explain all physical phenomena. In
1900 Lord Kelvin said: “There is nothing left to be discovered in physics. All
that remains is more and more precise measurement, and he could not be more
wrong.

A particle of particular interest in this thesis, the neutrino, was postulated
in 1930 by W. Pauli in order to explain the continuous spectra of beta decay.
However, at that time introducing an “invisible” particle was a manner of bad
taste, and the theory was not accepted very well, Bohr being its most prominent
opponent. The neutrino was experimentally confirmed 26 years later, in the
experiment of Cowan and Reines.

Today, all the particles observed are well accommodated in the Standard
Model (SM), together with the basic forces. However, there are both experimental
and theoretical hints that the SM can not be a complete theory and that New
Physics is needed. Some of the theoretical problems are:
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e The flavor-puzzle, i.e., why are there three copies of particles differing only
by their mass. Most of the free parameters ' in the SM are linked to this
puzzle. They have been measured, but their values do not follow any clear
pattern and their origin remains elusive.

e The strong CP problem, that is, why the CP symmetry is conserved in the
strong interactions in the SM, which is not ensured by any gauge symmetry.

e How to combine quantum mechanics with general relativity, since the at-
tempts to do this lead to non-renormalizable theories. Furthermore, gravity
necessarily introduces a new scale, the Planck scale, which leads to the hi-
erarchy problem.

e The hierarchy problem: why is the electroweak scale so much smaller than
the Planck mass. If there were new particles heavier than the electroweak
scale, their coupling with the Higgs boson would induce quantum correc-
tions to the Higgs mass naturally of the order of those higher masses.

On the other hand, there are also experimental hints for physics beyond the
SM:

e Neutrinos were assumed massless in the SM but the well established phe-
nomena of neutrino oscillations implies that they are massive, and the SM
has to be modified.

e The dominance of baryons over antibaryons in the Universe can not be
explained within the SM.

e The origin of Dark Matter that accounts for ~ 25 % of the gravitating
matter in the Universe. A solution to this problem might lie in the existence
of a new weakly-interating particle that is not yet discovered.

e The dark energy, a force responsible for the Universe’s accelerating expan-
sion, contributes to ~ 70% of the total energy in the Universe. The nature
of this energy is unknown.

Two of the mentioned hints, non-zero neutrino masses and the baryon asym-
metry, will be addressed in the thesis in the context of the low-scale Seesaw
Models.

!There are at least 25 free parameters in the SM with massive neutrinos, 20 of them corre-
sponding to masses and mixings.



Chapter 2

Standard Model in a nutshell

The Standard Model (SM) is a quantum field theory (QFT) that describes
the interactions of all the known particles [5-15]. In this chapter we will briefly
review main features of the SM.

2.1 Gauge symmetries of SM
The gauge group of the SM is based on the symmetry group
SU(3). x SU(2)r, x U(1), (2.1)

which describes strong, weak and electromagnetic interactions respectively via
the exchange of 8 massless gluons, 1 massless photon and 3 massive bosons (W=
and Z). The matter content of one family of the SM and their charges under
the gauge group is summarized in Table 2.1. Leptons and quarks come in three
families that have the same properties under gauge transformations and only
differ in their couplings to the Higgs boson.

Iy = (VL> er | QL= (UL> ur | dp | ®

€r dr,
SU(3)e 1 3 3 3 1
SU(2)L 2 1 2 1] 1 |2
U(l)y -1 —1 1 2 |11

Table 2.1: Gauge charges of the particles in one SM family
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The transformation properties under the gauge symmetries are implemented
by replacing derivatives in the Lagrangian with covariant derivatives:

A . .
D, =09, - ZQSEGGZ —igraWy, — ig' By, (2.2)

where 7, are the generators of the three dimensional SU(2) group, represented
with the Pauli matrices, while A\, are the generators of the eight-dimensional
SU(3) group, represented with the Gell-Mann matrices. The allowed terms in
the Lagrangian that are invariant under this symmetry are

e kinetic term for all fermions:

L= D/, (2.3)
f

e kinetic terms for the gauge bosons:

1 1 1
L= —ZGZVGg” — ZW;LVW;”’ — iBuvBWa (2.4)
where the field strength tensors are:
Go = 0,GL - 9,GY + g f*GhGE, (2.5)
We, = 0.Wg—0,Wi+ ge™Wiwy, (2.6)
B, = 0,B,-90,B,, (2.7)

and fo¢(e?) are the structure constants for SU(3)(SU(2)) groups. The con-
served charges for SU(3), SU(2) and U(1) are called color, isospin and hyper-
charge.

2.2 Higgs mechanism

The electroweak group is spontaneously broken to the electromagnetic group:

SU(Q)L X U(l)y — U(l)Q. (2.8)



Chapter 2. 2.2 Higgs mechanism 7

The mechanism of this spontaneous symmetry breaking (SSB), called Brout—
Englert— Higgs mechanism, is achieved by adding complex scalar field

o - (‘?{’;) | (2.9)

which is a doublet under SU(2) transformations, as shown in Table 2.1. The
Lagrangian of this scalar field consists of kinetic term and a potential:

Liriggs = (Du®) D' ® + 20T — A(079)”. (2.10)

The ground state is given by the minimum of the potential, which, in the case of
positive p? is
v
22 T V2
v is called the Higgs vacuum expectation value (VEV) and is measured to be
v~ 246 GeV [16].

There is a degeneracy of the vacua since eq. 2.11 is invariant under a U(1)
field redefinition ® — €’®®, i.e. there is infinitive number of vacua that are the
minima of the potential. The Higgs field, H, is introduced as the perturbation

around this ground state:
a 0
® — exp (i@“g) <+H) : (2.12)
v V2

with @ = 1,2,3. Using the so called “unitary gauge”, the 6% fields are gauged
away, and the kinetic piece of the scalar Lagrangian leads, after diagonalization,
to the mass term of the gauge bosons:

@] = (2.11)

2

1 92 + - g
D,®) DFO — Z9,HO*H + (v+ H)? [ ZWTwr + Z, 2", (2.1
( © ) o %u (v ) <4 w cos 0 M ) (2.13)

The physical W+, Z and A fields are linear combination of the original W and
B fields:

% (W F i), (214)

— sin Oy B,, + cos HWW;:’, (2.15)
A, = cosbwB, +sin GWWi’, (2.16)

W:t

N
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where 0y is the Weinberg angle

/

tan Oy = L. (2.17)
g

The three Goldston bosons, 8¢ fields, reappear as the longitudinal components
of W* and Z that became massive:

2 /2
myy = %, my = Uivg;g. (2.18)

The photon remains massless as dictated by the unbroken U(1)g symmetry.

2.3 Fermion masses and mixings
The mass term for a Dirac fermion is of the form:

Linass = —m YR + h.c., (2.19)

which in the SM is forbidden by the SU(2) symmetry, since left and right com-
ponents n Table 2.1 have different SU(2) charges. However, mass terms can be
obtained via SSB from the so called Yukawa terms:

Lywr = — > {10V, gy + Qp (Vi) Py + Vi Bung; ) } (2.20)
1,J

where the Y matrices are general complex matrices and the field & = ioy®*
carries hypercharge —1/2.
After SSB, the Higgs field gets a VEV and the Lagrangian becomes:

H — _
Ly = — (1 + U) (ﬂLMuUR +drMagdr + 1, Milp + h.c.) , (2.21)

where u, d and [ are the quarks and charged leptons fields in the so-called flavour
basis. Neutrinos remain massless because no Yukawa term can be writen for
them in the absence of right-handed components.

The matrices M are not diagonal, but can be taken to a diagonal form with
two unitary matrices U and W

M, = UlD,W,, My=UDsWy, M, = U DW,, (2.22)
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so that matrices D are diagonal. By redefining the fields we get the mass eigen-
states of the quarks and lepton fields

dp = Ugdp, up = Uy, ;= Ulp,
dyy = Wydp, = Wyug, =Wl (2.23)

This transformation on the fields introduces flavour mixing in the charged current
(CC) interactions

2v2

ij

Lec = -2~ {W,jr

Zﬁh“(l - '75)‘/ijd; + Zﬂl”y“(l — | + h.c} ,
l

(2.24)
where matrix V = UuUc}L is the Cabibbo-Kobayashi-Maskawa (CKM) matrix
[17,18].

In the SM there is no leptonic mixing matrix, since the neutrino field can be
redefined as v}, = Uy, so that opl, = v U)l;, = 7)1}, Note that this is only
due to the vanishing neutrino mass, and will not be the case in the models that
accommodate massive neutrinos, that will be discussed in the next chapters.






Chapter 3

Neutrino masses

Even though the SM was constructed with massless neutrinos, oscillation
experiments have shown that neutrinos are massive. In this section a simple
introduction to basic models that give rise to neutrino mass terms is presented.
For further details the reader is referred to the reviews [16,19-24] or the book [25].

3.1 Neutrino mass models

There are two simple ways to extend the SM in order to accommodate neutrino
masses. As we have seen that a mass term couples states of different chiralities
(see eq. (2.3)), one needs therefore to identify the right-handed component of the
neutrino field.

3.1.1 Dirac mass

The most straightforward way to give neutrinos a mass in the SM is by adding
3 right-handed singlets v with charges (1,1,0) under SU(3) x SU(2) x U(1)y.
With these extra states, the neutrino mass can be generated in the same way as
the charged leptons, via the Yukawa term:

LYuk = _ZLZ'CEYZ/ijVRj + h.c. . (31)

This solution implies that neutrinos are Dirac particles, i.e., they are 4-component
spinors. In this way all the symmetries of the SM are preserved, but the drawback
is that it does not seem natural that neutrinos are so lighter that the other charged
fermions. The Yukawa matrix should satisfy m, = Y, v/ v/2 which leads to the

11



12 Chapter 3. Neutrino masses

coupling at least 11 orders of magnitude smaller than the top quark coupling, for
neutrino masses in the eV range.

3.1.2 Majorana mass

A more economical way of introducing the neutrino mass matrix is by using
only the two component Weyl neutrino that already exists in the SM, and adding
a Majorana mass term:

Lt = —%(@WE + h.c), (3.2)

where -
i = (3.3)

C is the charge conjugation matrix which in the Dirac representation of the
matrices is given by
C = ’L"}/()’)/Q. (3.4)

When dealing with interacting particles one has to take care of the conserved
charges. Obviously the Majorana mass term is allowed only for electrically neutral
particles since otherwise it would violate charge conservation. Therefore, the only
candidates to have a Majorana mass in the SM are neutrinos. Furthermore, the
eq. (3.2) for the neutrino field as it stands would break also Uy (1) hypercharge
symmetry, however, this mass term can be obtained via the so called Weinberg
operator [26]:

1 - - -
Liweinberg = —X(le)Yij(@TlLC) + h.c.. (3.5)

Here Y is a complex symmetric matrix and A is unknown energy scale of new
physics.

After the Higgs field gets a VEV this term becomes a Majorana mass term
for the neutrinos:

1_
Ltajorana = _§VLMVVE + h.c., (3.6)
where
v 3.7
M, =Y. .
. (37)

The Weinberg operator obeys all the symmetries of the SM, but leads to a
non-renormalizable theory, hence, the theory with the Weinberg operator must
be seen as a low-energy effective field theory, and needs an ultraviolet (UV)
completion.
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One of the popular ways for the UV completion is the Seesaw mechanism.

3.2 Seesaw mechanism

The three most popular extensions of the SM that are UV complete involve
the addition of extra singlet fermions, a scalar triplet or fermionic triplets and
are called seesaw of Types LII and III respectively. Another popular model, the
so called “inverse seesaw” is a subset of the Type I seesaw, when an approximate
global U(1) symmetry is imposed.

3.2.1 Type I seesaw

This model assumes no new physics except a number of right-handed singlet
fermions (INg). The only additional terms in the Lagrangian allowed by the gauge
symmetries are the Majorana mass terms for the new right-handed fermions, and
their Yukawa interaction:

o 1.
— LTypeI =1 ®Y,Nr + iNjc%MRNR + h.c. . (38)

For energies much smaller than the Majorana mass, Mg, the exchange of the
right-handed neutrinos resembles a contact interaction like that in the Weinberg
operator, see Fig. 3.1.

After SSB this term can be written as

1 -
— Lype 1 = §N§MRNR +vrmpNg + h.c.+ ... . (3.9)

Defining v = (v, N§) this can be represented in a matrix notation:

1
— Lype 1= 7MY+ he. (3.10)

where
. 0 mp
M= (m% MR) . (3.11)

In the case Mrp < mp the neutrinos would be predominately Dirac particles. In
the opposite case where Mpr > mp the mass eigenstates are approximately:

MN ~ MR,

m, ~ —mp—mp . (3.12)
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This is the original seesaw formula proposed in Refs. [25,27-29]. More details
about allowed parameter space and its phenomenology will be explained in Chap-
ter 5.

(9)

- - <~ - -3

|
|
t
|

Y, Y,

Figure 3.1: Seesaw Type I

3.2.2 Type II seesaw

As proposed in Refs. [30-32] the neutrino masses in the SM can be explained
with additional scalar triplet, that carries hypercharge 1 and lepton number —2:

1
-, 3.13

where o are the Pauli matrices. The allowed Lagrangian is :
- LType I = EYxXlL + h.c. + V(d)v X) ) (314)

with Y being a generic symmetric complex matrix. In order for neutrinos to
obtain mass, the scalar triplet must get a VEV. The potential is

Ve, x) = miTr[Xfx] — pu® Y@ + hoe. + ..., (3.15)

where u coupling term explicitly violates lepton number and induces VEV of x
field, via the VEV of the Higgs field (v):

2
_
(X) =vy = o (3.16)

This procedure leads to light majorana neutrino masses:

2
v

my, = 2Y, vy = YX’;TQ . (3.17)
X
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If p < m, the light neutrino masses come out naturally, since in the limit
i — 0 lepton number is recovered. The current constraints demand v, < 6
GeV [33]. The diagram giving the Weinberg interaction is presented in Fig. 3.2.

=

~ ‘1 -~

h
Y

>:<

Figure 3.2: Seesaw Type II

3.2.3 Type III seesaw

Instead of adding right handed fermion singlets, neutrino masses can be ob-
tained with right-handed SU(2);, fermionc triplets, T, with zero hypercharge
[34-36] :

_ . 1= =
— LType I = ZEYTﬁ -Tpr® + iTg‘MTTF + h.c. , (318)

where Y7 is the Yukawa coupling of the triplet to the SM leptons and the Higgs,
and M7 the Majorana mass for the triplet. As in the Type I seesaw, after SSB
the light neutrino mass matrix is
1
my, = _mDﬁTmD’ (3.19)
where mp = Y.

The triplet has a charged component and has been strongly constrained in
collider experiments, thus this model is more constrained than the Type I seesaw,
and the Majorana mass has to be higher than several hundreds of GeV [37,38].
The Weinberg operator arises as in Type I from the exchange of the heavy triplet
instead of the singlet.

3.2.4 Inverse seesaw

In the inverse seesaw (IS) models, for each right-handed neutrino, Ng, another
singlet fermion, S, with opposite lepton number is added to the SM [39,40]. In
the original proposal the Majorana mass of the Ng fields was omitted and the
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relevant part of the Lagrangian is
_ . 1~ _
— Lig =1,®Y, N + §SCMSS+SCMRNR+h.C. . (3.20)

The full mass matrix is then

0 mp 0
M= |m} 0 Mg |, (3.21)
0 ML Mg

which after the diagonalization leads to the light neutrino masses

m, = mD]\;Z;MS]\;leT) . (3.22)
Small neutrino masses can be explained in this case even if the scale Mp is at
the electroweak scale and Yukawa couplings of O(1) if Mg is sufficiently small.
This can be understood because in the limit Mg — 0, there is an exact global
lepton number symmetry, the light neutrinos remain massless while the heavy
spectrum consists of Dirac neutrinos. The inverse seesaw model is equivalent
of a Type I model with an even number of right-handed neutrinos and specific
textures of the Yukawa matrix.

3.3 Neutrino mixing matrix

Independently of the specific mechanism that gives neutrinos a mass, neutri-
nos mix. The neutrino mass matrix in general will not be diagonal in the flavor
basis.

In the case of Dirac neutrinos, the diagonalization is performed as in the case
of the charged leptons, by two unitary matrices:

D, = U,M,W]. (3.23)
The W and U matrices can be absorbed in the field redefinition:

Np=W,Ng, lp =Wilg,
vy, =Uyr, 1= Ulp, (3.24)
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so that the CC interactions in the mass basis is non-diagonal :

Loc = _iDILUPMNS'Y#l,LWJ + h.c. (3.25)
V2
The matrix Uppysns, the so called Pontecorvo-Maki-Nakagawa—Sakata (PMNS)
matrix [41,42],
Upnns = U, U}, (3.26)

is the analogue of the CKM matrix in the quark sector.

Upnrns depends on a number of physical parameters. A generic unitary ma-
trix of dimension n can be parametrized in terms of @ angles and w
phases. However, rephasing left-handed fields can remove (2n — 1) phases!' which
can be absorbed in the right handed field in order to leave the Lagrangian invari-
ant. This means that the total number of physical parameters for n = 3 are 3

angles and 1 phase. The usual parametrization is

1 0 0 C13 0 513€_i(5 C12 S12 0
Upuns = |0 23 5923 0 1 0 —S12 c12 0
0 —S93 C93 —813625 0 C13 0 0 1

where s;;(cij) = sin(6;;)(cos(6;5)).
If the neutrinos are Majorana particles, the mass term is symmetric and can
be diagonalized with only one unitary matrix:

D, =UIM,U?, (3.28)
so that the fields in the mass basis are

Np=U;Ng, I = Wilg,
Uly. (3.29)

/ /
v =Uyv, 1}
Again, the mixing matrix is

Upnns = U,U], (3.30)

!The rephasing of the fields would naively remove 2n phases, but the global phase redefinition
of the mass eigenstate would leave Upjsns invariant, hence the number of phases that can be
removed is 2n — 1.
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but the number of physical phases is different. In this case only n phases can be
removed since the Lagrangian is no longer invariant under neutrino field rephas-
ing. Therefore, the mixing matrix can be parametrized as

1 0 0 C13 0 5136_i(s C12 S192 0
Upuns = |0 23 5923 0 1 0 —512 c12 0
0 —S93 Co3 — 5136 0 c13 0 0 1
1 0 0
x [0 e 0 (3.31)
0 0 iz,

where the two phases ¢; and ¢o are the CP violating Majorana phases. Hence,
3v models with Majorana neutrinos would have 2 additional phases compared to
Dirac neutrinos.

3.4 Neutrino oscillations in vacuum

A consequence of non-zero neutrino masses and CC mixing matrix brings in
the phenomenon of neutrino oscillations.

In neutrino oscillation experiments, neutrinos are produced and detected via
CC interaction processes, i.e. in the flavor eigenstates. After production, the
states propagate undisturbed, and, since the mass eigenstate have slightly dif-
ferent phase velocities, the detected state might have different flavor than the
produced one.

There are many ways to calculate the oscillation probability, here the simple
one using plane waves approximation will be briefly described.

A neutrino flavor « produced at tg will be a superposition of mass eigenstates:

Va(to)) Z vi(p)) s (3.32)
where the mass eigenstates are the eigenstates of the free Hamiltonian
H|vi(p)) = Ei(p) |vi(p)), Ei(p) = p* +mj. (3.33)

After time ¢ the state a will evolve to

V(1)) = e 1) | (10)) Z e~ i) (t=t0) 11, (p)) | (3.34)
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The probability that the state changed to |vg) = >, Usy |vk(p)) is

P(va — vg)(t) = | (Vplva) [P = D UgiUzUj Ugge” FiPI=Ei i) (I=t0) (3 35)
i,J

where we used the orthogonality relation for the states (vg|v;) = dix. Assuming
equal-momentum p; = p; = p, for ultrarelativistic neutrinos the energy difference
is

1 m? —m?

Ei(pi) — E;(p;) =~ 5TJ + O(m?), (3.36)

which leads to the famous oscillation probability formula:

am2. L
2
P(va = vg) = Y _UjUajUsiUsse” BT, (3.37)
2%
with Amgj =m? — m?
It is important to note that plane-wave derivation does not take into account
two mandatory ingredients for this phenomenon:

e quantum coherence in propagation over macroscopically large distances,
and

e sufficient uncertainty in momentum at production and detection, so that a
coherent state can be produced,

which show up explicitly in the more precise wave packet derivation [43,44].
The probability can be divided in the CP conserving and CP violating part
(it has opposite sign for neutrinos and antineutrinos):

. .9 Am,%jL
Pag = bap—4> Re[Uj;UaiUgiU%;] sin o5 (3.38)
i<j v
Am2. L
+ 2 Im[U3.U,Us U |si v . 3.39
;‘j m[ ﬁ] J ﬁ Oé’l] Sln( 2Ey > ( )

It is common to express the macroscopic length L in meters (m) so that the

phase factor becomes 1.074m%5 _LJE Eq. (3.39) shows that the probability is

eVZ m/MeV"
oscillatory function of the distance L with the period
4 E
Lo%¢ = <3 3.40
Am?j ( )
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The oscillation probability is not sensitive to Majorana phases, which is expected,
since the neutrino oscillations is a lepton number conserving process.
In the case of just 2 neutrino families the mixing matrix simplifies to :

T ( cos 6 sm@) 7 (3.41)

—sin @ cos

and the oscillation probability becomes

Am?j L
2L,

P,p = sin? 20sin® ( ) , a#pB. (3.42)
If the length L is too large the wave packet can become decoherent. When this

happens the neutrinos do not oscillate any more and the transition probability
becomes independent of L:

1
Pog =3 sin? 26. (3.43)

It is interesting to note that the smearing in L and F,, produces the same effect
when L > L° i.e. any real experiment would measure the average (P,z) =
% sin? 26.

3.5 Neutrino oscillations in matter

When neutrinos propagate in a dense medium the oscillations will be modified
due to (i) incoherent interaction and (ii) forward scattering. The incoherent
interactions are very suppressed due to the low cross section, but are important
in the really dense medium, such as Early Universe plasma. Here, only the effect
of the forward scattering will be described.

Recall that the plane wave solutions satisfy Schrédinger equation:

d
i—v = Hv. 3.44
g (3.44)
The coherent scattering of the neutrinos on the particles in the plasma will induce
corrections to the Hamiltonian, H = Hy+Viat, where Hy = ﬁDiag(m%, m3,m3).
For neutrinos propagating through a matter such as the Earth, Sun, etc only
electron neutrinos interact via the charged current, while any flavour can interact
via the neutral current, as presented in Fig. 3.3. Note that this is not the case
in the Early Universe plasma, where the muons and taus are as abundant as
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electrons. The effective charged current interaction in matter is
Voo = <Hé%> <2\/§GF [evuPrve) [De'y“PLe]> =2V/2Gp ([evuPre] [ey" Prve))

= V2Gpn.r.~°(1 — V5 ) Ve = DVéeszO(l — Y5V, (3.45)

where n. is a number density of electrons.
Vs Vyy Ve Vey Vs Vr

Ve e
K K
e Ve e, N e, N

Figure 3.3: Charged and neutral current interactions of neutrinos in the matter.

Similarly, the neutral interactions effective potential can be derived

/s

2
Vve =G [—neu — 4sin? Oy ) + np(1 — 4sin®Oy) — nn] ; (3.46)

with n,, and n, being neutron and proton densities. For neutrally charged matter
proton and neutron contributions in the neutral current potential cancel, and the
sum of two potential, including all families, is

Gr

v (ne — ) 0 0
Vimat = Ve + Voo = 0 %(—%") 0 (3.47)
Gp Ny
0 0 5 (=1%)
The effect of matter results in an effective mass matrix:
M2 = M? 4+ 4EV,4, (3.48)
where ) ) .
M? = U* Diag(m?,m3, m3) U7, (3.49)
and

M? = U*Diag(m?2,m3, m3)U" 4+ 2EV;,4. (3.50)
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In the case of 2 families, the effective mass and angle are

Am? = \/(Am €08 20 F 2EV,0¢)2 + (dm? sin 26)2 (3.51)
9 (Am? sin 20)?
sin” 260 Ama) (3.52)

where + sign stands for neutrinos and antineutrinos. The corresponding oscilla-
tion amplitude has a resonance when neutrino energy satisfies:

Am cos20 T 2EVypas = 0 — sin® 20 = 1, (3.53)

i.e. the mixing becomes maximal independently of the value of the vacuum
mixing angle. This is the Mikheyev-Smirnov-Wolfenstein (MSW) resonance [45,
46], relevant to explain the solar neutrino flavour transition.

In the next chapter we will review experimental evidence for neutrino oscilla-
tions, as well as other experiments that put constraints on the neutrino parame-
ters.



Chapter 4

Standard 3-neutrino picture

In this chapter we will review the experimental results that have determined
neutrino masses and mixings in the standard 3 neutrino paradigm.

4.1 Oscillation experiments

Based on the origin of neutrinos, neutrino oscillation experiments can be
divided into four groups: atmospheric, solar, reactor and accelerator. From the
eq. (3.39) we see that the oscillation probability depends on the ratio L/E, i.e.,
the mass difference that experiments are sensitive to depends on the experimental
setup. The experiments based on the mass difference that they are most sensitive
to are summarized in Fig 4.1.

4.1.1 Atmospheric neutrinos

Atmospheric neutrinos are produced in the atmosphere through collisions of
cosmic rays with nuclei leading to a hadron shower containing mainly pions. Pions
further decay via the processes :

™ = w4,

pt = v+ et + v, (4.1)
(O S VS o VP

P = vy te + . (4.2)

The fluxes of produced neutrinos can be predicted within 10-20% accuracy, but
many of the uncertainties cancel when considering the ratio of muon over electron

23
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Figure 4.1: Summary of neutrino oscillation experiments based on the mass split-
ting they are sensitive on (L) versus the energy of the neutrino E, plane, from
Refs. [47,48].
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neutrinos. This ratio was first measured by Kamiokande [49], IMB [50], Soudan2
[51] and Macro [52], and a discrepancy with he expectation for massless neutrinos
was found.

It was SuperKamiokande in 1998 that finally clarified the puzzle [53]!. Beside
being able to distinguish between electron and muon events, they were also able
to predict the incoming neutrino angle through measurements of the outgoing
lepton angle. By doing so, they could measure how the neutrino flux depends on
a distance they travelled.

The events for the electron neutrino were in the rough agreement with pre-
diction, while muon events showed strong dependence on the zenith angle: there
is almost twice more neutrinos coming from above (6 = 0) than the ones coming
from below (6 = 7). Fitting the data with the two neutrino oscillations hypothe-
sis a value of Am? ~ 3 x 1073eV? and maximal mixing, gives a good description
of the data. The schematic view of detector position, as well as the best fit for
electron and muon like events is given in Fig. 4.2.

o~ Data / Monte Carlo

L/E, (km/GeV)

Figure 4.2: Left: Distance travelled by atmospheric neutrino as a function of
zenith angle. Right: Ratio of the data to the predicted MC events in the case of
no oscillations versus L/F, for electron like and muon like events. The dashed
curves are the best-fit expectation for v, < v, oscillations (from Ref. [53]).

More recent data of Super Kamiokande can be found in [54,55].

1The 2015 Nobel Prize was awarded to Takaaki Kajita on behalf of SK group, and to Arthur
B. McDonald, the founder of SNO group.
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4.1.2 Solar neutrinos

Solar neutrinos are produced in the chain of nuclear reactions, resulting in
the overall fusion of protons into *He:

4p —* He + 2e™ + 2u, + 1. (4.3)

The spectrum of the solar neutrino flux is given in Fig. 4.3, that is the result of
simulations of the Sun interior, the so-called standard solar model (SSM) [56].

Gallium | Chlorine SuperK, SNO

101 T

Bahcell:
i
10 r//m 1%
10"
109
+10%
oo f
"Be Be
IR 3
1o® r
108
104 1
10%
10! r
0.1 0.3 1 3 10

Neutrino Energy (MeV)

Figure 4.3: Solar neutrino fluxes as a function of their energy for different reac-
tions, as well as the threshold of several experiments, from Ref. [57].

The first result on the detection of solar neutrinos was announced by Ray
Davis Jr. and his collaborators from Brookhaven in 1968 [58] where they mea-
sured less neutrinos than theoretically predicted [59]. This became the "solar neu-
trino problem", that was later-on confirmed in Gallex/GNO [60], SAGE [61] and
already mentioned Super Kamiokande [62—64] experiments. These experiments
were sensitive to the total number of electron neutrinos, and their interpretation
depends on the solar neutrino flux normalization that was extracted from the
standard model of the sun interior [59].

Sudbury Neutrino Observatory (SNO) Cherenkov water detector [65,66] was
designed to give a model independent explanation of the solar neutrino problem.
They could distinguish between CC (involves only electron neutrino) , and NC
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(involves all neutrino flavors) interactions, hence could measure the rate of elec-
tron neutrinos over the total number of neutrinos coming from the Sun, which
is independent of the flux normalization. They found a deficit in the CC in-
teraction, but no deficit in the NC interactions, which was a definite proof of
solar neutrinos flavor transitions. Note that this is not the effect of neutrino
oscillation, but flavour mixing. The measurements demonstrate that there are
approximately twice more v, and v, coming from the Sun than v., and that the
total neutrino flux is consistent with the SSM. The flux of muon and tau neutri-
nos, versus the one of the electron neutrino is given in the left panel of Fig. 4.4,
which demonstrated also that the standard solar model predicts the correct total
solar neutrino flux.

Solar neutrino data can be interpreted in terms of mass and mixing, with
Amg ~7—8x 107° ¢V and 0 =~ 0.56, as shown on the right panel of Fig. 4.4.
It should be stressed that the sensitivity of solar neutrinos to the mass difference
is a result of the MSW effect which can explain the energy dependence of the effect
as seen in the different electron neutrino fluxes measured in radiochemical exper-
iments, that are sensitive to the lowest energy spectrum, and SuperKamiokande
or SNO that are sensitive to the higher end. The experiment that has got closer
to the resonant energy which determines the transition between the high and low
energy regimes is the recent Borexino experiment [67-69]. Their recent results
are in a good agreement with oscillation interpretation of other solar data, as
presented in Fig. 4.5.

x10°
i (b)

0,0 (10° cm™s7)

02 04 0.6 08
9. (10° em? s7) tan’Q
Figure 4.4: Left: Flux of tau and muon neutrinos versus electron one, as measured
from three reactions in the SNO experiments. The dashed line is the prediction of

the SSM (from Ref. [65]). Right: Fit of SNO measurements in terms of oscillation
parameters (from Ref. [70]).
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Figure 4.5: Electron neutrino survival probability as a function of neutrino energy
according to MSW model calculated for 8B solar neutrinos (purple band) with
the data from Borexino and other solar and reactor experiments (from Ref. [69]).

4.1.3 Reactor neutrinos

Nuclear reactors produce electron antineutrino beam with energies ~ MeV.
Since this energy is under muon and tau mass, these experiments can measure
only electron (anti)neutrino and are necessarily disappearance experiments.

In the KamLAND experiment [71] electron antineutrinos are coming from
nuclear plants around Kamiokande mine in Japan, and are detected in 1 kton
liquid scintillator detector via inverse beta decay after travelling (L) = 175 km.
The L/E, ratio in KamLAND experiment is in the regime of solar neutrino
oscillations. In Fig. 4.6 the KamLAND fit of oscillation parameters is presented,
together with the results of solar experiments.

Another set of reactor experiments with L/E, in the atmospheric neutrino
oscillations regime, where the baseline is O(1km): CHOOZ [73], DoubleCHOOZ
[74], Palo Verde [75], DayaBay [76], RENO [77] had been extremely important in
establishing that the atmospheric oscillation also affects electron neutrinos and
not only muons as seen in atmospheric neutrino experiments.

4.1.4 Accelerator neutrinos

Using well controlled v, beams from pion decays produced in fixed-target
experiments in proton accelerators, and choosing the right baseline, accelerator
neutrino experiments are able to measure the atmospheric oscillation parameters
with high precision. The experiments MINOS [78-81] (L = 730 km) and K2K
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Figure 4.6: KamLAND fit of the oscillation parameters together with the solar
neutrino oscillation experiments result (from Ref. [72]).

(L = 250 km) [82,83] measured the disappearance of muon neutrinos were the
first to confirm the atmospheric oscillation in an accelerator neutrino beam. The
experiment OPERA [84] (L = 730 km) confirmed that the leading channel in
atmospheric oscillations is v, — v, by explicitly measuring the appearance of
vr. The T2K experiment has been able to measure for the first time the v,
appearance in a v, beam [85]. Finally the NOvA experiment has measured the
appearance of v, at O(1000) km distance [86].

4.1.5 Neutrino Observatories

Currently running IceCube experiment [87], ANTARES [88] and planned
KM3Net [89] have measured the high energy tail of atmospheric neutrinos and
are optimized to search for astrophysical neutrinos at very high energies F, ~
O(PeV). IceCube has recently presented evidence for a PeV neutrino component
in the astrophysical neutrino flux [90], whose origin is still not understood.
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4.1.6 Global fit

Two mass differences in the neutrino mass matrix are conventionally assigned
to solar and atmospheric mass splitting as:

2

Amiy = m3 —m} = Am?

atm?

Am3, = m3 —mi = Am2. (4.4)
The strong hierarchy between them |Am2| < |Am2,,,| and the smallness of

sin #13 allow us to write 3 neutrino probabilities as 2-by-2 mixing phenomena,

depending on which term is dominating in the oscillation probability formula.

For E,/L ~ |Am2,,.|, the solar mass splitting can be neglected and the oscil-
lation probabilities n vacuum are:

P(ve = v,) =~ s35sin®20;3sin” (%) (4.5)
Pve = ;) =~ c35sin%203 (AE;;L) (4.6)
Py, —»v;) =~ c‘ll3 sin? B3 sin? (AzlmE%jL) (4.7)
P(ve — vo) = P(Ue — 1) =~ sin®26;3sin’ (AZLE%’L) . (4.8)

If we further take 613 — 0 only P(v, — v;) survives, hence the atmospheric
and accelerator experiments are mostly sensitive to fo3 angle and can be identified
(Am2,., 0atm) — (AmZs,093). The reactor neutrino experiments measure v
disappearance and are sensitive to the 613 angle, that was the last one to be
measured [91].

In the solar regime E, /L ~ |AmZ|, the atmospheric oscillations are too fast

and get averaged out:

Ami,L
P(ve = ve) = P(Ve — ) ~ i3 (1 — sin? 205 sin® ( T2 )) + 513 (4.9)

Again, in the limit 13 — 0 we can therefore identify (Am?2,6c) — (Ami,, 612).
Since the sign of the mass difference is not measured there are two possibility
for neutrino mass patterns, as shown in Fig. 4.7:

e Normal hierarchy where the difference between the lightest neutrino (m;)
and the second one is the solar mass splitting, while the third one is much
heavier (i.e. the atmospheric mass splitting)
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e Inverted hierarchy with one light state (m3) and two heavier quasi-degenerate
ones separated by the solar splitting.

. — ()" (m,)” — —
(A[nz)sol
(ml)ZJ —-—
m v,
@),
G (amd),
v
— m— (m,)’
(Anlz)sol
4 m (m,)° (m,)’m —
normal hierarchy inverted hierarchy

Figure 4.7: Schematic view of normal and inverted hierarchy (from Ref. [92]).

However, the fact that 613 # 0 implies that a proper analysis of 3-by-3 mixing
is needed [93-96]. Results of the global fit preformed by NuFit group [96] are
given in Table 4.1.

4.1.7 Neutrino Anomalies

Not all the oscillation experiments data can be explained in terms of only two
mass differences. First to observe hints for physics beyond the standard 3v picture
was LSND experiment [97] which measured excess in the appearance channel
Uy — Ve at E/L ~ 16V2 . This anomaly was further explored by the MiniBooNe
[98-100], where no significant excess in the higher energy was observed, but the
yet to be explained excess in the lower energy appeared. Radioactive source
experiments SAGE [101] and GALLEX [102] have observed somehow smaller
event rate than expected which can be explained by disappearance of v, due to
the oscillations to a new state that provides a new mass splitting Am? > 1 eV [103]
(Gallium anomaly). Re-analysis of the neutrino flux emitted by nuclear reactors
[104,105] gave further hints on new 1leV mass splitting [106]. It is important to
notice that these results are in tension with v, disappearance results [107-109].
Recent analysis of IceCube experiment [110] shows no hint of sterile neutrinos.
For recent reviews about eV neutrinos look at [111,112].
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Table 4.1: Best fit of 3v oscillation parameters, for normal and inverted hierarchy
(from Ref. [94,96]).

| NUFIT 3.0 (2016) |

Normal Ordering (best fit)

Inverted Ordering (Ax? = 0.83)

Any Ordering

bfp £10 30 range bfp +1o 30 range 30 range

sin? 012 0.30670 512 0.271 — 0.345 0.30670015 0.271 — 0.345 0.271 — 0.345
612/° 33.5610 77 31.38 — 35.99 33.5610 717 31.38 — 35.99 31.38 — 35.99
sin? 03 0.44170527 0.385 — 0.635 0.58715-920 0.393 — 0.640 0.385 — 0.638
B23/° 41.6715 38.4 — 52.8 50.071% 38.8 = 53.1 38.4 — 53.0
sin? 013 0.02166 1590572 0.01934 — 0.02392 | 0.021797055575  0.01953 — 0.02408 | 0.01934 — 0.02397
613/° 8.467012 7.99 — 8.90 8.497012 8.03 — 8.93 7.99 — 8.91
Scp/° 261758 0 — 360 277140 145 — 391 0 — 360

Am%l +0.19 +0.19
05 o? 7.5070 12 7.03 — 8.09 7.5070 19 7.03 — 8.09 7.03 — 8.09

Am3, +2.407 — +2.643

10-3 eV?

+2.52410510

+2.407 — +2.643

0.038
—2.5147003

—2.635 — —2.399

—2.629 — —2.405
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It is important to mention that an eV sterile neutrino with mixings that can
explain these anomalies (|U,4|> ~ O(1072)) is incompatible with the Standard
Cosmology [113,114].

4.2 Kinematic Constraints from Weak Decays

The standard method of measuring the electron neutrino mass is looking at
the end-point of the electron energy spectrum in beta decays:

n—p+e +re. (4.10)

The energy spectrum of emitted electron is given by

AN
dE,

Cp(E-+me)(Ey—E.)\/(Eo — E.)? — m2F(E.) = R(E)\/(Eo — Ee)? — m2

Vs
(4.11)
where p, Fe, m, is electron energy and mass, m, is neutrino mass and Ej is the
maximum energy electron can get, the so-called "end-point" energy. F'is the Fermi
function that takes into account electromagnetic interactions of emitted electron
with daughter nucleus. C' is a normalization constant and R(E) is conveniently
defined so it does not depend on neutrino mass. A non-zero neutrino mass has
the effect of changing the slope of electron energy spectra, and the end-point
energy. The effect of 1 eV mass in the tritium beta decay spectrum is shown in
Fig. 4.8.
The preferred elements are the ones that have low end-point energy, the most
used being tritium with Ey = 18.4 keV.
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Figure 4.8: Neutrino mass effect on the tritium beta decay spectrum (from Ref.
[115]).
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Lepton mixing would modify eq. (4.2) as:

a5 = R(E) Z Uail2\/(Bo — Ee)? = m2, (4.12)

which in the realistic limit of Fy — E. > m; simplifies to

ﬂ—R(E)ZwF(E —E)(l—m%> (4.13)
dE, — 0 e 2(Eg—E.) )’ '

and can be parametrized with a single parameter
mg = |Uei*m7, (4.14)
i

as

dN
dE,

The best limits on mg are obtained in Mainz and Troisk experiments with mg <
2.3eV [116-118]. KATRIN should reach sensitivity of 0.2eV [115], and there are
other proposals Project 8 [119], MARE [120], ECHo [121]. A recent review on
the experimental status of direct neutrino mass measurement is Ref. [122].

The only way of directly measuring muon and tau neutrino masses are through
decays of pions and taus. Muon neutrino mass is bounded from pion decay at
rest 7" — pt + 1, to be my, < 190 keV, while the tau neutrino was searched for
in tau decays at the LEP e*e™collider

= R(E)\/(EO ~ Eo)2 —m3. (4.15)

e +et =717+ 7T
T = vy + 57F((0)), (4.16)

which gives m, <18.2 MeV.

4.3 Neutrinoless double beta decay

Certain isotopes cannot decay through the standard beta decay because the
mass of such isotope is smaller than the mass of the daughter isotope, but they
are allowed to decay through simultaneous double beta decay:

(A, Z) = (A, Z +2) + 2¢~ + 27. (4.17)
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In the case of neutrinos being Majorana particles, the emitted right handed an-
tineutrino from one nucleus can be absorbed as left handed neutrino in the second
nucleus, and the whole process will have no neutrinos in the final state. Such
a process obviously violates lepton number by 2 units, and is sensitive both to
Majorana phases of neutrinos and their absolute mass scale. In Fig. 4.9 the
schematic process of neutrinoless double beta decay (0v3/3) is shown.

P

w

P

Figure 4.9: Neutrinoless double beta decay process.
The half-life of the decay is expressed as

T,,' = G MO (1) i Ui | (4.13)

Me

where G% is a known phase-space integral, m, is electron mass and M% is a
nuclear matrix element. The largest theoretical uncertainty comes from calculat-
ing the nuclear matrix element, for reviews on the different methods to estimate
these matrix elements see Refs. [123-126]. For neutrino masses < 100M eV the
dependence of the amplitude on the neutrino masses and mixings factorizes into
the effective Ov55 neutrino mass:

mgp = Z UZm;. (4.19)

Beside determining the nature of neutrinos, another interesting consequence
of this measurement is that it could distinguish between inverted and normal
hierarchy if the lightest neutrino mass is below 0.1 eV. In Fig. 4.10 , the dark
bands are the prediction of the effective mass from the best fit oscillation data,
and in the lighter bands the known oscillation parameters are varied within the 3o
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allowed regions. The strongest upper bound have been obtained recently by the
KamLand-ZEN experiment [127] using the 136 Xe isotope, while previous bounds
are represented with grey shadings. Also, the bound depending on the nucleus is
given on the side-panel of the plot.

L [ yCa YZr Ndf
- - Se Te
I I Cd
1__ l {Te
E Ge Mo
- l { l
- - Xe
2 107'E KamLAND-Zen (*°Xe) 2 J'
£ i
107¢ 2
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107F 3
C 1 I|I||||| 1 |||||||| 1 |||||||| 1 |||||||_I|IIII‘IIII|
0% 100 102 107! 50 100 150
My gheest (EV) A

Figure 4.10: Effective neutrino mass as a function of the lightest neutrino mass.
The shaded regions are the predictions for NH and IH based on best fit oscilla-
tion data. The grey regions are exclusions from experiments, and blue band is
KamLand-Zen result. The side-panel shows corresponding nucleus for each band
(from Ref. [127]).

4.4 Neutrino masses from cosmology

The strongest bound on the absolute neutrino mass is at present given by
cosmological measurements. The current bound for the sum of neutrino masses
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obtained by the Planck collaboration is > m, < 0.23 eV [128], though some
stronger bounds have been derived using different data sets [129-131].

4.5 Open questions

Even though three neutrino paradigm seems to fit the data well, there are
still some unresolved issues:

e The neutrino mass hierarchy, whether it is inverted or normal. Due to
MSW effect in the propagation of GeV neutrinos through the Earth, the
accelerator experiment NOvA [132] and the future DUNE (former LBNE)
project [133,134] are sensitive to the mass ordering. The detector upgrades
of IceCube and KM3Net, PINGU [135] and ORCA [136] could also pin down
the hierarchy from the measurement of the atmospheric neutrino flux. Fi-
nally, measuring very precisely the reactor neutrinos spectrum at a baseline
around 50 km, the atmospheric oscillation can be seen on top of the solar
one, with a different pattern for the different mass orderings. This is the
strategy of the proposed JUNE experiment [137].

e Leptonic CP violation requires a value of the CP phase ¢ different from
0, 7. At present there is only a slight preference for it to be above 180°, but
in the future it can be measured much more precisely in DUNE [133, 134]
and Hyper-Kamiokande [138] experiments, by comparing fluxes of neutrinos
and antineutrinos.

e Neutrinoless double beta decay experiments are most likely to establish
whether neutrinos are Majorana particles.

e The absolute mass scale is not known and for now there are only upper
limits. Important progress is expected from [ decay experiments and more
precise cosmological measurements.

There are also many open theoretical questions: what is the origin of neu-
trino masses, are there sterile neutrinos, as predicted by some seesaw models,
and, if so, what is their mass scale 7 Could these extra states explain the ob-
served dark matter 7 Can CP violation in the leptonic sector be the cause of the
matter-antimatter asymmetry observed in the Universe 7 Why are the PMNS
matrix angles much larger than the CKM ones ? Some of these questions will be
addressed in this thesis.






Chapter 5

Low-scale seesaw Models

One of the ways to implement neutrino masses in the SM is Type 1 Seesaw
mechanism. As mentioned in Chapter 3 this mechanism predicts heavy Majorana
neutrinos. In this section we will review the phenomenology of the Type I Seesaw
for the masses of right handed neutrinos below the EW scale.

5.1 The scale of New Physics

Originally, Type I Seesaw [27] assumed that masses of heavy sterile neutrinos
are Mp = 102715 GeV, what corresponds to light neutrino masses of order of the
atmospheric mass splitting, and coefficients in the Yukawa matrix of order 1. This
is very appealing since it hints at a scale near the Grand Unification Scale [139],
but the drawback is that this model requires a fine tuning in stabilizing the
Higgs mass since quantum corrections to the Higgs mass in this model gives
quadratic corrections in Mg. Furthermore, those scales would be impossible to
test experimentally.

In the other extreme, Mpr = 0, neutrinos are Dirac particles, which would
recover lepton number symmetry but would imply Yukawa couplings of y, ~
O(107'?) which is 6 orders of magnitude smaller than the electron one. At-
tempts to naturally obtain these couplings using extra dimension can be found
in Refs. [140, 141]. In the case of small but nonzero Majorana masses (pseudo
Dirac), solar neutrino oscillation data constrain these masses to be smaller than
Mp <1072 eV [142].

Anywhere between the two scales, (1072 eV-10'5 GeV), the right handed neu-
trino masses are possible by adjusting Yukawa couplings in the range 10712 - 1.

39
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Masses of 1 eV might explain short baseline anomalies. If the mass is at keV
scale, the right-handed neutrinos could be a good warm dark matter candidate.
Leptogenesis could be explained via the decay of sterile neutrinos at a mass scale
above 107 GeV, or via oscillations if they are at O(GeV).

5.2 The Model

The model is an extension of the SM with N right handed neutrinos:

N
_ . 1 . o
L=CLsy—» LY"ONp— > S NEMp Ny + hec,

a,l i,7=1

where Y is N x N complex matrix. We will examine the number of parameters
of this model following Ref. [143]. The general rule for a number of physical
parameters is

NPhys = LVgeneral — Nbroken- (51)

Ny
the difference of the numbers of parameters that define the symmetry groups
for vanishing, and non-zero Yukawa couplings. We will also separate parameters
on real (R), that will become angles and masses, and imaginary (I), that will
describe phases. The matrices in the neutrino sector are 3 x 3 charged leptons
Yukawa matrix, 3 x N neutral leptons Yukawa matrix and N x N symmetric

mass matrix of right-handed states. The number of free parameters is !

eneral @re all the parameters in a generic Yukawa representation. Nyrogen is

N+1
Igeneral = Rgeneral =9+3N + NT (52)

In the case of vanishing Yukawa matrices the symmetry group is U(3) for the left
doublets, U(N) for the right handed neutrinos, and U(3) for the right handed
charged leptons. After introducing non-zero masses there is no symmetry remain-
ing so the total number of Ny,open 1S :

N -1 N+1
Rbroken:3+3+NTa Ibrok’en:6+6+NTa (53)
1A general complex matrix of dimension n x m has has I = R = n x m parameters, a
symmetric complex one of dimension n has I = R = n"?ﬂ, while a unitary matrix of dimension

nhasR:n"Tfl andI:n"TJrl
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that gives the total number of physical parameters:
Ryhys = 3+ 4N, Ippys = 3(N —1). (5.4)

The number of zero modes in neutrino mass matrix is 3 — N (for N < 3) so the
total number of mass parameters is:

Riass =3+ N+3—(3—N)=3+2N, (5.5)
and the angles are the remaining real parameters:
Rangles = 2N. (5.6)
All imaginary parameters are represented with phases:
Nphases = 3(N — 1), (5.7)

The model with only one extra right handed state can not describe observed
neutrino oscillations data [143], hence N = 2,3 or higher. The number of param-
eters for this two models are summarized in Table 5.1, where the mass parameters
of the charged leptons have been taken out.

Table 5.1: Number of parameters for Type I Seesaw Models

Model # zero modes # m # Angles # Phases
3+2 1 4 4 3
3+3 0 6 6 6

5.3 Parametrization

One of the popular parametrization of this model is the Casas-Ibarra parametriza-
tion [144], that uses as input parameters the masses and mixings of the light
neutrino sector, the masses of the heavy sector and a generic complex orthogonal
matrix of dimensions N. The drawback of this parametrization is that it is valid
only in the regime Mp > my, or up to a non-unitarity effects. Here the more
general parametrization from Ref. [145] will be described, which also accounts for
non-unitarity effects.
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The complete mass matrix of the neutrino sector after the electroweak sym-
metry breaking is, according to eq. (3.11):

(0 my
MV - <m£ MR) ’ (58)

with my = Y.
It can be diagonalized with one unitary matrix

M, = U*Diag(my, My)UT, (5.9)

where m; and M}, are mass eigenstates of the light mostly active and the heavy
mostly sterile neutrinos. If we write matrix U in terms of block matrices

Uaa Uas
oo (8 %) sam

it can be shown, in all generality, that they can be parametrized as

Usww = UpmnsH (5.11)
Uss = iUpynsHm,*RIM,; (5.12)
Uss = iUpynsHm, >R M,/ (5.13)
Us = H. (5.14)

The matrix R is a generic orthogonal complex matrix that has one complex
angle in the case of N = 2, or three complex angles in the case N = 3.
Matrices H and H are given in terms of mass eigenstates and R matrix

H? = I+m/?RiM;"Rm; "

2 ~1/2

H? = I+M"”RmRE M, (5.15)

Upnns is a generic unitary matrix, which in the case of sufficiently heavy
sterile neutrinos so that non-unitarity effects can be neglected ( H — I+0O (1\”}—2)),
can be identified with the standard PMNS matrix from eq. (3.31). This limit
gives the Casas-Ibarra original parametrization.
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5.4 Experimental constraints

If the heavy neutrinos are at electroweak scale they can be accessible in present
experiments. Generally we can consider two types of experiments: the ones with
the heavy neutrino as a final state particle, i.e. direct searches, and the ones
where the heavy neutrino is a virtual off-shell particle, i.e. indirect searches. For
now there is no experimental evidence for heavy neutrino states and the current
experimental data can be translated in bounds on the active-sterile neutrino
mixing angles, U,4 depending on the heavy neutrino mass M; 2. The most
constraining bounds are presented in Figs. 5.2, 5.3, 5.4 and 5.5. For recent
reviews on experimental constraints look at Refs. [146-149].

5.4.1 Kink searches

For masses roughly between 10 eV and 1 MeV, the most sensitive probe is the
search for kinks in the 8 decay spectra. The electron energy is sensitive to the
admixture of sterile neutrinos with the SM neutrinos, what induces a kink at the
energy

E,=FE, — M, (5.16)

where F, is the end point energy 2. An example for unrealistically large mixing
sin? @ = 0.2 is presented in Fig. 5.1.

The bounds from different nuclei (*¥"Re [151], 3Ht [152] , 3Ni [153] , 35S [154],
20F [155]) are presented in Fig. 5.2. The limits are at 95% C.L, except the one
from Ref. [155] which are at 90% C.L.

5.4.2 Peak searches

If the mass of the heavy neutrino M; is smaller than the mass of the pion
and kaons, it can be produced in their leptonic decays. In that case the lepton
spectrum would show the monochromatic line :

m¥ +m? — M}

E, = 1
] S , (5.17)

where mpy and my; are the meson and lepton masses. The branching ratio of this
decay compared to the branching ratio of the decay to the light SM neutrino is

2Even though we always discuss the bounds in the Ua4 vs M plane, they apply to all the
extra states
3See section 4.2 for more details.
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Figure 5.1: The kink in electron spectra induced by sterile neutrino compared to
the spectra with no additional neutrinos (from Ref. [150])
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Figure 5.2: Bounds on |Ug|? versus M; in the mass range 10 eV-10 MeV. The
lines labeled as ®"Re, ® H, %3 Ni, 3°S, 20F and Fermi, [155] are bounds from
kink searches, while 7 — er bound is coming from peak searches [156]. The lines
labeled as Borexino and Bugey are excluded at 90% C.L. by searches of heavy
neutrinos decays from the Borexino Counting Test facility [157] and Ref. [158]
respectively. The bound from Michel spectrum is at 99% C.L.
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proportional to the mixing angle. Bounds coming from pion and kaons decays
[156,159,160] are presented in Figs. 5.3, 5.4.

5.4.3 Beam dump experiments

Beam dump experiments are performed as follows : the proton beam is
"dumped" in a fixed target, where a heavy neutrino, sufficiently light, might
be produced in a decay of mesons. If no other interactions of the heavy neutrinos
are assumed, its decay length is long enough that it does not decay inside the
target, and placing the detector on a macroscopic distance from the target the
decay of the heavy neutrino to the charged particles could be detected. Since
no such decay has been observed, various experiments have placed a bound on
the mixing angles PS191 [161], NuTeV [162], CHARM [163], CHARM II [164],
NA3 [165], BEBC [166], FMMF [167] and NOMAD [168]*.

5.4.4 Production in the gauge boson decays

If the heavy neutrino is lighter than the Z boson, it can be produced in LEP
experiments:
ete” — Z — Nyv. (5.18)

Those particles would decay as in the beam dump experiments, and the absence
of their decay product can put a bound on the mixings with the active neutrinos.
The bounds from DELPHI [170] and L3 [171] are presented in Figs. 5.3 and 5.4.
If My is heavier than the Z boson, it will be kinetically forbidden, but the total
Z boson decay width to invisibles particles will be sensitive to extra neutrinos
presence through nonunitarity of the U matrix [172].

5.4.5 Lepton number violating decays

Existence of Majorana neutrinos necessarily means that the lepton number is
violated and that they can mediate lepton number violating decays [173-175]. In
Ref. [146] the bounds from lepton number violating (LNV) decays are discussed,
but in the case of more than one heavy neutrino the application of these bounds
is not straightforward. Namely, in the case of the inverse seesaw, which corre-
sponds to a special pattern of R matrix, such that an approximate lepton number
symmetry exists, these bounds can always be avoided. One example of this is the
popular ¥MSM [176,177] with two neutrinos in GeV and one in keV mass range.

“In Ref. [169] it was pointed that using neutral current constraints from CHARM and PS191
stronger bounds on combination of mixings can be obtained.
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In Ref. [178] LNV processes were shown to be sub-leading, further confirmed in
Ref. [179]. For this reason, in all the work done for this thesis, the LNV bounds
are not applied.

5.4.6 Lepton universality test

In the SM the coupling of the charge current interaction to the three lep-
ton families is universal, i.e. g. = g, = gr. Heavy neutrinos would change
these couplings and the effect can be measured via the decays of mesons, bosons
and leptons [180-183]. Even though these decays depend on hadronic effects,
the uncertainties cancel to a high degree when ratios of decays are considered:
11:((%%%. The conservative bounds when M; > Myy, calculated in Ref. [149],
are [Ues|? < 5.9 x 1073, |Us|? < 2.5 x 1073 and |Ur4|? < 5.9 x 1073,

5.4.7 Dipole moment

In Ref. [184] the impact of sterile neutrinos on charged lepton electric dipole
moments was studied and they concluded that a significant contribution could
be found if the sterile neutrino masses are above the electroweak scale. This
measurement however does not provide model independent bounds at present.

5.4.8 Michel Spectrum

A heavy neutrino produced in a muon decay could change the electron energy
spectra [185,186]:

dl(p — evv) GEm?,
dz 19273

(1 S |Uu4|2) f(x,O,p)—}—(|Ue4|2 + |UM4\2) f(z, 68, p)+rad.cor.,
(5.19)

where © = 2E./my,, 6 = My/my, p is the Michel parameter predicted to be 3/4
in the SM and f is a function that describes the kinematics of the process and
does not depend on the heavy neutrino mixing.

In Ref. [149], the TWIST data [187] is used to put a bound on the sum of
two mixing matrix elements. Their bounds for the choice |Ueq|?> = |Uy4|? are
presented in Figs. 5.3 and 5.4 at 99% C.L.

5.4.9 Neutrino oscillation experiments

The strongest bounds for very light sterile neutrinos (~ O(1) eV) are coming
from the neutrino oscillation experiments. The experiments that have observed
a hint for an eV sterile neutrino are explained in Chapter 4.
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5.4.10 Electroweak precision tests

Heavy sterile neutrino can effect processes below their mass due to the mixings
with the active ones [188,189]. The effective muon decay is modified if the heavy
neutrino mass is below muon mass

G = Gry/(1 = U2 (1 = (Ut ). (5.20)

Furthermore, the bounds can be taken from the unitarity of the PMNS matrix
and flavour changing neutral currents such as y — ey, u — eete™ or yu — e
conversions. However, those bounds are not competitive with direct searches in
the mass regime we are interested in [146, 148].

5.4.11 Colider searches

Both ATLAS [190] and CMS [191] have performed a search for heavy neutrinos
above 50 GeV looking for a same sign leptons pair and high pr jet final state
products, in the run /s = 8TeV . The ATLAS analysis is performed for both
electrons and muons, while CMS has put the bound on U4 only.

5.4.12 Future experiments

By increasing the flux of initial hadrons, the beam dump experiments can
provide stronger bounds in the mass scale below the meson mass. One of proposed
experiment is SHiP [192], that would use high intensity proton beam at CERN
to search for sterile neutrinos in charmed meson decays. Another opportunity to
improve present bounds is provided by the DUNE project (former LBNE) [133]
where heavy neutrinos would be produced in the charmed mesons decays. For
higher masses (10 — 80 GeV) the proposed FCC [193-195] a high luminosity
Z-factory can provide bounds up to |U|?> ~ 107'2. These future bounds are
summarized and compared in Fig. 5.6.

5.4.13 Neutrinoless double beta decay

A new particle would change the half-life of the neutrinoless double beta decay
process by adding additional states in the sum

U2 M2
+ 5 MO (My) T (5.21)
I

Mme

2.,
Uzm;

Mme

TO—VI — GOV ZMOV(TM)

i
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Figure 5.3: Bounds on |Ug4|? versus Mj in the mass range 10 MeV-100 GeV. The
contours labelled 7 — ev and K — ev are the bounds from peak searches [156,
159]. Limits for contours PS191, N13 and CHARM are at 90 % C.L , limits
from DELPHI and L3 are at 95% C.L., and the limits from Michel spectrum and
invisible Z decay are at 99% C.L.
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Figure 5.4: Limits on |Uy4|* versus M; in the mass range 1 MeV-100 GeV come

from peak searches and from vy decays.

The area with the contour labelled

K — pv [160] is excluded by peak searches. The bounds indicated by contours
labelled by PS191, NA3, BEBC , FMMF, NuTeV and CHARMII are at 90% C.L.,
DELPHI and L3 are at 95% C.L., and the limits from Michel spectrum and

invisible Z decay are at 99% C.L.
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Figure 5.5: Bounds on |U,4|? versus M from searches of decays of heavy neutrinos

from CHARM, NOMAD (90% C.L.) and DELPHI (95 % C.L.) and invisible Z
decay limit is at 99% C.L taken from Ref. [149]



52 Chapter 5. Low-scale seesaw Models

10 T
SHiP
LBNE IH
0y LBNE NH |
FCC
10°}
§
107}
1070 L
107”0 1 1 iO 100
M, (GeV)
SHiP
LBNE IH
LBNE NH |3
FCC
=y
10%1 i i o0
M, (GeV)
10° -
107}
NS@ 10°}
107 |
10705 i 15
M, (GeV)

Figure 5.6: Predicted bounds for |Ues|? (up), |U,4|? (middle) and |Ur4/* (down)
versus M; for SHiP [192], DUNE [133] and FCC [193-195] experiments, where
DUNE curve depends on the light neutrino ordering.
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where capital I denotes additional mass states, while ¢ stands for standard light
neutrinos. The dependence of nuclear matrix element on the mass of the sterile
neutrinos has been calculated in the Ref. [196] and is presented in Fig. 5.7 for
different nuclei. After factorizing a factor of the neutrino mass, the amplitude
for this process contains a residual dependence on the neutrino mass through the
neutrino propagator, i.e. ~ %m,%’ where p is the momentum of the propagating
neutrino. Since the preferred momentum for the virtual neutrino in this process is
100 MeV [123,197], the behaviour of the curves is easy to understand. For masses
below this value, the dominant term in the propagator is the momentum, hence
the nuclear matrix element is almost independent on the neutrino mass. As the
mass grows, it becomes dominant in the propagator, and the M(m,) decreases
as ~ m,, 2. The amplitude can be expressed as in eq. (4.3) with modified mgg:

MO% (M
mpg = Z UZm; + Z U(?IMIM; (5.22)
i T

where we assumed M (m;) ~ M%(0) since m; < 100 MeV. The parameter space
where heavy neutrinos can dominate this process has been studied in [198-201].

1
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Figure 5.7: Nuclear matrix element versus neutrino mass for different nuclei (from

Ref [196)).
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As already mentioned, cosmology can be sensitive to the both the light and
the extra heavy neutrinos. In the next chapters we will review the standard
cosmological model, and, in particular, the neutrinos role in it.



Chapter 6

Overview of the Standard
Cosmological model

In this chapter we will briefly review the Standard Cosmological Model. For
more detailed discussion interested reader is referred to the standard books [202,
203].

6.1 The homogeneous and isotropic Universe

Originally the assumption of an isotropic (rotational invariant) and homoge-
neous (translational invariant) Universe was made to simplify the mathematical
analysis. However, observations have confirmed the validity of this assumption:
the difference of the cosmic microwave background temperature between any two
points in the sky normalized by the averaged temperature is approximate 1072,
so an homogeneous and isotropic Universe is indeed a good first order approxi-
mation.

With this simplification, the metric g, can be written as

dr?

1— kr?

ds* = gdatda’ = —dt* + a*(t) + r%(df? + sin? 0d¢?) |, (6.1)
which is the so-called Friedman-Robertson-Walker (FRW) metric. Here, t is a
physical time, and r, # and ¢ are spatial comoving coordinates!. The scale factor
a(t) parametrizes the evolution of space-time and is defined up to an arbitrary

! Comoving coordinates do not “feel” the expansion of the Universe, the real physical distance
is obtained multiplying comoving distances by the scale factor a.

95
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constant rescaling. The parameter k represents the spatial curvature, and can
take values k = 0,41, —1 by suitable redefinition of the coordinate r. These
three values corespond to a flat 3-dimensional plane, a positive curvature (i.e. a
sphere) and a negative curvature space (i.e. hyperbolic), respectively. The value
of the curvature today is very close to 0.

It is also convenient to define a conformal time 7 as

dr = oy (6.2)

since the metric simplifies to a static Minkowski metric multiplied by a time
dependent conformal factor:

ds* = a?(1) |—dr* + + 72(dh* + sin? 0dp?) | . (6.3)

1 — kr?
Expressed in terms of the conformal time, the light cone (ds? = 0) corresponds
to straight lines, as in a static space-time.

Free falling particles in the gravitatory field obeys the geodesic equation

2, .10 v P
d*x +F”d$ dr

- = A4
d’\ YPdN dA 0 (6.4)

where I' is the affine connection (or Christoffel symbols) which are related to
first derivatives of the metric:

ﬂ (agap 99vo 891/,0) .

v _
o 2 ox? OxP o0x° (6.5)

For a massive particle, a 4-vector momentum can be defined as P# = m%, that
satisfies the mass shell condition :

gleMPV = _m2' (6.6)

where A is a function of the proper time d\ = dr/m = \/—gdzFdx? /m. From

PY = dt/d) follows

dpr
POW +T,P PP =0, (6.7)

which in case of a flat Universe becomes:

E <dP + 2“Pi> — 0. (6.8)

dt a
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The ratio a/a = H will often appear in the calculations and is called Hubble
parameter. Its value today, the Hubble constant, Hy, is usually expressed in
terms of a dimensionless parameter h as

Hy =100 h km s~ 'Mpc ™!, (6.9)

where h ~ 0.7, depending on the different experimental datasets used to deter-
mine it.

One can also define physical momentum (such that —E? + p? = —m?):
p' = a(t)P". (6.10)
Then eq. (6.8) gives: '
o+ Sp =0, (6.11)
a

and the scaling of the two momenta are therefore
Pina™2pt ~at (6.12)

In the case of massless particles? eq. (6.7) still holds provided guPHPY =0,
and leads to the relation between the observed and emitted photon wavelengths:

)\obs _ Eobs _ a(tobs) =142 (6 13)

Aem Eem a(tem>

The parameter z is called redshift. When representing a redshift of a given object,
a(teps) is the scale factor today:

ag

1. (6.14)

z =
Gem

The change in the metric in the presence of matter is described by Einstein’s
field equations of General Relativity:

1
Ry = 590w R + Mgy = 87G T, (6.15)

The Ricci tensor (R),,) and scalar (R = g, R*) are expressed through the affine
connections:

org,  ore,
Ry = 2 — =1 4 T, T0, —T7,1%,. (6.16)
x T

2Note that in the case of massless particles A can not be chosen as proper time.
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G is the Newton constant and defines a mass scale (the Planck mass) in natural

units:
Mp, =G 12 =1.22 x 10GeV. (6.17)

The cosmological constant A causes the observed accelerated expansion of the
Universe?. Finally the energy-momentum tensor (7),,) gets a contribution from
all the matter species that fill the Universe. It is symmetric and is covariantly
conserved:

orm
Oxt
Eq. (6.15) can be derived via the principle of least action (65 = 0) from the
Hilbert-Einstein action:

1
4. [ _
S = /d z\/ —detg, (167rG (R—2A) + Lm> , (6.19)

where L,, is the matter Lagrangian whose variation with respect to the metric
gives rise to the energy-momentum tensor 7),,.

In many applications it is a good approximation to describe the primordial
plasma as a perfect fluid with no viscosity:

v, T = + T TP+ T TV =0, (6.18)

T = (p+ p)u”u" + pg”, (6.20)

where p and p are the fluid energy density and pressure, and u* is a 4-component
velocity vector of the fluid. If the fluid has zero velocity in the comoving frame
(u* = (1,0,0,0)), the energy tensor is of the form

T} = Diag(=p,p,p,p)- (6.21)
The energy conservation law (setting = 0 in eq. ( 6.18)) gives:

dp 3a
0=—+— 6.22
il CR g OF (6.22)
which can be easily solved for an equation of the state in the form p = wp,
p oc a 30Hw) (6.23)

where w is time independent.
For example, cold matter (e.g. dust) has wpaier = 0 and the energy density
iS pmatter < a3, while hot matter (e.g. radiation) has wyqq = % which gives

3Historically the cosmological constant term was introduced to explain a “static” Universe.
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Prad X a—*. Note that cosmological constant term can also be redefined as a

term in the stress-energy tensor:
A
T

_ ) 24
A SWGQM (6.24)

so that py = —pp (wp = —1) and eq. (6.23) gives py = constant.
Egs. (6.1),(6.20), (6.15) determine the dynamics of the evolution. The 0-0
and spatial components of the eq. (6.15) give*:

i
o 2 = 4 )
2 2 . G (p — p);
3a
~ = —47G(3p + p). (6.25)

Adding three times the first equation to the second leads to the familiar Fried-
mann equation:

-2
a k  8rG
—+ = =—p. 6.26
ot = g (6.26)
Note that the cosmological constant term is embedded in the T}, term as in eq.
(624)a ie. p appearing here is P = Pmatter + Prad + PA-

If there is a single dominant contribution to p and in the case of a flat Universe

(k = 0) the solution of eq. (6.26) is simple:

a(t) = {““ w7 -1, (6.27)

ettt w=—1,

where H is a constant. Hence, for the radiation dominated Universe a o v/¢ and
for matter dominated Universe a o t2/3.
The Friedman equation can also be written in terms of a critical density

3H?
Cc = 9 628
Pe=8rnG (6:28)
as
k

k
T HZ%a2

where Q(a) = p/p.. We can also define Qg =

4Rio is a three-vector and must vanish due to the isotropy of the metric so those equations
are not relevant.
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An important concept in cosmology are horizons. An event horizon defines
a set of points from which a signal sent at time 7 will never be observed in the
future.

A particle horizon is the maximum comoving distance that a given particle
can propagate in the time interval ¢ — ¢;:

Xp(t) = /tt aﬁ:)' (6.30)

The physical size of a particle horizon is

dp(t) = a(t)xp- (6.31)

It is usual to choose t; = 0, which determines the beginning of the Universe (“The

Big Bang”):
todt a(t) da o dy
t) = - da_ [T 4 32
Xp() /0 a(t") /o Ha? . H(2')’ (6.32)

where z is the redshift.

The relation between conformal time (comoving distance) with the observ-
ables luminosity distance (for point like sources) and angular distance (for ex-
tended objects) is

d, = aoxg(l + 2), (6.33)
2
aOXp
— .34
da (14 2)%’ (6:34)
(6.35)

where a flat Universe is assumed®.

6.2 Expansion stages

In this section we will review expansion stages of the Universe, from popular
inflation theories until the present time.

6.2.1 Inflation

The conventional Big Bang Theory confronts two main problems, the so-called
flatness and horizon problems. The flatness problem is related to the curvature

5In the case of k # 0 instead of x? will be sinh? x for k = —1 and sin? x for k = +1.
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contribution to the total energy (6.29) which increases in time if ¢ < 0. At
sufficiently early times, the curvature contribution to the total energy in front of
the one from the radiation and matter in eq. (6.26) can be neglected since the
radiation and matter contribution grows as a — 0:

L

O = —
K a’H?

~ |kla*T3%. (6.36)
Observations show that the density today is close to the critical one, which implies
Qg is close to 0. If 143w > 0, which is the case of matter and radiation dominated
evolution, one should fine tune the curvature radius in the early Universe to
extremely small-scale. To put some numbers, if Qx < 1 today then at the
temperatures ~ 1010 K, Qx has to be smaller than 10716,

The second problem refers to the homogeneity of the Universe. As will be dis-
cussed later at a redshift of z ~ 103 the Universe became transparent to photons,
and formed the Cosmic Microwave Background (CMB), which is homogeneous
up to very small fluctuations §7/T ~ 1075 over all 47 solid angle. Since the
comoving particle horizon is a growing function of time:

Xp ~ a2, (6.37)

the horizon distance of the photons at the last scattering surface assuming the
Universe was radiation and matter dominated would be seen today at around
1.6°. This means that the photons coming from larger angles were never casually
connected, and the smoothness of the CMB cannot be explained.

In the pioneering work of Starobinsky [204] and Guth [205], it was proposed to
solve these problems by assuming a period of accelerated expansion prior to the
radiation dominated Universe. In this case the comoving Hubble radius ((aH)™!)
is decreasing, Qx from eq. (6.36) will be driven to small values, i.e. to a flat
Universe. Eq. (6.32) can be rewritten in terms of comoving Hubble radios as
xp(t) =[5 dIna (a%), which mean that if at some point Ha was decreasing, the
particle horizon today could be much larger than Ha today, ie that the particles
can not communicate now, but were causally connected in the past. The sketch
of how accelerated expansion solves horizon problem is given in Fig. 6.1. The
three equivalent conditions for inflation are decreasing Hubble radios, accelerated
expansion and negative pressure:

—a

d (1 ..
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The negative pressure is usually modeled with a scalar field with potential energy
much greater than the kinetic energy (“slow roll inflaton”). The scalar field is
usually coupled with ordinary mater, and when the inflation finishes (when the
kinetic energy becomes comparable to the potential one), the decay products are
ordinary radiation. This period is called reheating. A review on inflation theories
can be found at [206].

‘comoving’
Hubble length

Comoving Scales

T

horizon re-entry Comoving

Horizon

horizon exit

density fluctuation

smooth patch
Inflation Hot Big Bang

Time [log(a)]

Figure 6.1: Left: The comoving Hubble radios before and after inflation. Right:
At sufficiently early times all scales relevant for cosmology were inside the Hubble
radios, ie casually connected. Similarly, at relatively recent times the scales come
back within the Hubble radius(from Ref. [206]).

6.2.2 Radiation and matter dominated

After inflation is over, the energy density of the Universe becomes dominated
by radiation pr ~ a~%, and later on, by matter pp; ~ a~3. The thermodynamics
of this period will be explained in the next chapter. Here we will just list the
phenomena that are relevant for this period:

e Baryon asymmetry generation. The present dominance of matter over an-
timatter can be understood if some baryon number violating process took
place in the early Universe. The temperature of this process is not known
but is likely to exceed electroweak phase transition T' ~ 100GeV, at least
in the popular models of baryogenesis through leptogenesis.

e Electroweak phase transition. At around T' ~ 100 GeV the SM gauge group
was spontaneously broken and particles became massive. Before this period
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lepton and baryon number were broken through non-perturbative sphaleron
processes.

e Quark-gluon transition. At around Agcp ~ 200 MeV quarks hadronize
and become confined in baryons and mesons. This process is still not fully
understood theoretically.

e Primordial nucleosynthesis. At around T' ~ MeV weak interactions are no
longer efficient and neutrinos decouple from the plasma, which leads to an
almost constant value of proton-to-neutron ratio.

e As temperature drops below the electron mass all antibaryons have disap-
peared and the parameter
ng —nNpg npg
np = ————~ —, (6.39)

Ty Ty

remains constant as long as the photon density scale as 1/a3. The baryon
fractional density can be expressed as :
mnnp MmNy,

Qp = = np——10 1 0.365 x 108n5h 2. (6.40)
Pc,0 Pc,0

e Matter-radiation equality. Since the temperature is decreasing with time,
eventually most of the particles will become non relativistic and the energy
density will be dominated by matter, which happens at T ~ 0.7 eV.

e At around T' ~ 0.1 eV the matter becomes transparent to radiation, and
photons move almost unperturbed along null geodesics. This moment is
called last scattering, and gives the image of the CMB that is seen today.
The CMB image is not completely homogeneous, and anisotropies can be
explained adding primordial perturbations to the metric.

e Once the Universe is matter-dominated the large scale structures (LSS)
start forming. The primordial perturbations, amplified by gravitational
instabilities, lead to the formation of clusters and galaxies.

6.2.3 Dark Energy dominated

Two independent experimental groups found that the expansion of the Uni-
verse today (at small redshifts z < 1 ) is accelerated [207,208]. The evidence
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came from observing the luminosity distance of Type I supernovae (the “stan-
dard candles” since the wavelength of emitted photons is known), which showed
that they appear fainter than expected in typical matter dominated expansion.
This observation can be explained by the acceleration of the expansion at late
times. From eq. (6.26) this condition leads to p < —p/3, and a cosmological
constant with p = —p is a very good fit. The combined analysis of CMB spectra
and supernova data fit the current energy content of the Universe to be a large
fraction of Dark Energy 2, = 0.694, smaller fraction of cold matter Q- = 0.258,
and even smaller baryon content Qg = 0.048, while Qx ~ 0 [128]. The origin of
Dark Energy and cold non-baryonic matter (conventionally named Dark Matter)
are yet to be explained. The most popular models for Dark Matter are the ones
including a weakly interacting massive particle (WIMP) that would be produced
and decoupled early in the history of the Universe, giving the right abundance
today, but such a particle has not yet been detected.
The evolution of the Universe is summarized in Fig. 6.2.

. . dark energy
galaxy formation

reionization
Ia

Scale a(t) dark ages

recombination
. BBN 21 cm *—
reheating e ey
o ; % z.
¥ R LSS
R
BAO
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* Lya
Lensing

Inflatje,,

Cosmic Microwave Background

density fluctuations

B-mode Polarization
gravity waves .
? k neutrinos X
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< 10" 1,100 % 6 2 0 Redshift
05 GV 1MV 1oV Tmev

Figure 6.2: Graphical representation of the evolution of the Universe (from Ref.
[206]).



Chapter 7

Thermodynamics of the Early
Universe

After inflation the Universe contained a very hot plasma made of all the
particles known. Before reviewing useful thermodynamical quantities we will
briefly discuss the meaning of the thermal equilibrium condition in an expanding
Universe.

7.1 Equilibrium Thermodynamics

Equilibrium is reached by interactions that are either scatterings processes
(that redistribute particle momenta and are essential for kinetic equilibrium)
and interactions that do not conserve the number of a given species and are
responsible for chemical equilibrium. A more precise way of evolving particles in
the expanding Universe is by using kinetic theory, but a useful rule of thumb to
ensure that a given species is in thermal equilibrium is to compare its interaction
rate (I'(T")) with the rate of expansion of the Universe, given by the Hubble
parameter (H(T)). As long as

I(T) > H(T), (7.1)

holds, the particle is in thermal equilibrium. If at some temperature, the inter-
action rate falls below the Hubble rate the species decouples from the plasma.
This happens at the so called decoupling temperature (Ty) that satisfies

I(Ty) = H(Ty). (7.2)

65
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Note that even when decoupling will always extend over some range of tempera-
tures, the approximation of instantaneous decoupling already gives good results,
as will be demonstrated in the example of neutrino decoupling.

The number density n, energy density p and pressure p of a diluted weakly-
interacting gas are:

"= Gy [ sy (7.3)

p = (2%)3 / E(p)f(p)d®p (7.4)
2

P = Gep | spl®E (7.5)

Here, g is the number of internal degrees of freedom, f(p) is a phase space dis-
tribution function and E? = p? + m?2.

The momentum distribution of fermions/bosons in kinetic equilibrium is the
Fermi-Dirac/Bose-Einstein distribution:

B 1
eBr 41’

f(p) (7.6)
where 41 stands for Fermi-Dirac and -1 for Bose-Finstein. g is the chemical
potential of the species. Chemical equilibrium implies that the sum of chemical
potentials of species that interact is the same as the sum of chemical potentials of
the products of the interaction. For example, in the interaction of species i, j, k
and [

1+ 5 k+1 (7.7)
the relation between chemical potentials is
fi + g = pu + fie- (7.8)

Note that whenever reaction of type particle + antiparticle <+ v + v occurs, the
chemical potential of particles and antiparticles will have equal magnitude and
opposite sign®.

!Chemical potential of photon gas in equilibrium is always 0.
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Replacing eq. (7.6) in (7.5) gives:
B g (E2 _ m2)1/2
g [ (E?- m2)1/?
P= 53 E Tl E°dE, (7.10)
g [ (B2 — m2)3/2
and the integral for y = 0 and m < T leads to
m gT4 (BOSE),
p=3p = 30 . (7.12)
8 30 gT* (FERMI),
( ) T3
>gT (BOSE),
n = 3 C(S) 3 (7.13)
gT*° (FERMI).
The average energy per particle in this case is
p =
Ey=~-= T ~ 2.701(BOSE 7.14
P 7t
Ey=-=——-T ~3.151(FERMI). 7.15
For relativistic fermions and for || < T the approximate formulas are
3¢(3) 3 o, In4) @
T° (1 = — 7.16
"1 azY Yo T Txe ) (7.16)
T 540¢(3) p | 30 p?
=3p=--—=97T" |1 =+ — S 1
P=3= 5307 <+ T T 7T (7.17)
For relativistic bosons and m < |u| < T 2:
¢B3) 3 ™
= 2=gT° |1 =4+.. 7.18
" w2 7 Tee@T (7.18)
2 90¢(3
p=3p = g1t <1+C<)“+...). (7.19)
30 4

T

2If the chemical potential of boson gas is smaller than its mass it means that the Bose-Einstein

condensate forms, a case that has to be studied separately.
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The difference between particles and antiparticles is an often used quantity

972, (BOSE
n—n:{3 w (BOSE), (7.20)

4T%  (FERMI).

In the non-relativistic limit (m > T') the distribution of fermions and bosons are
the same and reduce to the Maxwell-Boltzmann one:

n =g (g)iﬁ/? e T, (7.21)
p = mn, (7.22)
p = nT < p, (7.23)
and the average energy is
(E)=m+ 3T (7.24)

Note that the number and energy density of non-relativistic particle in thermal
equilibrium in the case of vanishing chemical potential is Boltzmann suppressed
~ e ™/T However, this is not the case for species that carry conserved charge,
such as lepton and baryon number at low temperatures, that have a chemical
potential associated to a conserved charge.

It is convenient to express total energy density and pressure of all species in
equilibrium in terms of photon temperature 7"

T 4 i %) (u2 _ CL")l/QUZdU
. 4 i i i
pro= T, (T) 972 /x & +1 (7.25)
7 k3

_ 4 L 1 1
pr = T Z(T) o3 /gc ST (7.26)

where x; and &; are mass and chemical potential normalized to the photon tem-
perature: x; = 7 and § = 4. The summation includes all species that obey
Fermi-Bose distribution, taking into account that their temperature (7;) might
be different to the photon one if they are decoupled, as for example, the neutrino
temperature that will be discussed later.

For further discussion we will neglect chemical potential of all species.

Since for non-relativistic particles the energy density and pressure are expo-
nentially suppressed (~ e~™i/7i) it is a good approximation to assume that the

main contribution to the total energy density and pressure will be the one of the



Chapter 7. 7.1 Equilibrium Thermodynamics 69

relativistic particles, i.e. radiation. In that case eq. (7.25) simplifies to:
= 3pg = ™ 7! (7.27)
PR = 9PR = 309* ) .
where g, counts all effectively massless degrees of freedom:
TN* 7 T\*
w= 3 a(7) 5 X wl(F) (7.28)
: T 8. . T
i=bosons i=fermions

Another important thermodynamic quantity is entropy. In equilibrium con-
ditions entropy in a comoving volume is constant:

s(T)a® = constant. (7.29)

From the second law of thermodynamics the entropy density is®:

ptp
=—=. 7.30
s=17 (7.30)
Again, the entropy density will be dominated by the relativistic particles
272
=" g.sT3 31
S 45 gxs4L -, (7 3 )

where

TN\ 7 \*
ges = Y. g <Z> - Y g (Z> : (7.32)

. T 8. , T

i=bosons i=fermions
Egs. (7.29) and (7.31) imply that whenever g.g is kept unchanged, the tempera-
ture scales as T' ~ 1/a. When a particle becomes non-relativistic and disappears
(when m > T'), the number and energy density are exponentially suppressed, eq.
(7.21) and g.s will change. When g.s changes the temperature evolves as:

T o giila™. (7.33)

If a massless particle that was initially in thermal equilibrium decouples from
the plasma it will not “share” its energy with the plasma any more, the phase-
space distribution will remain as the equilibrium one and the expansion of the
Universe will just redshift momenta with the scale factor. In practice this is

3Tt is straightforward to include chemical potential, in that case TdS = d(pV)+pdV —ud(nV)
and s = (p+p — pun)/T).
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equivalent to saying that the temperature of the species after decoupling scales
as T o< a~', independently of how the temperature of the plasma evolves from
that point.

During the evolution of the Universe, almost all the particles have stayed
in the equilibrium until they became non-relativistic, leading to g.s = g«. The
only exception were neutrinos, that decoupled at the temperature Tp ~ 1 MeV,
i.e. while still being relativistic. The process of decoupling of neutrinos triggers
light elements production, the so called Big Bang Nucleosynthesis (BBN). As
previously discussed, the momentum distribution of neutrinos will remain as the
equilibrium one, and the temperature 7, will scale as 1/a. After neutrino decou-
pling the only relativistic particles in equilibrium are photons and electrons, at
the same temperature as decoupled neutrinos, with

7 11
g*5—2+§><4—?. (7.34)
When temperature drops below electron mass, only photons remain, hence g.gs =
2. From the entropy conservation in the plasma before and after electrons become

non-relativistic, it follows:
T 11\ /3
T = (4> ) (7.35)

where T is the temperature of the photons. Today the temperature of the photons
is 2.725 K, leading to T}, ~ 1.95 K. The evolution of g, and g,s as a function of
temperature is given in Fig. 7.1.

During the radiation dominated expansion, the Hubble expansion is

8tG w2 T2
H(T) = —qg.—T* ~ - —. 7.36
(1) =\ 5T~ Vi (730

7.2 Boltzmann equation

A way to describe non-equilibrium production or decoupling of particles is
to use the Boltzmann kinetic equation that describes the evolution of the phase
space distribution f[p, z|:

L[f] = C[f], (7.37)

where L is the Liouville operator and C' is the collision integral.
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Figure 7.1: Evolution of g, (solid line) and g¢,s (dashed line) as a function of
temperature.
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The relativistic form of Liouville operator is

5.~ 0

v Y
P o (7.38)

N 0
L= e — TP
For the FRW metric and spatially homogeneous and isotropic phase space the
Boltzmann equation is
R af 5 Of
L|f(E,t)| = F= — H|p|"=. 7.39
S ) = B — HpP oL (7.39)
The collisional integral accounts for all the processes where a given particle is
produced or annihilated. For example, in the case of a + b — ¢ + d scattering,
the collision integral for production/ annihilation of particle a would be:

C[fa] =:l;aL/1dw(pb>dn<pc>dw<pd)<2w>46@”(pa-+-pb-—zz;—-pd> x  (7.40)

[1Meaap 2 fepes D) fapas ) (1 £ fulpa D) (1% folpp,t)  (741)
— [Mab cal® fa(Dar ) Fo(0r, )(1 & folbes ) (1 falpaD)] . (7:42)

(%)d;%, and the Dirac delta ensures con-
servation of energy and momentum. |Mcqqp| and |Mep 4| are amplitudes for the
processes c+d — a+b and a+b — c+d, and if the processes are invariant under
the time reversal the amplitudes are the same and the expression has simpler
form. Finally £ sign is the consequence of different statistics of fermions (minus
sign, consequence of Pauli blocking) and bosons (plus sign). In the case of a
diluted system and negligible chemical potential the gas obeys classical statistics
and those factors become unities.

Note that this form of collisional integral is a consequence of molecular chaos,
that the particle momenta is uncorrelated to their position. In that case the total
number of particles of type a and type b is given simply by the product of two
one-particle phase space distributions, i.e. there are no two-particle correlation
functions (fsp)-

Written in terms of number density the Boltzmann equation is:

The relativistic measure is dm(p) =

dn g d*p
G T3 = G /C[f]f. (7.43)

This equation is a good tool for describing particle freeze-out. As mentioned
in the previous section a massive particle that remained in thermal equilibrium
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would have negligible abundance (o exp(—m/T)), but if the particle freezes-out
at the temperature 7" > m it can have a significant relic abundance. Looking
again at the a + b <+ ¢+ d process, under the simplification that the amplitudes
for the direct and inverse processes are the same, and that the particles b,c and d
are in thermal equilibrium with small chemical potential, the Boltzmann equation
for the density of particle a becomes

dng
H
“d

+3Hn, = / dr(py)dm(pe)dm (pa) (27) 6™ (Do + pp — pe — pa) X (7.44)

‘Mab,cd‘Q[ef(EchEd)/Teuc/Te,ud/T _ ef(EaJrEb)/Teua/Teub/T]_ (7.45)

a

Using

/ | Map,cal®(2)* 6™ (pa + py — pe — pa)dm(pa)dr(ps) o/ (pa - P)? — (mgmy)?

= UUEaEb (7.46)
the equation becomes
d — —
a_zﬁ(naa)?’ _ Sl > U|zjt|l> nbna <exp (,uc + H T tia Mb) — 1> . (7.47)

The interaction rate I' =< o|v|n; > is the thermal averaged product of the
cross section and relative velocity and the number density of the particles b, there-
fore the scale dependence of the number density is controlled with the familiar
ratio I'/H factor. If this factor is small, the densities do not evolve, while they
evolve quickly

7.3 Density matrix formalism

Since this thesis will focused on the non-equilibrium evolution of neutrino dis-
tribution functions, here we will describe a proper formalism to include both the
quantum effect of neutrino oscillations, and non-equilibrium processes, following
the Raffelt-Sigl [209] derivation. Assuming that neutrinos are only in left (or
right) helicity state their wave function can be written as

() = /dp (ap(t)up + bT_p(t)v_p) eP (7.48)

This assumption is fine as long as M/T < 1. In the same manner we refer to
antiparticles as particles with opposite helicity.
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The starting point is the definition of the so-called density matrices, p, and

Pp-

(al(p)ai(p)) = (27)%6D (0 — p')(py)is (7.49)
(bl (0)) = (2m)*6P (b — §) (B,)is, (7.50)

where the indices refer to different flavours. The diagonal terms are therefore one
particle number densities. Note the reverse order of indices in the definition of
(anti)neutrino matrices which ensures that both matrices transform in the same
way under unitary transformations.

In the absence of interactions, annihilation and creation operators satisfy

ap(t) = a,(0) exp(fngt), by(t) = b,(0) exp(ngt), (7.51)

where Q) = (p? + M?)1/2and evolution of p(p) is found to be

pp = —i [Qg,pp} , Pp=i [Qg,pp} : (7.52)

The solution describes the usual vacuum oscillations in the density formalism.

Including an interaction Hamiltonian H;y,. (B, 1) that describes the interaction
of the neutrinos with some background field B and taking the expectation value
the equation for the density matrix becomes:

pp=—1 [0, pp| + i {[Hins (B, ¥), 0 ay)) (7.53)

Assuming that interaction is weak enough, the equation can be solved perturba-
tively. In the first order of perturbation (the fields on the right hand side obey
vacuum evolution eq. (7.51)), and factorizing medium and neutrino part in the
expectation value, the result is just a forward scattering.

As explained in Sec. 3.5, forward scattering can always be represented in
terms of a matter potential, and added to the free oscillating Hamiltonian.

The second order in perturbation will lead to the collision term. Under the
assumption that the medium is not changed by the neutrino interactions, and
that the duration of one collision is much smaller than the time over which the
density matrix varies substantially, the evolution can be written as

P = =i |9, pp| =1 |20, 5] + (Bp)cc + (Bp)ne + (By)s, (7.54)
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where CC, NC and S stands for collisions produced in charged and neutral current,
and self interactions.
If the charged current Hamiltonian is given by

Hoeo = \%) / d3x&(x)Y(x) + hec (7.55)

then the (p)cc can be written as

(P)ec = {Ppa (1- Pp)} - {Apa Pp}‘ (7.56)

P, and A, are matrices describing production and annihilation processes for each
neutrino flavour and have simple form in the case of diluted media. In the previous
example the production and annihilation of particle ¢ in the a +b — ¢+ d
scattering are

Py = [ dnloin(eodn(pa)2n)6 0 0, + 10 = pe o)

X [ Mea,ab|” fe(pes t) fa(pa )(1 £ fo(py, t)) (7.57)
Ay = [ dntp)dn(p)dn(pa) 2e)'5 (o + o~ pe )

X [ Mabedl fo(po )1 £ folpe ) (1 £ falpar ). (7.58)

Note that right hand side of eq. (7.56) is for one flavour the same as the collision
term in the Boltzmann equation.
When solving eq.(7.56) it is convenient to do a change of variables

p
T)?

(t,p) = (x =malt),y (7.59)
where m is an arbitrary mass scale constant, so that the total time derivative
becomes
& s eHu(@) o pla,) (7.60)
dt “ 833‘ ’ fixed y .

In the next chapters we will provide explicit examples of sterile neutrino
evolution in the primordial plasma, in the context of low-scale Seesaw Models. We
will focus on the period before electroweak symmetry breaking, where the sterile
neutrinos can explain observed baryon asymmetry, and on their evolution after
the electroweak phase transition, where bounds from cosmological observables
can constraint significantly the parameter space of the models.






Chapter 8

Neutrinos before the
electroweak phase transition -
Baryogenesis

In this chapter we will briefly review baryogenesis and focus on baryogenesis
via leptogenesis. For further details good references are the book [203], or reviews
such as [210,211]. The papers III and IV focus on the mechanism of leptogenesis
via neutrino oscillations.

8.1 Sakharov conditions

Observations show that matter is far more abundant than the antimatter in
the Universe. The baryon to photon ratio (np) is an important quantity that
affects both BBN and CMB, and it has been measured to be the same at the
corresponding epochs.

The firstly proposed solution to explain this difference was to assume an initial
asymmetry at the Big Bang, but in the context of inflatory models, the period
of inflation would erase all pre-existing asymmetries, hence, the asymmetry has
to be dynamically produced after inflation. The three necessary conditions to
produce an asymmetry were firstly pointed out in 1967 by Sakharov [212]:

e B-violating interactions,
e C and CP symmetry violating interactions and

e non-equilibrium processes.

7
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The necessity of the first condition is quite obvious, if all the interaction were
baryon number preserving the total baryon number would always keep its initial
vanishing value. A process of type X — Y + B, where Y and X do not have
baryon number, and B # 0, must exist.

Looking at the decay of the X state, if the charge conjugation symmetry, C,
is conserved, the decay of its antiparticle X will be the same

"X Y+ B)=T(X =Y +B). (8.1)

This means that even if baryon number was produced it would be erased in the
C conjugated process and no net baryon asymmetry would be created.

To explain the need for CP violation we can consider a hypothetical process
of an X boson where the C conjugated channels have different decay rates. For
example, the decay in a pair of left or right handed quarks X — qrqr, X — qrqr.
If the CP is a symmetry then

(X = qrir) =T(X = qrqr) and D(X = qray) =X = qrar).  (8.2)

Thus, even though the rates of C conjugated processes are not the same, the total
rate of production of baryons and antibaryons is the same

D(X = qrar) + T(X = qrar) = T(X = qrq) + (X — qrar). (8.3)

Note that in the standard model both C and CP are violated, C is maximally vi-
olated by SU(2) 1, gauge symmetry, and the source of CP asymmetry are complex
angles in CKM and PMNS matrices .

If the third condition is not satisfied, the particles will obey standard Fermi-
Dirac or Bose-Einstein distribution. With the baryon number violating processes
in equilibrium, the chemical potential vanishes and the phase-space distribution
of baryons and antibaryons must be the same, because the mass of particles and
antiparticles is the same by CPT.

8.2 B number violation in the Standard Model

Baryon number in the SM is conserved classically, while quantum corrections
violate this symmetry [213,214]. Today baryon number violating processes are
negligible, since they happen only due to quantum tunneling, but at high enough
temperatures they were fast enough to lead to substantial baryon number vio-

!The PMNS complex angles are still not measured, see Chapter 4 for details.
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lation. These processes are called sphalerons and play a essential role in two
mechanisms for generating the baryon asymmetry:

e In electroweak baryogenesis all three Sakharov conditions are fulfilled in the
process of sphaleron freeze out [215]. However, this would require an elec-
troweak phase transition to be of first order, which in the SM cannot hap-
pen, since it would require the Higgs mass to be below 80 GeV [216]. This
mechanism needs therefore beyond standard model physics, as provided
in sypersymmetry theories, or to assume composite Higgs, or an extended
Higgs sector, etc...

e In baryogenesis through leptogenesis, the asymmetry originates in the lep-
ton sector and then gets transfered to the baryons through efficient sphaleron
processes [217].

Sphalerons are a consequence of anomalies in gauge theories, the currents
associated to certain global symmetries are broken at the quantum level. In the
SM theory, both lepton and baryon number symmetries are anomalous:

0, J B — g, 7D PP Waps W + 2 B,0 B (84)

_ Yy
=52
where Ny is the number of generations. W£° and BP9 are the field strength of the
SU(2) and Uy (1) gauge groups and WF?, BP? their corresponding dual tensors
(Wre = 1/26"P°W,,, BT = 1/2¢"P° B,,, where ¢ is antisymmetric Levi-Civita
tensor ). It is important to notice that even though B + L is violated, B — L is
still a conserved charge. Integration of eq. (8.2) relates baryon number with the
so-called Chern-Simons number

B(tf) - B(tz) = Nf(Ncs(tf) - Ncs(ti))> (8'5)

where the Chern-Simons number take value 0, &1, £2..etc, and are related to the
probabilities of transition from one non abelium vacuum to another. At small
energies this probability occurs via tunneling, the so called instantons, and is
very tiny since it is suppressed by a factor exp(—1672/g?) ~ 107160,

However in the early Universe, with temperatures high enough, kinetic ener-
gies can overcome the potential barrier and the transition is no longer suppressed.
This solution is known as a sphaleron [218].

The schematic difference between instantons and sphalerons is shown in Fig.
8.1.
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]

nCS

Figure 8.1: Schematic Yang-Mills vacuum structure. At zero temperatures the
tunneling between vacua happens via instantons that are suppressed, while at
finite temperatures these transitions can proceed via sphalerons.

A rough estimate of sphalerons transition rate [219] is

2.\
() .

A more precise calculation was performed in Ref. [220], where they find that
sphalerons are in equilibrium up to very high temperatures ~ 102 GeV. The
precise temperature of sphalerons freeze-out is studied in [221], where they obtain
that the freeze-out occurs at ~ 130 GeV.

To relate baryon and lepton number we have to look at all the processes that
are fast in the early Universe:

e At high temperatures all gauge SU(3)c x SU(2);, x U(1)y interactions
are in equilibrium, which means that all the particles in the same group
representation have the same chemical potential, and the chemical potential
of bosons are zero.

e Sphaleron processes involving 12 particles leads to

Ya (3MQO¢L + lu'LaL) =0, (8'7)
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e Left and right handed quarks interact via SU(3)¢ instanton effects

aR

> 2uQ., — Hgr, — Hgp, = 0. (8.8)
«

e The Yukawa interactions give the relation among left and right handed
fermions, and Higgs chemical potential

1Quy — Mo — ftgp =0,
1Qay T B — prgu =0,
HlLay — Ho — f,, = 0. (8.9)

e Finally, the conservation of hypercharge implies

ZMQQL + QlquR - :u‘qER - 'uLaL - lulaR == 2#(1) (810)
«

Using eq. (7.20) the total baryon and lepton numbers are related

Nr+4
B SL(B_L)
22N + 13
14Ny +9
L = - *p 8.11
8Nf+4 ( )

which for Ny = 3 gives B = 28/79(B — L). Even though these result is valid only
for T' > v at lower temperature they differ only by a small correction [222].

Note that after the electroweak phase transition, sphaleron processes decouple
and baryon and lepton numbers are conserved.

8.3 Standard leptogenesis (Majorana neutrinos)

The first mechanism proposed to produce a net lepton asymmetry in seesaw
models is through the out-of-equilibrium heavy Majorana neutrino decay [217].
The Yukawa couplings provide the necessary source of CP violation, and can
naturally lead to ensure a non-equilibrium decay.

The Type I seesaw Lagrangian (eq. 3.8) is:

o 1
— LTypej = Z <lLi(I)Y,,ijNRj + §N]%iMRijNRj + h.C.> . (8.12)
i,J
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If My <« Ms, M3 the asymmetry possibly produced in the out of equilibrium
decay of the two heavier states would be washed-out by the still fast Yukawa
interactions of N1, hence it is enough to consider only the decay of the lightest
state.

At tree level, Ny can decay via N1 — [,®, and, being a Majorana spinor, to
the CP conjugate process. The total decay width is then

M,y

- — (YY) (8.13)

I'p, =

The CP asymmetry arise from interference of the three level diagram, and loop
corrections presented in Fig. 8.2:

SoD(N1 = 1®) — T(Ny — 10 ®)]

Yo [F(N1 = 1o®) + T (N1 — 1,P)]

1 M? M?
sty 5,000 e () o () ) o

where f(z) and g(x) are function coming from the vertex loop correction and self
energy correction:

f@) = \/5[1_(1”)111(1?)]
g(r) = 6vV1—u. (8.15)

Figure 8.2: Decays of Majorana neutrino relevant for the CP asymmetry.
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The washout effects can be parametrized with a dimensionless parameter k
and the total produced asymmetry € as
ny—n €
V=2 ot (8.16)
s G
If £ < 1 all lepton number violating reactions are in equilibrium so no asymmetry
can be produced. The case k = 1 corresponds to Tp <« Mi. A more precise
prediction requires solving the Boltzmann equation including the relevant lepton-
generating and washout processes

e the already mention decay and inverse decay of Np

e 2-2 scattering

AL =1 s— channel : Nilg = tG, Niloy — tq
AL =1 t— channel : Nit = qla, Nit — 10q
AL=2 : 1 =10, Il - 0P, Il - dD. (8.17)

The Boltzmann equations for the RH neutrino number density and B — L number
density [223] are

dNn .
dzl = —(D+S)(Nn, —Nqu) (8.18)
dNp_p, e
dz == —61D(NN1 - N]\;]l) - WNB_L y (819)
where ' TeT o
(0,5, w) = Leols:Tw) = My (8.20)

Hz ’ T °
I'p accounts for decay and inverse decay, I'g for AL = 1 scattering processes,
while Iy represents a washout term and includes inverse decay and AL = 1,2
process. The Boltzmann equation should be solved numerically, and an example
solution is given in Fig. 8.3

For strongly hierarchical right handed neutrinos, there is so called “Davidson-

Ibarra” bound [224]:
MV Amgim,
o] < > 21Vt (8.21)
167 v2

which leads to M; > 2 x 109 GeV.
Including flavor effects [225-228] the bound can also be reduced by 2-3 orders
of magnitude [229,230].
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w1 1T

Figure 8.3: The evolution of the number density of the N} neutrino (purple), the
equilibrium distribution (blue dotted) and the B — L number density as function
of time (inverse temperature)( from Ref. [210])
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If the neutrinos are almost degenerate a very small difference between two
Majorana neutrinos may enhance the contribution of the self energy diagram
from Fig. 8.2 and lead to the resonant decay [231]. The mass scale of such
neutrinos should be in TeV range.

8.3.1 Leptogenesis via neutrino oscillations

Another leptogenesis mechanism that works in the the Type I seesaw model,
but for much smaller masses of the right-handed neutrinos, is the so-called lep-
togenesis via neutrino oscillations, first proposed in [232] and pursued in refer-
ences [176,177,233-237].

Since this mechanism will be the main topic of the paper III and IV, here
we will just sketch the basic idea. At least 2 heavy neutrinos must be in the
GeV scale, while the third one can be lighter. For such light neutrinos, Majorana
effects are negligible before electroweak phase transition, and B — L is approx-
imately conserved. Since sphalerons couple only to the left handed fermions, a
lepton asymmetry can be created during the out of equilibrium production of the
right handed neutrinos. As long as the right handed neutrinos do not reach ther-
mal equilibrium before the electroweak phase transition temperature, Tgy, the
asymmetry created in the lepton and baryon sector will not be washed out. The
required CP phases are coming, as in standard leptogenesis, from the complex
Yukawa matrices. A sketch of the evolution of the energy density of one of the
neutrinos, and the produced baryon asymmetry is given in Fig. 8.3.1.

In type I seesaw models with majorana masses below the GeV, the thermal-
ization of the sterile states takes place after the EWPT. The evolution equations
of the sterile states change in this regime, as explained in the next chapter.
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P/ Peq

Figure 8.4: The evolution of the energy density normalized to the equilibrium one
of one neutrino (red curve), and the produced baryon asymmetry (blue curve).
Notice that once the equilibrium is reached the asymmetry starts to wash out.



Chapter 9

Neutrinos after electroweak
phase transition

In this chapter we will focus on the evolution of sterile neutrinos after the
Higgs field obtain its vacuum expectation value. Since the SU(2)r x U(1l)y
breaks to U(1)q the dominant channel of sterile neutrino interactions is via the
mixings with the active ones.

We will briefly revisit the evolution of the neutrinos in this period and discuss
constraints coming from BBN, CMB and LSS measurements, as well as from X-
ray searches if one assumes that sterile neutrino is a warm dark matter candidate.
Sterile neutrino evolution in this epoch and how the mentioned constraints reflect
in the constraints on the sterile neutrino parameter space is the topic of the papers
I and II.

9.1 Kinetic equations of sterile neutrinos below EW
phase transition

As mentioned, after the EWPT the production/annihilation of sterile states
happens mainly via the mixing with the active ones. A naive estimate suggests
that the interaction rate of the sterile neutrinos should be proportional to that
of the active ones times the probability of the active neutrino to oscillate into a
sterile, which is true up to a factor of 1/2, appearing after the proper consideration

87
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of kinetic equations for neutrino density 6 x 6 matrix [238]*

Iy, ~

J

> (P(va = vs;)) x Ty, (9.1)

a

N

(P(va — vs;)) is the time-averaged probability v — vs;

N
(P(va = vs;)) = <W)_MJQ> | (Uas)az 1% (9:2)
where U, describes the mixing between active state a and sterile state s. p and
M; are the momentum and mass of the neutrino and V,, is the matter potential
induced by coherent scattering in the plasma. These potentials depend strongly
on whether there is or not a large lepton asymmetry?. Note that only active
neutrinos have non-zero matter potential since sterile ones do not interact with
other particles in the plasma. In papers I and II the sterile neutrinos evolution
was studied neglecting primordial lepton asymmetries, and the bound on neutrino
phase space was put based on two cosmological parameters : Neg and ¢.
Recall that the total density of radiation can be written in terms of g. (egs.
(7.27),(7.28)), where it is useful to separate the neutrino contribution together
with any other possible extra radiation as parameter Neg

TN\* 7 TN\ 7
* — i\ S i\ 7Ne7 .
g > g(T) +82i g(T) tglvel (9:3)

i=bosons

or defining
ANeg = Negg — Ny, (9.4)

where N, is just the contribution of the SM neutrinos® AN.g can also be seen
as a ratio of energy density of extra radiation normalized to the radiation of one

massless neutrino: .
ANeff = % (95)
€1/

The calculation is explained in more details in the appendix of Paper II.

2Lepton asymmetries of the same order of magnitude as the baryon one give a negligible
contribution to the matter potential.

3N.g of the SM neutrinos is 3.046 (instead of naively expected 3 in the instantaneous de-
coupling approximation used in Sec. 7.1) due to neutrino interactions when electron/positron
annihilation began.
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A N.g is bounded both in BBN and CMB measurements. To calculate the contri-
bution of a decoupled state to the AN.g, we have to take into account a dilution
factor, i.e., if the decoupling temperature of the state (Ty;,) is much higher than the
BBN temperature the temperatures of those decoupled state and the active neu-
trino ones will be different due to the change in g.. From entropy conservation we
estimate that each sterile states that reached thermal equilibrium and decoupled
while being relativistic contributes with ANegs, (Teexn) = (9+(TBBN)/9x(Ty,)) /3.

Also, if the sterile neutrino stays in thermal equilibrium with plasma after the
temperature drops below its mass, its density would be exponentially suppressed?,
so the contribution of such a state to both matter or energy density would be
negligible.

A massive particle would contribute to the matter density:

_ M;n;
Per

Q,,

k3

< Qc, (9.6)

where s; is the i-th specie of sterile neutrino, M; its mass, n; the number den-
sity, and ¢ is the density of cold matter. Expressed with the number density
normalized to the Fermi-Dirac number density (ng) the bound becomes

Minifno _
eV 94.1 —

(9.7)

Another important factor to take into account is whether he sterile neutrino
decays and, if it does, at which period in the history of the Universe this happens.
A neutrino that decays before BBN could have no impact on the observables. In
the other extreme, a very long-lived sterile neutrino could be a candidate for
warm dark matter, however the strong constraints on the sterile neutrino mixing
from astrophysical X-ray measurements implies that a large enough contribution
to dark matter can only be achieved if the sterile neutrino is produced in the
presence of large leptonic asymmetries [239,240]. The decay of neutrinos after
BBN would effect the CMB radiation properties, since they would predominantly
decay to the SM relativistic neutrinos and contribute as extra radiation in the
last scattering epoch. For revisited bounds on sterile neutrino see [241].

4See Chapter 7 for details.
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9.2 Bounds from BBN

Big Bang nucleosynthesis is the epoch in the early Universe where primordial
light elements (*H, 3He,*He and "Li) were synthesized °.

The process starts with the decoupling of neutrinos. The interactions that
keep neutrino in equilibrium are mainly scatterings over electrons/positrons and
pair conversion eTe™ < v, , with the interaction rate of the order

T, ~ G%T%n, ~ G3T°, (9.8)

where n, is relativistic electron/positron number density.
The decoupling temperature is defined as

1/3
T, = H(Tp) = Tp=|-L> ~ gOMeV ~ IMeV.  (9.9)
Gimpy

Shortly after, at around Tr ~ 0.7 MeV, the neutron to proton conversion rate
becomes ineffective, and the neutron to proton number density freeze-out at its
equilibrium value

Xn -Q/TF 1

on ~ = 9.10

v 3 (9.10)
where @ = 1.293 MeV is the neutron-proton mass difference and Xj; is the ratio
of the number density of a given species over the total number density of all
baryons®
n;

X; = , nB:np+nn—|—Zni. (9.11)

np P

However, the neutron to proton ratio does not stay constant due to neutron

decay, that suppresses neutron abundance as exp(—t/7,), where 7, is the neutron

lifetime. The ratio eventually becomes stable when neutrons get trapped inside
nuclei.

The first link in the nucleosynthetic chain is the deuterium production p+n —

d + 7, that is efficient enough to lead deuterium to its equilibrium abundance

T
Xa~nn () eBa/T, (9.12)
my

® Heavier nuclei are only synthesized in stars.
5Note that at this epoch there are only protons and neutrons in the plasma
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where my is a common nucleon mass’, and, as defined before, ng = Z—f. The
binding energy of deuterium is By ~ 2.2 MeV, but even after the photon temper-
ature drops below this value, the deuterium abundance is small due to a small
baryon to photon ratio. This is the so-called deuterium bottleneck, which is
overcame at around Ty ~ 0.07 MeV.

As soon as deuterium forms, it is transformed into *He that has the highest
binding energy among light nuclei. By that time neutron to proton ratio dropped
ton/p ~ 1/7. Assuming that all neutrons end up bound in “He, its mass fraction
’ g, 4(nn/2)

Y;?E
npg Np + Np

~ 0.25. (9.13)

The prediction is in a good agreement with the measured value, Y77 = 0.245 +
0.004 [242].

A more precise way of calculating light element abundance is to solve he set of
coupled Boltzmann equations for all light nuclei, kinetic equations involving the
oscillations for neutrinos, and taking into account baryon number conservation,
charge neutrality, covariant conservation of the total energy density and Hubble
dependence on the energy density during the radiation dominated period. The
final abundance of light nuclei will depend on the np, the neutron lifetime 7,
and the Neg encoded in the Hubble parameter. The publicly available numerical
codes are given in [243-245], and the most used one being [246,247].

Measured abundances are in a good agreement with the predicted ones, except
for the still unexplained disagreement of lithium abundance, as shown in Fig. 9.1
from [16].

In the standard BBN model, the only free parameter is njg = 1
Neg = 3.046.

The dependence of light element abundance on both Neg and 7 is shown in
Fig. 9.2 for some particular values of Neg, from [248]. Note that the element
most sensitive on Neg is *He, while the best prediction for np is coming from the
deuterium abundance.

The best fit of Neg coming only from BBN predictions is Neg = 3.01“:8:?(55 at
95% C.L. [249]. Combining np prediction from CMB with BBN measurements
gives stronger bounds on N.g.

0%, while

"In the pre-exponential factors the difference between my and m, is not important, and we
can mark it as common nucleon mass my-.
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Figure 9.1: The primordial abundances of *He, D,>He, and “Li as a function
of np. Boxes indicate the observed light element abundances. Vertical bands
indicate the CMB and the BBN measures of the cosmic baryon density (from
Ref. [16])
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Figure 9.2: BBN abundance predictions as a function on ng varying Neg from 2
to 7. The bands are 1o errors (from Ref. [248]).
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9.3 Other cosmological bounds

After electrons decoupled and stable nuclei formed, the Universe became al-
most transparent to free streaming photons. The energy density, together with
the polarization modes of the photons last scattering remained imprinted in CMB.

CMB temperature anisotropy is given in terms of the two point correlation
function of the temperature fluctuations in the sky,

(F@Zw)) - > CED i), (9.14)

where Pj(x) are Legendre polynomials, # is the direction in the sky and T is the
average temperature. A similar expressions can be found for the correlations be-
tween the different polarization modes called TE,EE,BB and EB power spectrum,
where T stands for the temperature, and E and B for two modes of polarization.

The most precise measurement of CMB anisotropies is given by Planck col-
laboration [128] presented on Fig. 9.3, where AD; = [(l + 1)C; /2.
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Figure 9.3: CMB power spectrum, for TT, EE and TE correlation functions. The
theoretical prediction curve in the upper panels are computed from the best-fit
ACDM model, while the lower ones are residuals with respect to this model (from
Ref. [128])

The primordial power spectrum can be parametrized as many inflatory models

suggest:
Pr = Ag(k/ko)™ 1, (9.15)

where A; is the amplitude and ng spectral index.
Evolution of primordial perturbations involves a complicated set of coupled
Einstein and Boltzmann equations, and is well beyond the scope of this thesis,
The other important observable related to the deviations from homogene-
ity and isotropy is large scale structure (LSS), a measure of the matter power
spectrum at redshifts much closer to us. The total matter power spectrum is de-
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Table 9.1: Best fit for the standard ACDM model extended with massive neutri-
nos and extra radiation. All the constraints except for the m, and Neg (that are
at 95% C.L) are at 68% C.L.

Parameter | Value Description

Hy 67.64 £ 0.48 Hubble constant

Qph? 0.0222 £ 0.0002 | Baryon density

Q.h? 0.119 4+ 0.001 Dark matter density

T 0.065 £0.012 Optical reionization depth

In(10*°4;) | 3.062 £ 0.023 Amplitude of the primordial scalar perturbations

Ng 0.9667 £ 0.0053 | Spectral index of the primordial scalar perturbations
Neg 3.24+0.5 Effective relativistic degrees of freedom

> m, (eV) | <0.32 Sum of the neutrino masses

fined as the Fourier transform of the two point correlation function of the matter
density fluctuations after averaging over all directions

Prsatter (k,2) = (Fmatrer (his 2)P) = <‘ (27103 / PE) =P (= ikim) > (9.16)

p

where p(z) and p are local and averaged matter density. The measurement of
the matter power spectrum can be done by studying distributions of galaxies
[250-252], or through the absorption or inverse scattering of the light coming
from known galaxy sources, such as Lyman-alpha-forest [253-255] or the Sunyaev
Zeldovich spectrum [256].

The CMB temperature and polarization is also sensitive to the LSS due to
gravitational lensing [128].

Part of the LSS data already enters in the region where the non linear effects
may become relevant and a more conservative approach is to use only the data
related to the imprint of the baryonic acoustic oscillations (BAO) in the total
matter power spectrum [257,258].

Other significant data are from type Ia supernovae [259,260], that can con-
strain significantly the equation of the state of dark energy, and the direct mea-
surement of the Hubble constant [261].

The parameters of the standard ACDM model extended with massive neutri-
nos and extra radiation are given in the Table 9.1. The data are combination of
Planck TT,TE,EE +lowP +BAO, from Ref. [128].
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Focusing again on Neg parameter, there is a a good agreement between BBN
and CMB measurements as shown in Fig. 9.4.
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Figure 9.4: Comparison of BBN and CMB measurements. The BBN bounds
are taken for *He from ref [262],mostly sensitive to Neg, and deuterium from
ref [263], mostly sensitive to baryon density (from Ref. [128]).

When combining Planck+BAO data with Helium or Deuterium abundance
measurements the bound on extra radiations is even more constraining [128]:

Negg = 2.99 £0.39 He + PlanckTT, TE, EE + lowP (9.17)
Nog = 2.91+0.37 D+ PlanckT'T, TE, EE + lowP. (9.18)
(9.19)

9.4 Bounds from X-ray searches

If a sterile neutrino was abundant in the Universe, its decay product would be
potentially testable. A sub-dominant radiative decay Ny — v+ would produce an
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active neutrino, and a photon of energy ' = M /2 with the decay width [239,264]:

r _ 9aG%
N=ve = 956 % 4t

M, T’sl,

9.20
keV ( )

sin? 20 M? = 5.5 x 10~229* {
where 6 is the mixing angle with the active neutrino. Assuming that the sterile
neutrino abundance is the one required for the DM, the lack of a such X-ray
signal can put the bounds in 6 vs M plane®. The summarized constrain are
given in Fig. 9.5.
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Figure 9.5: The constrains on the sterile neutrino mass and mixing based on
structure formation (blue region) and X-ray astrophysical non-observation (pur-
ple, green and orange region), and NuStar bound (red hatched region). The
region between solid black line can explain DM abundance, where the upper
one assumes non-resonant production, and the lower one assumes large lepton
asymmetry (from Ref. [265]).

81t is important to stress out that this bounds applies only if a sterile neutrino accounts for
all the DM in the Universe.
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How these cosmological measurements set bounds in low-scale seesaw models
is the main topic of papers I and II.



Chapter 10

Summary of the scientific
research and conclusions

In this chapter we will summarize the main results and conclusions of the sci-
entific research we have carried out, referring for details to the previous chapters
or the full articles collected in the second part of the thesis. The research focus
on the type I seesaw models with two or three right handed neutrinos (3+2 MM
and 3+3 MM) with masses below the electroweak scale and, particularly, on their
impact on cosmology.

The first two papers studied the constrains on the parameter space of the
models from cosmological measurements using the methods described in Chap-
ter 9. The topic of the third and the fourth paper is the generation of baryon
asymmetry in the Universe via neutrino oscillations, introduced in Chapter 8

10.1 Paper I

As mentioned in Chapter 9, a new particle abundant enough in the Early Uni-
verse could change the radiation and/or matter densities and modify therefore
the properties of BBN, CMB and LSS. In this work we evaluated the contribu-
tion of the two extra neutrino states of the minimal low scale seesaw model to
the radiation and matter densities in all generality, that is for any value of the
unconstrained parameters of the model: the complex angle of the R matrix, two
heavy masses and two CP phases. For details about the motivation, parametriza-
tion and current direct searches constraints of the model we refer the reader to
Chapter 5.

99
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After the electroweak phase transition sterile neutrinos can only be produced
via their mixing with the active ones, hence, the interaction rate of the sterile
neutrino can be estimated as the product of the interaction rate of the active
neutrinos times the probability of the active neutrino oscillating into a sterile

I ~

3

> {P(va = vs,)) x Ta, (10.1)

a

N =

where the factor 1/2 will be explained later. The time-averaged probabilities in
the primeval plasma is approximately

2o\’
(Pva = va) = 2<VM> Uass +0 (Us)

(10.2)

where p is the neutrino momentum and V, = A,T*p, is the matter potential,
where we assumed no significant lepton asymmetries. The interaction rate of the
active neutrinos is given by

180<< )

I = Diag(Te, T, T5,0,0) = GET pDiag(ye, yu, yr)- (10.3)

The coefficients y, and A, depend on the temperature. This is due to the fact
that the charged leptons decouple from plasma at different temperatures, which
makes the charged current interaction of the corresponding neutrino flavor less
efficient. So we have A, = A, while A, = B for T' below the /7 threshold
(T"<20/180 MeV) or A,/ = A for higher T' 2 20/180 MeV, with

B:2\@< >M2’

A = B- 4f( W(2)>E§V. (10.4)

Similarly the coefficients y, are y. = 3.6, and y, = y, = 2.5 below the corre-
sponding p and 7 thresholds, or y, = yr = ye = 3.6 above the thresholds [266].
A more detailed description is provided by the density matrix formalism,
described in Sec. 7.3. Separating the equations for the density matrix into the
active A and sterile S blocks, assuming that the collisions of the active ones
are fast enough to equilibrate paa and pag, and hierarchical heavy masses, it is
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possible to show that the equations for each species approximately decouple as

) F'aa _
ss — HT H ss
’ ( 4 { (Haa— Hao)? + F124A/4} )”
1 -
~ 5 Z<P(VS — Va))laPss, (10.5)

which proves eq. (10.1) and explains the factor 1/2.
To estimate whether a state thermalize or not we define a thermalization
function

fs(T) =T(T)/H(T). (10.6)

The function has a maximum at some temperature Tyax, S0 if f(Tinax) > 1 the
state reaches thermal equilibrium. Using averaged momentum p = 3.157, the
Timax can be shown to be bounded as

1/6 1/6
M? M2
—t < Thax < | —%— . 10.7
(59.5|Ae|> - e = (59.5|AT\> (10.7)
Since fs; (Tmax) X |Uas;|?T3 s the naive seesaw scaling r |Ugs,|* ~ O(my/M;)

then implies that fs, (Tmax) is roughly independent of M.

We confirmed the analytical approximation by numerical minimization of the
f(Thax) over the free parameters. We concluded that the two sterile neutrinos
reach thermalization, for both inverted and normal light neutrino ordering, and
is almost independent of the heavy neutrino mass in the range (1 eV- 1 GeV).
The numerical minimization of f(Tinax) is presented in Fig. 10.1. It is important
to stress that the result is a consequence of the constraint imposed by the light
neutrino masses i.e. individual mixings with electron, muon or tau neutrino can
get unlimitedly small, but not simultaneously if the light neutrino masses are to
be accounted for.

The effect of these states in cosmology depends furthermore on whether:

e The state decouples while being relativistic.
e The state decouples late enough not to be completely diluted .

e The state does not decay before the BBN.

!The energy density is proportional to the temperature of the decoupled specie, that can be
very different than the photon temperature if the state decouples much before the BBN (see
Sec. 9.1 for details).
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The decoupling temperature T,; can be calculated as the minimum temperature
for which thermalization function has value 1, and, using constraints on the
mixing elements discussed in details in Chapter 5, we obtain that the decoupling
temperature is always higher than the mass of the neutrinos for neutrino masses
below ~ 100 MeV, as presented in Fig. 10.2. So for these range of masses, the
neutrinos decouple while being relativistic.

40 —

30 q

Min(fs, (Tl
g
T
1

Log,,[M/MeV]

Figure 10.1: Min[fs,(Timax)] for the lighter sterile state as function of M; for a
light neutrino spectrum with a NH (blue line) or IH (red line). The dashed line
at 1 corresponds to the minimum value for thermalisation.

By evolving numerically eq. (10.5) we concluded the states with the masses
below < 10 keV would decouple late enough not to be significantly diluted, and
the 2 ¢ constrains from BBN are sufficient to exclude these states.

More massive neutrinos would get diluted. Their impact however depends on
when they decay. Neutrinos heavier than 10 MeV could decay before BBN for
some range of parameters, which would make them invisible to the BBN/CMB
data. The effect of the neutrinos in the range [10 MeV,140 MeV] has been studied
in [267-269] and the bounds from BBN and accelerators exclude this possibility
[169]. Below 10 MeV, the neutrinos could decay after BBN but above CMB
and contribute too much extra radiation at the CMB time, since they would
predominately decay to the already decoupled active neutrinos. If neutrino decay
after CMB, the dilution is not enough to suppress their contribution to the matter
density and are excluded by Planck measurements. For more details on the
cosmological measurements look at Chapter 9.

The main conclusion of the paper is summarized in the Fig. 10.3 where the
shaded region is the allowed mass scale of sterile neutrinos in the minimal seesaw
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Log,,[T4/MeV]

Log,,[M;/MeV]

Figure 10.2: T, as function of the the sterile mass for the NH (blue line), IH (red
line) for parameters that minimize fq(Timax) (dashed), those that minimize Ty
(dotted) and those that minimize T, while being compatible with bounds from
direct searches (solid). The single dashed line satisfies T' = M;.

model. Note that the sub-eV region, barely acceptable when our publication
appeared, is now excluded at 20 by the latest Planck 2015 analysis [128].

10.2 Paper I1

The next to minimal model of light neutrino masses is a Type I seesaw with
three additional states. The unconstrained parameters of the model are three
complex angle of the R matrix, three heavy masses, three CP phases and the
lightest neutrino mass. Even if the parameter space is larger, a similar analysis
can also be done in this case.

Comparing to the previous work we also updated the interaction rate for the
active neutrinos, I',_ (T') which can be accurately parametrized in terms of C,(T')
as

Ly, ~ Co(T)G%Tp, (10.8)

where C,,(T) are calculated in Ref. [270].
As in the previous work, we defined the thermalization function that has a
maximum at temperature Ti,.x, which, in the same approximations as before, is



104 Chapter 10. Summary of the scientific research and conclusions

Log,o[Mi(eV)] ﬁ

10+

Figure 10.3: The allowed region for sterile neutrino masses in the 342 MM.

bounded by

M2 1/6 M2 1/6
— J < Trax < | —2— , 10.9
max (59.5 |A|> = - (59.5 yB|> (10.9)

where A and B are defined in the previous section.
Working out analytical approximation a lower bound on the maximum of
thermalization function we find

Za ‘ (UGS)aj ’2MJ

s; (Tmax) > ; 10.1
fo; (Toma) 3.25- 1073V (10.10)
and using the Casas-Ibarra parametrization where

> (Uas)y; PM; = ma. (10.11)

we obtain that the maximum of thermalization only depends on one parameter,
the lightest neutrino mass:

fo; (Tmax) > 1 for my >my, =3.25-107° eV. (10.12)

In Fig. 10.4 we show the contour plots of the minimum of f;, (Tmax) (varying
the unconstrained parameters in R and the CP phases in the full range), as a func-
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Figure 10.4: Contours of Min[fs, (Tmax)]=0.1, 1, 10 on the plane (Mj, mq).

tion of m; and Mj. The three lines correspond to Min[fs, (Tmax)] = 1071, 1, 10.

As expected the minimum is strongly correlated with m; and is roughly inde-

pendent of M;y. Values of my below the contour line at 1 correspond to non-

thermalization giving the threshold mf* < O(1073eV) for M; € [1eV-100MeV].
Note that the condition

Z | (Uas)aj |2Mj 2 mtih (10.13)

is always satisfied for at least two states to account for the atmospheric and solar
mass splittings. This means that the two neutrinos will always thermalize, while
the thermalization of one state depends on the lightest neutrino mass.

We can then distinguish two different scenarios

® mq > Mmyp, and
® m1 < Mip.

In the first case, all three neutrinos reach thermal equilibrium and the conclu-
sion from the first paper applies. The allowed mass spectra of the sterile states
is summarized on the bottom plot in Fig. 10.5.

In the second case, the evolution of the non-thermalized sterile neutrino has
to be studied more carefully. On the other hand, we checked that the evolution
of the other two neutrinos is the same as in the 3+2 case, i.e. it is approximately
independent on m; and Mj, so that the bounds on the two thermalized states
apply as in the previous paper. The allowed mass range is then the one in the
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Figure 10.5: Allowed spectra of the heavy states M; for m; > mi" (up) and

my < mi" (down).
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upper plot of Fig. 10.5, where we have completely neglected the contribution of
the nonthermal state to the energy density.

We examined the case of one non-thermal neutrino and two heavier than 100
MeV more thoughtfully. Assuming that two other neutrinos are above 100 MeV
and do not have influence on BBN physics we calculated the distribution function
of the non-thermal state as a function of M; and m; fixing other parameters to
minimize fs,. In Fig. 10.6 we plotted the allowed parameter space, compatible
with the cosmological bounds. Also, the recent X-ray constrained? exclude the
possibility that the non-thermal neutrino can be a warm dark matter candidate
in this model. Only in more complex models where a large leptonic asymmetry
could be generated this is still possible.

Finally, we looked for a possible signal at neutrinoless double beta decay
experiments, since the nonthermal neutrino below 100 MeV could contribute to
mgg. However, for the parameters compatible with cosmology, this contribution
is always negligible.

10.3 Paper III

Neutrinos heavier than ~ 100 MeV may have no impact on BBN, CMB or
LSS, but they might seed the baryon asymmetry. In this work we studied the right
handed neutrinos evolution before the electroweak phase transition, and analyzed
the lepton asymmetry that might be generated. The main idea, firstly proposed
in Ref. [232] is that the lepton asymmetry is created by the right handed neu-
trino oscillations, and transmitted to the baryons via sphaleron processes. Since
the asymmetry is created during the production of the sterile neutrinos, their
Yukawa couplings must be small enough to ensure that the created asymme-
try is not washed out before the electroweak phase transition temperature T,,.
This condition, together with the constraints coming from the active neutrino
mass measurements, forces the sterile neutrino mass to be below the electroweak
scale, unlike in the standard leptogenesis scenario via the decay of very heavy
sterile neutrinos. Furthermore, since the created asymmetry is stored in the ster-
ile sector, at least one of the states must not reach thermal equilibrium before
Tew. What happens afterwards would not modify the baryon asymmetry since
sphalerons are not active.

The baryon asymmetry, being a CP odd observable, should necessarily be
proportional to the CP odd rephasing invariants [271]. The spectrum of this
theory has six massive Majorana neutrinos, and the mixing is described in terms

2For recent constraints see Chapter 9.
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Log,o[m;(MeV)]

Log,o[M1(MeV)]

Figure 10.6: Contour plots for ANB(}}BBN =1071,1072,1072 defined by the ratio

of the energy density of the j = 1 sterile state and one standard neutrino as a
function of my and M. The solid (dashed) lines correspond to the contours of the
ratio of sterile to active number (energy) densities. The shaded region corresponds
to Qg,h? > 0.1199 and the dashed straight line is roughly the one corresponding
to decay at recombination. The area left from this curve is excluded from N g}\]ﬁ[B
constraints. The heavier neutrino masses have been fixed to M3 3=1GeV, 10GeV
and the unconstrained parameters have been chosen to minimize f1(Tiax) and
f2(Tmax)- The light neutrino spectrum has been assumed to be normal (NH).



Chapter 10. 10.3 Paper III 109

of six angles and six CP phases generically, which accounts for six independent
invariants [272], However, since the Majorana nature of the neutrinos is irrelevant
at such high temperatures, we neglect those that correspond to Majorana phases,
hence, there are only four independent invariants. At lowest order in the yukawas,
they can be expressed via the two unitary matrices that diagonalize the Yukawa
matrix Y = VIDiag(y1, yo, y3)W as:

I = —Im[WVia Vs W]
I = Im[W, ViV Wasl (10.14)
LY = Im[WsViaViy Was]
Jw = —Im[WiWa Wi, Was] (10.15)

A generic expectation for the CP-asymmetry relevant for leptogenesis (that
does not involve lepton number violation) is

ACP = Z|Yak|2 Aa; (1016)
a,k
with
Ao = el => Im[Yo, V(YY) f(M;, M;). (10.17)
7 1,

and f an arbitrary function.
In the limit of vanishing y3 (a generic restriction to ensure one non-thermal
sterile neutrino), the asymmetry simplifies to

Acp = yiys(ys — i) D Tm[W( W W3 Wail f (M, M;)

+ w3 — o) {[03 —vD I =317 [F(My, M) — (Mo, M)
+ 1[g(My) - g(My)]} - (10.18)

The original proposal [232] contained only the Jarlskog invariant Jy, while
the famous ¥MSM model [176, 177] with two neutrinos in GeV and one in keV
regime contains only IfQ) and I§3) invariants since the third state is completely
decoupled in that case.

A precise calculation of the produced asymmetry involves solving a set of
kinetic equations for sterile neutrino sector. Following the formalism of [209] we

derived the evolution equations of the CP-even and CP-odd parts of the neutrino
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densities: pL = @ and the lepton chemical potentials, pi, to linear order in
Hhas P

p+ = —i[Hre,p+] + [Him, p-] — N ;r gh {YTY, s — peq)
+in X Im[Y T Y] peq + z‘@{lm[w uYl, pe},

p— = —i[Hye,p-] + [Him, p+] — W{YTY, p-}
+YNRe[Y 1Y Jpeq + é{Re[YTMYL pi}

fo = —pa (WIYYT L) + 0 Te[Re[Y LY ]ry])
+(v + ) Tr[Re[Y T Lo Y]r_] (10.19)

where H,. = Re[H|, Hyy, = Im[H], I, is the projector on flavor «. yf\,’b,’yl‘}’b
are the rates of production/annihilation of a sterile neutrino or a lepton doublet,
after factorizing the flavor structure in the Yukawas,

a 1 a
Yoty = 5 > / pea(pn)| MG 2@m) 8(k + pr — pa — ps), (10.20)
2ko i 7P1,P2,P3 ’

where k is the momentum of the N or v and

3 yrT?

_— 10.21
1673 kg ( )

Wa=2o=21g=00=
In this work we only included top quark scattering in the calculation of the
interaction rates.

In order to achieve some analytical understanding of the solutions of these
complex equations, we proposed an analytical approach based on perturbation
theory in the mixing angles of the V and W matrices. This analytical approxi-
mation allowed us to derive analytical solution also in the strong washout regime.
For y3 =, the asymmetry in the lepton sector can be written in the form:

Te[u](t) = D IcpAre(t). (10.22)

Icp

Note that all the four CP invariants appear, Icp = {JW, 1.1(2)’ 1'1(3), 1'2(3)}.



Chapter 10. 10.3 Paper III 111

The functions Ay, (t) depend only on the Yukawa matrix eigenvalues and the
mass differences of the sterile states. For explicit expression a reader is referred
to the paper. Here we present the general behavior of those functions, each one
for three cases: no degenerate sterile neutrino masses, two almost degenerate
states, and the case where all three states are almost degenerate. The functions
are given in Figs. 10.7,10.8.

The comparison of the analytic curves with the numerical ones in the case
where only non-zero invariants are I 1(2) or [ §3) is given if Fig. 10.9 where we chose
highly degenerate case and the mixing angles of (O)(1072).

The generated asymmetry in the lepton sector is transfered to the baryons so
that the baryon asymmetry is given by 3

28

Yp=—Yp_ 10.23
B 79 B—L; ( )

which, neglecting spectator processes, is related to the chemical potentials as
Vi ~ 3 x 1072 Tr[u(t)],,,, - (10.24)

As an example, we can estimate the asymmetry generated if the naive seesaw
scaling with only two sterile neutrinos in the GeV range, and assume the lightest
neutrino mass is in the eV range. If we choose y? = y2/2 = 107, we get

1 —21®

Tr[](t ~ 7x10717 :

(10.25)

This means that even if the CP invariants are O(1), the generation of the asym-
metry would demand a large degree of degeneracy of the heavy neutrinos.

The analytic formulas allowed us to scan the parameter space for both 3+2
MM and 3+3 MM models. We obtained that in the case of the 3+2 models a
mild degeneracy AM/M ~ 107! is needed for an inverted ordering of the light
neutrinos, while it needs to be stronger for the normal ordering. In the case of
3 additional neutrinos no degeneracy is needed. However the approach based
on the analytical approximation required that we restrict somewhat the allowed
parameter space. The analytical approach should fail at sufficiently large times
71~ (’)(01233/127%;{’) for ¢ = 1,2, where 6;3 are the mixing angles of he V,W
matrices, so we impose constraints to avoid that this happened before or at the
EW transition.

3For more details of the process look Chapter 9.
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Figure 10.7: Functions A () (t) (top) and A () (bottom) assuming the rates
1 1

are dominated by top quark scattering, and taking y2/v/2 = y1 = 1077, for two
choices of AMjs = 1GeV? (dashed) and AM3Z, = 1075 GeV? (solid). tgw is the
electroweak phase transition time, corresponding to Try ~ 140GeV.



Chapter 10. 10.3 Paper III 113

A

1078 L

10710 L

10712

Logo[t/tew]

1074 F E

Ajexg (O

Log,olt/tgw]

Figure 10.8: Functions A )(t) (top) and Ay, () (bottom) assuming the rates
2

are dominated by top quark scattering, and taking y»/v/2 = y1 = 1077, for three
choices of [AME,, AMZ] = [1,2],[1076,2] and [107%,2 x 107%] in GeV? (dashed,
dotted and solid). tgw is the electroweak phase transition time, corresponding
to Tepw ~ 140GeV.
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Figure 10.9: Full numerical solution (blue curve) and numerical solution neglect-
ing non-linear effects (dotted green curve) compared to the analytic prediction

(dashed red) for two choices of V, W such that the only non zero invariant is: £2)

(up) and 11(3) (down). The other parameters are the same as in the degenerate
case of Fig. 10.7
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It is interesting to examine if the CP phases, or the neutrinoless double beta
decay amplitude, could be affected by constraining the model to explain the
baryon asymmetry. A precise numerical study of this question will be one of the
topics of the next project.

10.4 Paper IV

In this work we pursued the possibility of explaining the baryon asymmetry
in the context of the low scale seesaw models, with significant refinements

e We have included the contribution to the interaction rates of the gauge
boson as well as the resumed 1 — 2 processes [273,274]. These rates
have been calculated in the previous literature assuming that the chemical
potentials vanish. In our work, we have added the effect of the leptonic
chemical potentials to linear order.

e We used consistently Fermi-Dirac or Bose-Einstein distributions through-
out, as well as the spectator effects.

e We have optimized the numerical solution of the kinetic equations using
the public software Squids [275] and Multinest [276-278]. This allowed
us to explore the full parameter space of the 3+2MM model without any
restrictions and analyze the Bayesian posterior probabilities assuming the
model explains the baryon asymmetry within the experimental precision.

The processes in equilibrium involving the spectators, that do not appear
explicitly in the kinetic equations, have the effect of redistributing the asymme-
try generated in the lepton sector to the other particles in the plasma, without
modifying the total B/3 — L, number. Is therefore consistent to exclude these
interactions if instead of the leptonic chemical potential, one includes the evolu-
tion of the densities, np/3 — nr,, or the corresponding chemical potential. The
new equations for the density matrices normalized to the equilibrium density,
rN = pn/pr and ry = py/pr, describing the evolution with respect to the scale
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factor x = aT are:

dry )
xHu—d = —i[(H),ry]— ’2V YTV, ry — 1}
XL

1) ()
Hon WYy = =Y Y e,
e (0)
eH,IN —z’[<H*>,rN]—7<”2V >{YTY*,rN—1}
(@)
.
Py Ty 4 )

YTy g},
d - (0))
i, HB/3 L Jor {<712V(Y7n]\,YT —Y*rgY " )aa

(2)
+ e <<72N>(Y1~NYT + Y r5Y ) e — <71(\})>Tr[YYTIa}> } :
Po = — ZOaBMB/?)—Lﬁ, (10.26)
B
where pp/3_r,.is defined to be
_ / 1 3

NB/3-Lo = —21B/3—La L PF = gﬂB/:%LaT : (10.27)
and the matrix C is dictated by the fast interactions in the plasma :
221 —-16 -16
~16 221 —16 |, (10.28)
—-16 —-16 221

1

Cap = 717

The interaction rates are averaged in the momentum space and their values can
be found in the published article reproduced in part II.

We have performed a Bayesian analysis of the posterior probability distri-
butions in the model parameters assuming that the model explains the baryon
asymmetry. For this we have used the public software codes Squids [279] and
MultiNest [278]. An important consideration are the priors in the parameters.
We have considered flat priors in all the Casas-Ibarra parameters except the
masses where we have assumed two hypothesis: 1) flat prior in log;, (%),

within the range Mj 5 € [0.1GeV,102GeV], and 2) a flat prior in logy, (%) and

4For details look at Chapter 8
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in log;, (%) in the range My — M; € [1078GeV,10?GeV], that does not

penalize the highly degenerate solutions. The results on the planes (|Uqys|?, M7)
for a = e, pu, 7 are shown in Figs.10.10, where we also include he present and
future constraints. The blue regions corresponds to the first prior hypothesis,
while the red corresponds to the second. The conclusion from this study is that
the less degenerate solutions (achieved with the first hypothesis on the priors) are
possible only for masses smaller than 1 GeV. This is precisely the region where
he experiment SHiP reaches its maximum sensitivity.

Interestingly, the mild level of degeneracy in the masses of the blue contours
is also correlated with a relatively large mixing, and a sizable contribution to
the amplitude of neutrinoless double beta decay. These correlations are shown in
Figs. 10.11.
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Figure 10.10: Comparison of the posterior probability contours at 68% and 90%
on the planes mixings with e, u, 7 versus masses, with the present [146], [147]
(shaded region) and future constraints from DUNE [133], SHiP [192] and FCC
[193] for NH (up) and IH (down).

A very interesting question is whether the baryon asymmetry can be predicted
if the sterile neutrinos were discovered in a putative measurement in ShiP, the
CP phase in neutrino oscillations, J, measured or neutrinoless double beta decay
observed.

To answer this question, as a proof of principle we have studied the posterior
probabilities for a hypothetical measurement of SHiP, corresponding to the point
marked by a star in the plot 10.10 for TH. Assuming very optimistic errors for
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Figure 10.11:  Posterior probabilities for the amplitude of neutrinoless dou-
ble beta decay (left), electron mixing (middle) and the mass degeneracy versus

Za:e,u,r [Uqa ’2M1 (right).

this experiment in determining the mixings and masses at the 0.1% and 1% level
respectively (red region), as well as a putative § measurement, with the error of
0.17 rad (blue region), we found a strong correlation between mgg and Yg, which
is presented in Fig 10.12. If a precise measurement of mgg was possible (which
is challenging due to the uncertainty in the nuclear matrix elements), this plot
shows that it might be possible to predict the baryon asymmetry up to a sign.
For NH, the expectations would be dimmer since mgg is much smaller in this
case.

Another interesting observation that resulted from this work is that, indepen-
dently of whether the baryon asymmetry can be explained or not, the discovery
in SHiP of the extra neutrinos in the 3+2 MM model and the measurement
of the ratio of the mixing to electron and muon could allow the determina-
tion with high precision a combination of the two CP violating phases in the
PMNS matrix. The posterior probability of such a measurement on the plane of

these two phases is shown in Fig. 10.13. At leading order of small parameter

Am?

_ . .. .
Oe):r= ,/Am;(’l ~ f13 ~ e 2,, the ratio of the electron and muon mixing is
atm

expected to be well approximated by:

‘Ue4’2 -~ i 1+ sin ¢1 sin 2912
’U,u4‘2 N 6%3 1 —sin ¢1 sin 2601

IH : + O(e). (10.29)
This analytical expectation is the line on the same plot.

This measurement provides a new method to discover leptonic CP violation,
using CP even observables.
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Figure 10.12: Posterior probabilities in the |mgg| vs Yp plane from a putative
measurement at SHiP, assuming 0.1%, 1% uncertainty (red) and an additional
measurement of § (blue), where the vertical green line denotes the observed
baryon asymmetry.

The case of three additional neutrinos has more free parameters and is more
difficult to analyse, both analytically and numerically and is left for future work.

10.5 Final remarks

This thesis was devoted to the study of low scale seesaw models with addi-
tional 2 and 3 right handed neutrinos, and their impact on cosmological observ-
ables. The main original results have been to demonstrate that BBN and CMB
physics severely constrain the allowed value of the Majorana neutrino masses in
the range below 100 MeV, and to show that in the range of 1-10 GeV, the sterile
neutrinos might naturally explain the baryon asymmetry of the Universe and do
so in a testable way, giving a strong theoretical motivation for future accelerator
experiments that can significantly improve the searches of sterile neutrinos in this
range of masses.

My personal opinion is that the more precise measurements that will come
from cosmology and the possibility to discover sterile neutrinos in the GeV range
makes this a very interesting period to work on the phenomenology of these
models.
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Figure 10.13: Posterior probabilities from a SHiP measurement of the masses and
mixings with e, 1 on the plane (¢1,0) compared with the result of the analytical
ratio (red line) for parameters in the test point.



Chapter 11

Resumen de la Tesis

11.1 Objetivos

El modelo estdndar (SM) es la teorfa que explica las tres interacciones funda-
mentales: electromagnetismo y las fuerzas fuerte y débil. El contenido del SM se
compone de tres familias de quarks y leptones, que se difieren sélo por sus masas,
mientras que las interacciones se describen con tres bosones masivos W+, Z y
uno boson sin masa, el fotén, para el caso electrodébil, y ocho gluones sin masa
para la interacciéon fuerte. Las masas de los bosones y fermiones se obtienen a
través de su interaccion con el campo escalar del Higgs, donde los términos de
interacciéon se denominan términos de interaccién de Yukawa, y el acoplamiento
correspondiente se llama acoplamiento de Yukawa.

Los neutrinos son los tinicos leptones sin masa en el modelo estandar, simple-
mente porque cuando se construyé la teoria se creia que los neutrinos no tenian
masa. Sin embargo, los experimentos de oscilaciones han demostrado que esta
hipétesis no es correcta. El premio Nobel de 2015 fue concedido conjuntamente a
Takaaki Kajita a la cabeza de la colaboracién SuperKamiokande (SK) y a Arthur
B. McDonald, el fundador del Sudbury Neutrinos Observatory (SNO), por “el de-
scubrimiento de las oscilaciones de neutrinos, lo que demuestra que los neutrinos
tienen masa”. Las oscilaciones son un fenémeno cuantico que implica que un
neutrino producido en un sabor puede ser detectado como uno de otro sabor
diferente después de viajar una distancia macroscépica. Esto es debido que los
autoestados del Hamiltoniano libre (autoestados de masa) y los del Hamiltoniano
de interacciones (autoestados de sabor) no son los mismos. La probabilidad de
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oscilacién viene dada por:

Am?, L
P(ve = vg) = 3 UpUa;UsiUse " BT, (11.1)
ihj
y depende del matriz de mezcla (U), las diferencias de masas de los neutrinos
2

(Am?;; = m§ — m?) , la distancia (L) y la energfa de neutrinos E,. Por lo
tanto, las experimentos de oscilaciones de neutrinos no son sensibles a las masas
absolutas de los neutrinos sino sélo a sus diferencias. Los resultados de varios
experimentos con neutrinos solares, atmosféricos o bien neutrinos producidos en
reactores o aceleradores puedes explicarse en términos de la oscilacién de tres
familias de neutrinos, que dependen de dos diferencias de masas, Amg ~ 107°
eV, Amgim ~ 1072 eV y una matriz de mezcla determinada por tres angulos, que
ya han sido medidos, y una fase de CP, que permanece indeterminada. Los datos
actuales no permiten distinguir entre la dos posibles jerarquias, normal (NH) e

invertida (IH), representadas en la Fig.11.1.

[ — (m3)2 (n12)2_ —
(D)
(m,) -
m v,
Oy
. (B
v,
— — (“’2)2
(D),
m— (m,)’ (my)’® —
normal hierarchy inverted hierarchy

Figure 11.1: Representacion schematica de las jerarquias normal (NH) e invertida
(IH).

La determinacién de todos estos parametros requiere un analisis global de
todos los experimentos como el que es regularmente actualizado en [96].

La masa absoluta se puede medir en los experimentos de biisqueda directa,
como la desintegracién beta. Por ahora existe solo limite superior de la masa
absoluta < 2.3 eV [118]. Los limites mas fuertes provienen de analisis cosmoldgicos
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que han permitido constreiir la suma de masas de los neutrinos en el rango < 0.23
eV [128].

El mecanismo més directo para dar masas a los neutrinos en el modelo es-
tandar es de anadir neutrinos dextrégiros y sus correspondientes interacciones de
Yukawa a los dobletes leptonicos y al Higgs. Sin embargo, como la masa de los
neutrinos es al menos 1097 veces méas pequena que la masa del electrén, esto
implicaria que el acoplamiento de Yukawa de los neutrinos ha de ser 6-7 érdenes
de magnitud mas pequenio que el de electrén, lo cual no es natural. Otra opcién,
més econdmica es utilizar sélo los neutrinos que ya existen en el modelo estandar
y generar un término de masa de Majorana. Una particula de Majorana es igual
a su antiparticula y su existencia supone la violaciéon del niimero lepténico, una
de las simetrias globales accidentales del modelo estandar. La manera de generar
una masa de Majorana para los neutrinos en el modelo estandar es a través del
operador de Weinberg

1 - T; ¢
LWeinberg = K(le(I))}/Z]((I) ZL )7 (112)

donde Y es matriz de Yukawa y A tiene unidades de masa. En el vacio este
término es una masa de Majorana para los neutrinos. Es, sin embargo, un oper-
ador no es renormalizable, y esa teoria necesita ser completada a altas energias.
Para completar la teoria, la extensién mas popular es el seesaw tipo I, donde
se anaden singletes, un numero, ng < 3, de fermiones diestros de Majorana,
Nr = (N }13, .N3%), también llamados neutrinos estériles, dado que no tienen
ninguna carga gauge. Las interacciones permitidas por la simetria gauge para
estos nuevos campos son, a parte de su término cinético:

. 1_
— Ly, = L®Y, Ng + ENJ%MRNR + h.c. , (11.3)

donde el primer termino es el termino de Yukawa, y el segundo es la masa Majo-
rana de los neutrinos diestros. Después de la rotura de la simetria electrodébil, el
campo de Higgs obtiene su valor esperado de vacio, v, y si asumimos que la masa
de los neutrinos diestros es mucho mas grande que la masa Dirac (mp = v/v/2Y,),
el espectro de la teoria contiene np neutrinos ligeros de masa:

1
M, ~— mp—mb . (11.4)
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Yy nr pesados COon masas:
MN ~ MR, (115)

Hay ademés 3 — ng neutrinos sin masa. Para acomodar dos diferencias de masas
diferentes, es necesario que ngr > 2, mientras que para que los tres neutrinos
mas ligeros sean masivos ng > 3. Tanto los neutrinos ligeros como los pesados
son combinaciones de los neutrinos activos y los estériles, aunque los ligeros son
predominantemente activos y los pesados estériles.

Esto significa que si la masa de Majorana, Mg, es suficiente alta, 101271% GeV,
los acoplamientos de Yukawa pueden ser de O(1) y aun asi explicar las masas
tan diminutas de los neutrinos. Sin embargo, esta escala podria también tener
un valor menor que la escala electrodébil y ello serfa técnicamente natural, dado
que en el limite Mpr — 0 se recupera la simetria lepténica.

La sefial mas prometedora para descubrir si los neutrinos son de Majorana es
la desintegraciones beta doble sin neutrinos (0v3(), representado en la Fig. 11.2.
La amplitud de este proceso es proporcional a la masa efectiva de la desintegra-

P

w

p

Figure 11.2: El proceso de la desintegracion beta doble sin neutrinos.

ciones beta doble sin neutrinos:
mpg =y _ Uz, (11.6)
i

que depende de la matriz de mezcla y la masa de los neutrinos suficientemente
ligeros (m; < 100 MeV). En el caso de que haya sélo tres neutrinos ligeros,
la matrix U depende de tres fases de CP, de las cuales s6lo una, J, se puede
determinar en oscilaciones de neutrinos, las otras sin embargo modifican mgg.
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Los neutrinos pesados, dependiendo de su masa, pueden tener efectos no
triviales en la cosmologia estandar. A la escala GeV, podrian explicar la asimetria
observada de materia-antimateria. Un neutrino en el rango de keV podria ser un
buen candidato para la materia oscura (DM) . Neutrinos con masas por debajo del
GeV afectan la producciéon de nucleos ligeros durante Big Bang Nucleosynthesis
(BBN), las propiedades de la radiacién de fondo de microondas (CMB) o la
formacién de la estructura a gran escala (LSS).

En esta tesis, hemos estudiado las implicaciones cosmolégicas de que exis-
tan neutrinos pesados en el modelo seesaw con masas por debajo de la escala
electrodébil.
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11.2 Metodologia

En esta seccion vamos a revisar el modelo seesaw y su parametrizacion.
Ademas introduciremos el formalismo de evolucién cudntica de la funcién de
distribucién de los neutrinos en la universo temprano, lo cual nos permitird de-
terminarar sus efectos en el historia del Universo, antes y después de transicién
de fase electrodébil.

11.2.1 El Modelo

En esta tesis vamos a considerar el modelo seesaw tipo I minimo con dos o
tres neutrinos diestros afiadidos, ng = 2,3 (3 + 2 MM y 3+3 MM) !
El Lagrangiano de esos modelos es

R
_ L 1. o
L=_Lsy—Y LYY ONL— > §N§§M”N§% + h.c.,

i ij=1

donde Y es 3 x ng (ng = 2,3) matriz compleja y M es el matriz ng X ng real
diagonal.

Una parametrizacién muy conveniente es el de Casas-Ibarra [144], donde la
matriz de Yukawa se puede escribir en términos de los parametros accesibles a
bajas energias (las diferencias de masas y mezclas de los neutrinos ligeros):

- V2
Y = _ZUPMNsw/mlightR(zij)T MT, (117)

donde mi;gnt es el matriz de masas de los neutrinos ligeros, Upnins (612, 613, 6023, 6, ¢1, ¢2)
es la matriz de Pontecorvo-Maki-Nakagawa—Sakata (PMNS) [41,42] que describe
la combinacién de los neutrinos ligeros que se acoplan a los leptones cargados. M
es la matriz de las masas de los neutrinos pesados, y R es una matriz ortogonal
compleja, que depende de uno (tres) dngulo(s) complejo(s) z;; para el caso de
ng =2 (ng = 3).

En el modelo 3+2 MM, hay un neutrino sin masa y depende por tanto de seis
parametros aun sin determinar: dos fases de CP en Upying, dos masas pesadas
en M,y un angulo complejo en R (cinco pardmetros libres). En el modelo 3 + 3
MM, todos los neutrinos son masivos y el niimero de parametros desconocidos es

1La extensién del SM con solo un neutrino diestro no puede puede explicar dos diferencias
de masa observadas en los experimentos de oscilaciones [143].
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significativamente mayor: 3 fases de CP en Upyns, v la masa del neutrino mas
ligero, tres masas pesadas y tres dngulos complejos en R (13 pardmetros libres).

Otra parametrizacion que vamos a usar es en término de dos matrices unitarias
que diagonalizan el matriz de Yukawa (cada una de ellas con tres angulos y tres
fases de CP):

Y = ViDiag(y1,y2, y3)W. (11.8)

esta parametrizacion es muy util para calcular los invariantes CP del modelo.

Los neutrinos pesados en modelos seesaw de baja escala pueden dar lugar a
efectos observables en diversas busquedas directas o indirectas. En el capitulo
5 hemos resumido los principales resultados de dichas busquedas, que restrin-
gen fuertemente el espacio de pardmetros. Las medidas més sensibles provienen
acualmente de busquedas directas en desintegraciones de mesones de piones y
kaones, o en desintegraciones del Z en el colisionador eTe™, LEP, representa-
dos en las Figs. 5.2,5.3,5.4 y 5.5. Ademas la contribuciéon de estos neutrinos, si
M; <100 MeV, a la masa efectiva de Ov3p:

mag = €“miclycly + ePmaclysly + masiy + Z (Ueirs)® M; (11.9)

)

permite imponer cotas muy fuertes en las mezclas de estos neutrinos pesados.

11.2.2 Evolucion de neutrinos estériles en el Universo Temprano

La termodindamica de los neutrinos en el universo temprano se describe medi-
ante el formalismo de la matriz densidad, primero propuesto por Raffelt-Sigl [209].
Este formalismo permite determinar la evolucién de las matrices densidad, p, y
Pp, definidas como el valor esperado de los operadores nimero para particulas y
antipariculas:

<a}(p)ai(p/)> = 27)*6®) (p — 1) (pp)s;j (11.10)
(bl )b;(0)) = 27209 (0 — 1) (B,)is: (11.11)

donde a;-f (p) and bzp) son los operadores de creacién de un neutrino/antineutrino
i con momento p. A pesar de que los neutrinos son de Majorana, estamos in-
teresados en el régimen en que M;/T < 1 y por tanto es posible considerar que
el estado particula es un estado de helicidad dado y el de antiparticula el de
helicidad opuesta.
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Asumiendo que el plasma de particulas es un medio diluido, que las inter-
acciones son de suficiente corto alcance y que las interacciones de los neutrinos

no cambian el estado del plasma, se puede derivar la evoluciéon de la matriz de
densidad:

pp = —1 [ngpp] + (pp)colisiona (11'12)

donde el primer término incluye el efecto del Hamiltoniano libre, que da lugar a
las oscilaciones, mientras que el segundo término representa las colisiones.
Si el Hamiltoniano de interaccién es de la forma

Hint =

\%g) /dgzné(a:)NZ(a:) + h.c (11.13)

entonces (p)colision S¢ puede escribir como

(p)colision = {Pp’ (1 - Pp)} - {A;w pp}' (11'14)

P, y Ap, son matrices que describen los procesos de produccién y la aniquilacion de
cada sabor de neutrinos y tienen forma sencilla en el caso de los medios diluidos.
Por ejemplo, en el caso de colisiones de particulas N; + b <> ¢ + d, produccién y
aniquilacién del neutrino N; es

By = [ dnn)dn(oo)dn(pa) ey o+~ pe )

X | Meaiv|? fe(pes t) fa(pa, t)(1 £ fo(po, 1)) (11.15)
A, = [ dnl)dn(oo)dn(o) 2059 o+ .~ pa)

X |Mip,eal® fo(po, ) (1 £ fe(pe, 1)) (1 £ fa(pa,t)). (11.16)

Dependiendo de las interacciones que pueden producir/aniquilar neutrinos es-
tériles, en el universo temprano hay dos épocas diferentes: antes y después de
transiciéon de fase electrodébil. En primer caso los neutrinos estériles son princi-
palmente producidos/anihilados con los colisiones del boson de Higgs, mientras,
cuando el Higgs obtiene su VEV los interacciones principales vienen de la mezcla
con los neutrinos activos que ya existen en la plasma.
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11.2.3 Neutrinos estériles antes de la transaccién de fase elec-
trodébil

La observacién del universo muestra que la materia es mas abundante que la
antimateria. La fraccién de bariénes a fotones, ng ~ 6 x 10710, es la misma en
BBN y CMB . Una solucién posibles es asumir que la asimetria existe desde el
principio, pero si esto fuera asi la inflaccién borraria dicha asimetria, entonces,
la asimetria tiene que ser producida de forma dinamica tras el periodo inflac-
cionario. Los tres condiciones necesarias para producir un asimetria a partir de
una situacién con simetria entre materia y antimateria fueron establecidas por
Sakharov [212];

e las interacciones deben violar la conservacién del numero de baryones (B),
e deben violar las simetria discretas C y CP
e dichas interacciones deben estar fuera del equilibrio

La asimetria podria producirse en primer lugar en el sector leptonico en un pro-
ceso denominado leptogénesis. Si esto ocurre por encima de la transicién de
fase electrodébil, la asimetria lepténica produciria una bariénica a través de los
esfalerones. Los esfalerones son la consecuencia de la estructura no trivial del
vacio electrodébil. La transicién entre los distintos vacios conlleva un cambio el
numero lepténico y bariénico que mantiene constante la diferencia. A bajas en-
ergias estas transiciones sélo pueden ocurrir debido al efecto tunel, descrito por
los instantones, y estan por lo tanto muy suprimidas. Sin embargo a energias
suficientemente altas como en el universo temprano la energia cinética de las
particulas es lo suficientemente alta para superar la barrera y el proceso puede
ocurrir eficientemente hasta la transicion de fase electrodébil T' > Ty .

La leptognenesis estdndar asume neutrinos muy pesados que alcazan el equi-
librio térmico a muy altas temperaturas y se desintegran fuera del equilbrio de
forma ligeramente asimétrica en leptones y antileptones [217] Este mecanismo
requiere que la escala se Majorana del modelo seesaw sea mucho mayor que la
escala electrodébil. Sin embargo en el caso de que esta escala sea mucho menor,
del orden del GeV, otro mecanismo de leptogénesis es posible. En este caso, el
valor de los yukawas es tan pequefio que alguno de los neutrinos estériles puede
no llegar al equilibrio térmico antes de la transicién de fase. En este caso una
asimetria leptonica puede aparecer durante la producciéon de los neutrinos die-
stros, ser transmitida a los bariones por los esfalerones y sobrevivir hasta la
transicién de fase electrodébil [232].
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11.2.4 Neutrinos estériles después de electroweak phase transi-
tion

Neutrinos suficiemente ligeros pueden contribuir a la densidad de radiacién,
o la densidad de materia, durante las épocas de BBN o CMB, medidas con los
pardmetros Neyr y €c. La densidad total de radiacién se parametriza en términos
nimero de grados de libertad relativistas, g,

2

PR = %Q*T‘l. (11.17)

Ncyp mide la contribucién de los neutrinos a la densidad de radiacion:

TN* 7 TN* 7
gx = Z gi <T> +§ Z Gi <T> +§ eff> (11.18)

i=bosons i=fermions—neutrinos

donde
Negp =Ny + ANeyp = Neyy, (11.19)

y N, = 3.046 es la contribuciéon de los tres neutrinos estdndar, mientras que
AN,ss mide la contribucién de los neutrinos extra 2,

Para calcular la contribucién de un neutrino adicional a AN, tenemos que
tener en cuenta un factor de dilucién, es decir, si la temperatura de desacoplo
de dicho estado (Ty;) es mucho mayor que la temperatura BBN las temperat-
uras de los estado desacoplado y los neutrinos activos serdn diferentes debido
a la variacién de g, entre esas dos temperaturas. De la conservacién de la en-
tropia se estima que cada uno de los estados estéril contribuye, por tanto, con
ANegrs,(Teen) = (9+(TeN)/g+(Ty,))*2.

Si los neutrinos se descoplan siendo no relativistas su densidad esté exponen-
cialmente suprimida n; oc exp —M;/Ty,, donde M; es sumasay Ty, la temperatura
de plasma durante el desacoplo, y por lo tanto, su contribucién a la expansiéon
del universo es despreciable en este caso.

Una particula masiva contribuye a la densidad de materia

Per

Q,,

k3

< Q. (11.20)

donde s; es el i-ésima especie de neutrino estéril, M; su masa, n; la numero de
particulas por unidad de volumen y 2. = 0.11940.001 es la densidad de la materia

2El N, no es exactamente 3 porque los distribuciones de spectra de momento de los neutrinos
no son exactamente los de equilibrio.
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oscura [128]. Expresado en términos de la densidad del nimero normalizada a la
densidad del nimero de la distribucién de Fermi-Dirac (ng) la condiciéon de que
la contribucién no supere el total de la materia oscura es

%’I’Li/no <
eV 94.1 —

Q.. (11.21)

Neutrinos estériles estables podrian ser un candidato para la materia oscura
templada sélo si una asimetria lepténica fundamentacién estd presente en el
plasma [239, 240], que es la consecuencia de las curvas de exclusiéon de rayos
X.

Otro factor importante a tener en cuenta es si el neutrino estéril decae y, si
lo hace, en que momento de la evoluciéon del universo esto sucede. Un neutrino
que se desintegra antes de BBN no tiene ningin impacto en estos observables,
porque g, seria el mismo que en el modelo estandar. La desintegracién después de
BBN afectaria el contenido de la radiacién durante el CMB. Los limites actuales
para neutrinos estériles como funcién de su masa y mezcla se pueden encontrar
en [241].

Las medidas de BBN dependen fuertemente de g, en esta epoca, lo cual
constrine NN, g?N = 3.017522 at 95% C.L. [249]. Por otra parte la medida de las
perturbaciones en la radiaciéon de fondo de microondas permite determinar con
precision NP = 3.2 +0.5.
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11.3 Resultados

En esta seccion vamos a resumir los principales resultados de nuestra investi-
gacién, contenidos en los articulos de la parte I de esta tesis.

11.3.1 Articulo I

Una nueva particula lo suficientemente abundante en el Universo temprano
podria cambiar la densidad de la radiacién / materia en el momento de BBN y
CMB, asi como la estructura a gran escala L.SS. En este trabajo calculamos la
contribucién a la densidad de radiacién / materia de los dos estados adicionales
del modelo de seesaw tipo I minimo con dos neutrinos estériles.

Si sus masas son menores que 1GeV o asi, estos neutrinos se producen sélo
después de la transicién de fase electrodébil a través de la mezcla con los activos,
por lo tanto, la frecuencia de interaccion de los neutrino estériles es proporcional
a la de interaccion de los neutrinos de sabor a multiplicada por la probabilidad
que un neutrino de sabor a oscile a un estéril

Iy ~

7

> (P(vq — vs,)) X La. (11.22)

a

N =

La probabilidad promediada en el tiempo en el plasma es

M? i 2 4
(Pva 2 vs;)) = 2 <M> Uas;|* + O (Uas> :

(11.23)

donde V, es el potencial debido a la interaccién coherente con las particulas del
plasma, que depende de la temperatura [266].
La frencuencia de la interaccién de los neutrinos de sabor es
i 180¢ (3 )

I' = Diag(I'e, 'y, I'7,0,0) = 77TLE)G%T‘lleag(ye,yu, Yr), (11.24)
donde los coeficientes y, fueron calculados a temperaturas cercanas a BBN en
[266], y también dependen de la temperatura.

La evolucién de los neutrinos estériles se calcula con el formalismo de matrices
de densidad, y después de separar el matriz en los sectores de neutrinos activos
(A) y estériles (S), y asumir que las interacciones son suficientemente rapidas
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para equilibrar p44 vy pas, podemos obtener la eq. (11.22)

r
. t AA .
pss = —|H Has | p
- ( AS{(HAA _HSS)2+F124A/4} >SS >
1 ~
~ 5 Z<P(V3 — Vo))l apss, (11.25)
a

que justifica la estimacién eq. 11.22, corregido por un factor 1/2.
Para calcular si un neutrino estd termalizado o no, podemos definir la funcién
de termalizacion

£(T) = T (T)/H(T). (11.26)

Esta funcién tiene un maximo a la temperatura Tpax. S6lo si f(Tmax) > 1 el
estado puede alcanzar una distribucién térmica. Usando el momento promediado
p = 3.15T, se puede demostrar que Th,.x estd acotado entre

1/6 1/6
M? M?
_—r < < | " .
(59.5|Ae|> = Tmas = (59.5|AT|> ’ (11.27)

y para Uy, |? ~ O(my/M;) significa que fs, (Tmax) es casi independiente de la
masa del neutrino estériles M;. Los funciones A y B sén [266]

B = avs (T0) S

A = B-4V2 (7<(4)> Gr (11.28)

2 2
T M,

Ademés de la estimacion analitica, la minimizacién numérica de 1os f(Tmax)
sobre los parametros libres del modelo demostré que los dos neutrinos pesados
del modelo siempre alcanzan la termalizacién tanto en el caso de NH y IH, y es
casi independiente en la masa de los neutrinos pesados en el rango (<1 GeV).

Es importante hacer hincapié en que el resultado es consecuencia de que
debido a la necesidad de explicar las diferencias de masas de los neutrinos ligeros,
y la relacién inversa entre la masa y la mezcla de los neutrinos pesados con los
tres sabores electrones, muones o tau neutrinos, estas mezclas no pueden ser
simultaneamente lo suficientemente pequenas para evadir la termalizacién.

Aunque los estados termalicen, el efecto del estado en los observables Ny s
y/o Q. depende ademés de si

e ¢l estado desacopla mientras que es relativista.
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e ¢l estado desacopla lo suficientemente tarde como para no sea completa-
mente diluido.

e ¢l estado no se desintegra antes de BBN.

La temperatura de desacoplo T; se puede calcular como la temperatura min-
ima para la cual la funcién termalization tiene valor mayor 1, y, usando los limites
experimentales sobre las mezcla que vienen de los experimentos de busqueda di-
recta de los neutrinos pesados, se obtiene que la temperatura de desacoplo es
siempre mayor que la masa de los neutrinos para la masas por debajo de ~ 100
MeV.

Al evolucionar numéricamente eq. (11.25) encontramos que para las masas
por debajo de ~ 10 keV, la contribucién de cada neutrino pesado es AN gc?N ~ 2,
por lo que las medidas de BBN son suficientes para excluir esta posibilidad

Los neutrinos mas pesados de 10 MeV, podrian decaer antes de BBN para
cierto rango del espacio de pardmetros (por ejemplo en el caso del patrén de see-
saw inverso de la matriz de Yukawa). El efecto de los neutrinos en el intervalo [10
MeV, 140 MeV] se ha estudiado en [267-269] y los limites de BBN y aceleradores
a de excluir esta posibilidad [169].

Los neutrinos por debajo de 10MeV se desintegran después de BBN y con-
tribuirian a la densidad de radiaciéon adicional en el momento CMB, ya que
anadirian una componente de radiacién en forma de neutrinos activos, resul-
tantes de la desintegracion, ya desacoplados. Tanto si los neutrinos decaen como
si son estables hasta CMB, la contribucién extra a la densidad de energia esta
excluida por las medidas de Ncyr y €. de Planck.

La conclusién principal de este trabajo se resume en la figura. 11.3 donde la
region sombreada es la escala de masas de los neutrinos estériles permitido tras
imponer las restricciones que se derivan de nuestro estudio. Es importate recalcar
que esto es independiente del valor de los parametros desconocidos del modelo.

11.3.2 Articulo II

En este trabajo analizamos el modelo seesaw tipo I con tres estados adi-
cionales, que como hemos dicho, tiene 13 parametros libres atin sin determinar.
En comparacion con el trabajo previo también hemos actualizado la frecuencia
de interaccién de los neutrinos activos que ha sido calculada con mayor pre-
cisiéon [270]. T'y(T) que se puede parametrizar con precisiéon en términos de lo
Co(T) como

Ty ~ Co(T)GELTp. (11.29)
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Log,o[Mi(eV)] ﬁ

10+

Figure 11.3: La region permitida para masas de los neutrinos estériles para 3+2
MM

Como en el trabajo previo definimos la funcién de la termalizacién que tiene
el maximo en una temperatura Th.x, que se puede acotar por

M2 1/6 M2 1/6
77 = —L < T < | —2— . 11.30
max (59.5 |A|> - - (59.5 ]B|> ( )

El maximo de la funcién de termalizacion puede acotarse

Za ‘ (UaS)aj |2Mj

(T, > 11.31
Foj (Tmax) = 3.25-1073¢V ( )
y usando la parametrizacion de Casas-Ibarra :
Z ‘ (Uas)aj ’2Mj Z my, (1132)
«

se obtiene que la termalizaciéon de los neutrinos estériles depende de solo un
pardametro: la masa de el neutrino activo mas ligero (mq)

fs; Tmax) =1 for my >my, =3.25-107% eV, (11.33)

Podemos distinguir entre dos escenarios diferentes
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Figure 11.4: La regién permitida para masas de los neutrinos estériles M; para
my > miP (izquierda) y m; < mi"® (derecha).

® mi > myp, and
e m1 < Mih.

En el primer caso, los tres neutrinos alcanzan el equilibrio térmico y la con-
clusién del primer articulo aplica. Los espectros de masas permitido de los estados
estériles se resume en el panel derecho de la figura. 11.4.

En el segundo caso, uno de los estados puede no alcanzar el equilibrio y por
tanto su masa podria tomar cualquier valor para mq lo suficientemente pequeio,
mientras que los otros dos se comportan con el modelo minimo 3+2 MM y ter-
malizan siempre, por lo que los limites sobre la masa de estos estados es igual
que en el caso anterior. El intervalo de masa permitido es entonces la de la panel
de la izquierda de la figura. 11.4, donde asumimos que el neutrino cuya masa
no esté constrenida tiene una contribucién aceptable a la densidad de energia, lo
cual siempre se pued garantizar en un rango del espacio de pardmetros.

Por ultimo, hemos estudiado el impacto de los neutrinos pesados en los ex-
perimentos de desintegracién beta doble sin neutrinos. Dado que el neutrino que
no termaliza puede tener una masa por debajo de los 100 MeV, podria contribuir
a la amplitud de doble desintegracion beta sin neutrinos. Hemos probado que
para los pardmetros compatibles con cosmologia, esta contribucién es siempre
despreciable.

11.3.3 Articulo III

En este trabajo nos centramos en estudiar la evolucién de los neutrinos pesa-
dos suponiendo que tienen una masa por encima de los 100 MeV para evadir las
fuertes cotas cosmologicas. La produccién de estos neutrinos antes de la transicién
de fase electrodébil puede dar lugar a la produccion de asimetrias lepténicas. Esta
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posibilidad fue propuesta por primera vez en Ref. [232]. La asimetria se produce
en la oscilacién de los neutrinos estériles, mientras estos no alcacen el equilibrio,
y se transmite a los bariones a través de los esfalerones. Al menos un yukawa
tiene que ser suficientemente pequeno para asegurar que uno de los estados no
llegue a termalizarse antes de la transicién de fase electrodébil. Si esto es asi
lo que pase después no modificard la asimetria bariénica porque los esfalerones
se desacoplan y ya no es posible violar el nimero bariénico. El tamano de los
yukawas es natural en el contexto de los modelos seesaw para neutrinos de masa
alrededor del GeV.

La asimetria barionica es un observable impar bajo CP que debe ser invariante
bajo reparametrizaciones de las fases. Es posible clasificar los invariantes de este
tipo y establecer tantos invariantes independientes como niimero de fases de CP
fisicas haya. El espectro de esta teoria tiene seis neutrinos de Majorana masivos,
y la mezcla se describe en términos de seis angulos y seis fases CP. Sin embargo,
dado que la naturaleza de los neutrinos de Majorana es irrelevante, en tanto en
cuanto la generacion de la asimetria ocurre a temperaturas tales que M; < T', hay
dos fases que se pueden despreciar, por lo que el resultado va a depender de cuatro
invariantes independientes. Expresados en términos de las dos matrices unitarias
que diagonalizan la matriz de Yukawa Y = VIDiag(y1, y2, y3)W se pueden elegir
los siguientes invariantes:

1Y = _Im[W Vi Vi Wa)
I = Im[W, ViV W, (11.34)
LY = Im[WiViaVa,Was)
Jw = —Im[WiWaa Wi, Wis] (11.35)

El calculo de la asimetria requiere resolver el conjunto de ecuaciones cinéticas
para las densidades de neutrinos/antineutrinos estériles y los potenciales quimicos
para los tres leptones cargados, pq, que se asumen en equilibrio cinético. FEn

;. — pNEpN ;
términos de partes CP-even y CP-odd, p+ = P¥5FY y a primer orden en pq, p—,
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las ecuaciones que se derivan del formalismo de Raffelt-Sigl tienen la forma:

p+ = —i[Hre, p+] + [Him,p-] — W{YTY: P+ — Peq}
iR Am (Y 1Y ] peq + i%{lm[qu], pits

p— = —i[Hye,p-] + [Him, p+] — W{YTY, p-}
+YNRe[Y 1Y Jpeq + %{Re[YULY], pi}

fioo = —pa (TYY L] + 0 Tr[Re[Y 1,V ] ])
+(v) + ) Tr[Re[Y T Lo Y]r], (11.36)

donde H es el Hamiltoniano libre de los neutrinos estériles, que incluye el po-
tencial inducido por el plasma, y Hye, Him, sus partes real e imaginaria. I, es
el proyector en sabor « y 'y]%b,'y{f’b son la tasas de produccién/aniquiilacién de
neutrinos estériles, N, o los dobletes lepténicos, v, y después de factorizar los
Yukawas:

a 1 a
Yooy = 5 D / Pea(P1)IMY) 1P (@)% (k + py — pa — ps), (11.37)
2ko . /P1,P2,P3 ’

donde k es el momentode N ovy

3 thT2

- 11.
1673 ko (11.38)

W =2"g=210=4g=
donde sdélo se ha incluido la contribucién de la interaccién con el top quark a
través del Higgs.

En este trabajo, propusimos un nuevo método para resolver estas complejas
ecuaciones analiticamente mediante una expansién perturbativa en los angulos
de mezcla de las matrices V' y W, que permite acceder al régimen donde algunos
de los neutrinos han termalizado. Anterioremente las aproximaciones analiticas
en una expansion en Yukawas no permitian acceder a este régimen. Con esta
aproximacion obtuvimos la solucién para los potenciales lepténicos en términos
de los invariantes CP esperados de la forma:

Tr[:“’](t) = ZICPAICP (t)v (11.39)

Icp



Chapter 11. 11.3 Resultados 139

donde Icp = {JW,IfQ),I}?’),Ié?’)} y las funciones A, (t) dependen solo de los
autovalores de los Yukawas y las masas de los neutrinos estériles. El compor-
tamiento general de estas funcidénes se muestra en las figuras 10.7,10.8, y para
la férmula explicita remitimos al lector al articulo completo, reproducido en la
parte II.

A partir de los potenciales quimicos, la asimetria bariénica se puede estimar
como

Yp ~ 3 x 1072 Tr[u(t)] (11.40)

|tEW '

Las férmulas analiticas nos permitieron escanear el espacio de pardmetros
para los modelos de 3 4+ 2 y 3 + 3, a pesar del gran niimero de parametros libres
involucrados, aunque ello nos obligd a restringir ciertos rangos para asegurar que
la aproximacion analitica era lo suficientemente buena. Concluimos que en el
caso de los modelos de 3 4+ 2 una degeneracién leve de los dos neutrinos pesados,
AM/M ~ 1071, es necesaria para explicar la asimetria bariénica del universo en
el caso de TH, mientras que para NH es necesaria una degeneracién mayor. En el
caso de 3 neutrinos adicionales no se necesita ninguna degeneracién.

11.3.4 Articulo IV

En este trabajo estudiamos de nuevo la posibilidad de explicar la asimetria
bariénica en el contexto de los modelos de seesaw tipo I de baja escala, con los
siguientes refinamientos importantes.

e Hemos incluido en las tasas de interaccion de los neutrinos las contribucién
debidas a la dispersién por bosones gauge, ademés de las desintegraciones
y procesos inversos para los que es necesario hacer una resumaciéon [273,
274]. Estos efectos han sido calculados en la literatura asumiendo que los
potenciales quimicos para los leptones se anulan. En nuestro calculo, hemos
anadido el efecto de estos potenciales quimicos a primer orden.

e Hemos empleado las distribuciones de equilibrio cuénticas de Fermi-Dirac/Bose-
Einstein en todos los pasos y hemos incluido los efectos de los espectadores.

e Hemos optimizado la solucién numérica de las ecuaciones cinéticas imple-
mentadolas en el codigo publico [275]. Hemos explorado el espacio de
pardmetros completo sin restricciones en el modelo 3+2 y hemos realizado
la inferencia bayesiana de las distribuciones de probabilidad posteriores,
asumiendo que el modelo explica la asimetria bariénica.
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Las interacciones en equilibrio con los espectadores, que no aparecen explici-
tamente en las ecuaciones, tienen el efecto de redistribuir la asimetria generada
en el sector de leptones a otras sectores en el plasma, pero no de modifican el
nimero B/3 — L,. Es consistente por tanto no incluir estas interacciones si en
lugar del nimero lepténico se considera la evolucién de la densidad np/3 —nr,
o el potencial quimico correspondiente. Las nuevas ecuaciones para las matrices
densidad normalizadas a la densidad de equilibrio, ry = pn/pr vy 5y = px/pPF,
en términos del factor de escala x son:

(0)
e, TN iy e - O vy 1)
X
vyt N oyt
+{yN )Y Y — ?{Y wY,ry},
) (0)
cH, U5 iy ey = O gy Ty oy
dx 2
0 )
— (Y Ty 4 5 YT uy* ry},
d B (
oH, MBS JuoE W YraYt =Y rgYT) e,
dx Je PE 2
7(2)> 1
+  Ha ( NL(YrnY T+ Y r5Y ") o <7](V)>TY[YYTIQ]>},
pa = — Coplip/3-L,» (11.41)
8
donde pps3_p,, es
_ / 1 3
NB/3—Lo = ~2MB/3—La /ka = ghB/3-La T (11.42)
y C viene dado por:
L (221 —16 —16
Cop=——| —16 221 —16 |, (11.43)

1 —-16 —-16 221

Las tasas de interaccién son promediadas en momentos y se pueden encontrar en
el articulo reproducido en la parte II.
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Hemos realizado un dnalisis bayesiando de las distribuciones de probabilidad
posteriores asumiendo que el modelo explica la asimetria bariénica. Una consid-
eracion importante son los priors en los paametros. Hemos considerado priors
planos en todos los parametros de Casas-Ibarra, excepto las masas, donde hemos

. . ’ . . . M172
considerado dos hipétesis: 1) prior planos en log;, (GT)’ dentro del rango de

Mo € [0.1GeV, 102GeV], 2) prior plano en logy, (%) y en log;, (%)
en el rango de My — M; € [10_8GeV, 102GeV], que no penaliza las soluciones
mas degeneradas en las masas. Los resultados en el plano |U045|2 vs M o para
a = e, u, T se muestran en las figuras Figs. 11.5. Las regiones azules corresponden
a la primera hipétesis para los priors, mientras que las regiones rojas corresponden
a la segunda. La conclusién de este estudio es que las soluciones menos degen-
eradas son posibles sélo para masas menores que 1 GeV. Esta es justamente la
regién donde el experimento SHiP [192] tiene su maxima sensitividad.

Las Figs. 11.5muestran la regién de la mezcla versus la masa en comparaciéon
con las restricciones presentes y futuras de neutrinos. Hasta la fecha, este es el

logay(|U,l*)
>
logyy(|U,l")
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s
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Figure 11.5: La comparacién de las curvas de nivel de probabilidad posterior a
68 % y 90 % en los planos mezclas con e, u, 7 frente a las masas, con el presente

(regién sombreada) y las limitaciones futuras de DUNE, FCC y SHiP para el NH
(arriba) e IH (abajo).

Unico escaneo de parametros completo realizado sin ningin tipo de aproxima-
ciones.
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Una cuestiéon muy interesante es si la asimetria bariénica se podria predecir si
los neutrinos estériles se descubrieran en las mediciones futuros en experimentos
como SHiP o si se midieran la fase de CP § en oscilaciones de neutrinos o si se
detectara la senal de la desintegracén doble-beta sin neutrinos.

Para responder a esta pregunta y como una prueba de principio, hemos es-
tudiado las probabilidades posteriores para una hipotética medicién de la SHiP,
que corresponde al punto marcado en las figuras 11.5 por una estrella, es decir
para el caso de IH. Asumiendo errores muy optimistas para este experimento en
su determinacion de las mezclas y masas de 0.1 % y un 1 % de los dos estados
pesados, asi como una medida futura de é con un error de 0.17 rad, notamos una
fuerte correlaciéon entre mgg y Yp, que se presenta en el panel izquierdo de la
figura 11.6. Si fuera posible una medida precisa de mgg (lo cual es dificil debido
a la incertidumbre en los elementos de matriz nucleares para este proceso), seria
posible predecir en este modelo la asimetria bariénica salvo por un signo.

Para NH, las expectativas son méas pesimistas, ya que la medida de mgg seria
mucho mas dificil al ser la contribucién mucho menor.

Otra observacién interesante, que ha resultado de este trabajo, es que inde-
pendientemente de si se explica o no la asimetria baridénica, el descubrimiento en
SHiP de los neutrinos estériles en el modelo 3+2 y la medida de la razén entre
su mezcla con el electron y el muén, permitiria determinar con mucha precision
una combinacién de las dos fases de CP de la matriz PMNS. La probabilidad
posterior en el plano de estas dos fases se muestra en la figura 11.6. Esta seria un
método alternativo de descubrir la violacién de CP leptonica mediante la medida
de observables pares bajo CP como son los valores absolutos de los elementos de
la matriz de mezcla.

Todos estos resultados se pueden entender muy bien con aproximaciones
analiticas. Este anélisis se puede encontrar en el articulo completo de la parte II.

El caso de los tres neutrinos adicionales tiene mucho mas parametros libre
y es mas dificil de analizar, tanto analitica y numéricamente y se deja para el
trabajo futuro.

11.3.5 Observaciones finales

Esta tesis se ha centrado en las implicaciones cosmolédgicas de los modelos min-
imos de seesaw tipo I con 2 y 3 neutrinos estériles adicionales de masas menores
que la escala electrodébil. Un resultado importante de este trabajo ha sido el
de excluir la posibilidad de que dos de los neutrinos tengan masas en el rango
< 100 MeV, donde la fisica de BBN y las medidas del CMB y de la estructura
a gran escala se verfan (LSS) fuertemente modificadas con respecto al modelo
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Figure 11.6: Izquierda: Probabilidades posteriores en el plano |,,5s| vs Yz de una
medicién futura en SHiP, suponiendo la incertidubre 0,1%, 1% y una medicién
adicional de J, junto con las lineas de predicciones analiticas. Derecha: Probabil-
idades posteriores de una medicién en ShIP de la masas y mezclas con e, mu en
el plano ( phii, delta) en comparaciéon con el resultado de la relacién analitica
(linea roja) para los parametros en el punto de prueba.

estandar cosmolégico. El segundo resultado importante de este trabajo es que los
neutrinos estériles en estos modelos con masas alrededor del GeV pueden explicar
la asimetria bariénica observada en el universo, y que esta hipétesis podria ser
testeable con futuros experimentos. El ntiimero elevado de parametros libres de
esos modelos obliga a que sea necesaria la combinacién de varios test experimen-
tales. En particular, hemos demonstrado, en el contexto del modelo minimo 342,
que la sinergia entre las medidas de busqueda directa de los neutrinos estériles en
experimentos como SHiP, junto con la medida de la fase CP de la matriz PMNS
en futuros experimentos de oscilaciones de neutrinos y la determinacién precisa
de la amplitud del proceso de desintegracién doble-beta sin neutrinos, podria
permitir la prediccién cuantitativa de la asimetria baridénica sin hipdtesis tedricas
adicionales, algo que no se pensaba posible hasta la fecha.

Mi opinién personal es que la cosmologia de precisién, asi como las potenciales
medidas futuras de las masas y mezclas de neutrinos adicionales en el rango del
GeV hace que este periodo sea muy interesante para trabajar en la fenomenologia
de estos modelos.
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SM Standard Model

NP new physics

ACDM Standard cosmological model

EW electroweak

EWSB electroweak symmetry breaking
EWPT electroweak phase transition
C/P/CP charge / parity / charge parity
QFT Quantum Field Theory

VEV vacuum expectation scale

QED Quantum Electrodynamics

SSB spontaneous symmetry breaking
CKM Cabibbo-Kobayashi-Maskawa matrix
UV ultraviolet

PMNS Pontecorvo-Maki-Nagakawa-Sakata matrix
IS inverse seesaw

NH Normal Hierarchy

ITH Inverted Hierarchy

SSM Standard Solar Model

CC /NC charge/neutral current

Ov 5 neutrinoless double beta decay

LNYV lepton number violation

MSM Minimal Standard Model

FLRW Friedmann-Lemaitre-Robertson-Walker metric
CMB Cosmic Microwave Background

LSS Large Scale Structures

BBN Big Bang Nucleosynthesis

HEP high energy physics
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We consider the contribution of the extra sterile states in generic low-scale seesaw models to extra
radiation, parametrized by N We find that the value of N is roughly independent of the seesaw scale
within a wide range. We explore the full parameter space in the case of two extra sterile states and find that
these models are strongly constrained by cosmological data for any value of the seesaw scale below

O(100 MeV).
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I. INTRODUCTION

The simplest extension of the standard model (SM) that
can account for the observed neutrino masses is a type I
seesaw model with N > 2 extra singlet Majorana fermions.
The Majorana masses, that we globally denote as M,
constitute a new scale of physics, that we will refer to as
seesaw scale, and which is presently unknown. Since the
light neutrino masses are a combination of the Yukawa
couplings, the electroweak scale and the seesaw scale, the
latter can be arbitrary if the Yukawas are adjusted accord-
ingly. As a result, the seesaw scale is presently uncon-
strained to lie anywhere above O(eV) up to O(10'°> GeV)
[1]. The determination of this scale is one of the most
important open questions in neutrino physics. Although it
is often assumed that the seesaw scale is very high, above
the electroweak scale, in the absence of any other hint of
new physics beyond the SM, the possibility that the seesaw
scale could be at the electroweak scale or lower should be
seriously considered. As far as naturalness goes, the model
with a low scale is technically natural, since in the limit
M — 0, a global lepton number symmetry is recovered:
neutrinos becoming Dirac particles by the pairing up of the
Majorana fermions.

The generic feature of type I seesaw models is that there
exist sterile neutrinos with masses at the seesaw scale, and
that their mixing with the active neutrinos is strongly
correlated with that scale (the naive seesaw scaling being
|U .s|*> ~ M~"). The possibility that such sterile states could
be responsible for any of the anomalies found in various
experiments is of course very interesting, since this could
open a new window into establishing the origin of neutrino
masses.

Models with extra light sterile neutrinos with masses
in the range of O(1 eV) could provide an explanation to
some of the neutrino anomalies [2], such as the appearance
signal 7, — U, of the LSND experiment [3], undisproved
by the MiniBOONE [4] experiment, or the deficit of
neutrinos (v, — 7,) in short-baseline reactor experiments,
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the so-called reactor neutrino anomaly [5]. Sterile species
in the keV range could still be valid candidates for warm
dark matter [6], while species in the GeV range could
account for the baryon asymmetry in the Universe [7].

The explanation of the neutrino anomalies with N extra
sterile neutrinos is usually considered in the context of
phenomenological models with a generic neutrino mass
matrix of size 3 4+ N, without specifying whether neutrinos
are Dirac or Majorana. In the former case, a renormalizable
Lagrangian representing such a model would require the
addition of 3 + 2N extra singlet Weyl fermions to the
minimal SM so that they can be paired up into 3 + N Dirac
neutrinos. In the case of 3+ N Majorana neutrinos,
renormalizable Majorana couplings among the three dou-
blet neutrinos are forbidden by gauge symmetry, and
therefore the 3 + N mass matrix is not generic, i.e. it
has a vanishing 3 x 3 block [8]. We have in this case
precisely a standard 3 + N type I seesaw model with a low
seesaw scale. These are the so-called mini-seesaw [9] or
minimal models [10]. These models are much more
constrained/predictive than the phenomenological models
with the same neutrino spectrum because, as mentioned
above, the active-sterile mixings are not independent of the
ratio of neutrino masses.

The possibility to explain the neutrino anomalies in these
minimal models if N = 2 has been studied in [11]. The
order of magnitude for the active-sterile mixing for a
seesaw scale of O(1 eV) is in the right ballpark to explain
the neutrino anomalies, which is remarkable. As a result the
minimal models provide similar fits to the data as the
phenomenological ones. Minimal models with N = 3, and
a much higher seesaw scale, have also been proposed
as candidates to explain dark matter and the baryon
asymmetry [12].

It is well known that light sterile neutrinos with signifi-
cant active-sterile mixing can be strongly constrained by
cosmological measurements. The energy density of the
extra neutrino species, €, is usually quantified in terms of
Ngir (when they are relativistic) defined by

© 2014 American Physical Society
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where €V is the energy density of one SM massless neutrino
with a thermal distribution [below e® annihilation it is
€) = (7x%/120)(4/11)*3T} at the photon temperature T, ].
In the minimal SM with massless neutrinos N = 3.046 at
CMB [13]. One fully thermal extra sterile state that
decouples being relativistic contributes AN =1 when
it decouples.

N at big bang nucleosynthesis (BBN) strongly influ-
ences the primordial helium production. A recent analysis
of BBN bounds [14] gives NBEN = 3.68(3.80)%89, at 2o,
where the central value depends on the choice for the
neutron lifetime, and assumes no lepton asymmetry. N
also affects the anisotropies of the cosmic microwave
background (CMB). Recent CMB measurements from
Planck give NGM® = 3.30 & 0.27(10) [15], which includes
WMAP-9 polarization data [16] and high multipole mea-
surements from the South Pole Telescope [17] and the
Atacama Cosmology Telescope [18].

The contribution of extra sterile states to Ny within
phenomenological models has been extensively studied
[19-22]. For recent analyses see [23-26]. In particular the
models that could accommodate the neutrino anomalies
seem to be in strong tension with cosmology, especially
those with two extra species. We expect a similar con-
clusion for the minimal models with M ~ O(eV), since the
spectrum and active-sterile mixings that best fit these
neutrino anomalies are very similar in both cases [11].

The purpose of this paper is to evaluate N as a function
of the seesaw scale in the minimal models. Interestingly in
spite of the fact that the active-sterile mixings decrease with
increasing seesaw scale, the rate of thermalization of the
sterile neutrinos is roughly independent of that scale.
Following the well-known results of [19], it can be shown
that the rate of thermalization of a sterile neutrino of mass
M, in the approximation of two active-sterile neutrino
mixing, depends on the combination |U,,|*M. Therefore,
the naive seesaw scaling would imply that the thermal-
ization rate is roughly independent of the seesaw scale, M.
We will show that this naive expectation does actually hold
for the 3 + 2 minimal model. Cosmological bounds on the
seesaw scale are therefore very strong in a wide range of
scales.

II. THERMALIZATION IN MINIMAL
3+ N MODELS

The minimal models are described by the most general
renormalizable Lagrangian including N extra singlet Weyl
fermions, vk:

N .

L 1. .
L=Loy— Y LOYUDU - S VEMivk + He.,
a,i ij=1
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where Y is a 3 x N complex matrix and M a diagonal real
matrix. The model with N = 1, that contains only two
massive states, cannot explain the measured neutrino
masses and mixings [10]. For N = 2, the spectrum contains
four massive states and one massless mode, whose mixing
is described by four angles and three physical CP phases.
For N = 3, there are six massive states and the mixing is
described in terms of six angles and six CP phases. We will
concentrate on the simplest model that can explain neutrino
data, i.e. N = 2. The case with N = 3 will be considered
elsewhere.

We assume that the eigenvalues of My are significantly
larger than the atmospheric and solar neutrino mass
splittings, which implies a hierarchy My > Yv and there-
fore the seesaw approximation is good. A convenient
parametrization in this case is provided by that of Casas-
Ibarra [27], or its extension to all orders in the seesaw
expansion as described in [11] (for an alternative see [28]).
The mass matrix can be written as

Mv = U*Diag(mh Mh)UT? (2)

where m; is a diagonal matrix with a zero and the two
lighter masses, and M), contains the N heaviest. Denoting
by a the active/light neutrinos and s the sterile/heavy
species, the unitary matrix can be written as

U . < Uaa Uas) (3)
U, U)’

with

1 0 _
Uaa:UPMNS<O H>’ Uy =H,

Usa = l<0 HM;I/ZRWLII/Z > s

0
Uy = iU “1a ) 4
i PMNS(Hmll/ZRTMhlﬂ) )

where Upyys is @ 3 X 3 unitary matrix, R is a generic
2 x 2 orthogonal complex matrix, while H and H are
defined by

H2 =T+ m/*R'M;'Rm)"?,
H? =1+ M,"*Rm;R"M;">. 5)

At leading order in the seesaw expansion, i.e. up to
O(,’Wl’h), H=H=1, and we recover the Casas-Ibarra
parametrization.

The measured neutrino masses and mixings fix most of
the parameters in these models. The only free parameters
are two CP phases of Upyys (the third one is unphysical

because the lightest neutrino is massless), that are presently
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unconstrained, the matrix R that depends on a complex
angle and the two heavy masses in M;,.

The active neutrinos in the minimal SM are in thermal
equilibrium in the early Universe at temperatures above
O(1 MeV). The presence of extra singlets can modify the
value of N 4 because the active-sterile mixing can also
bring the singlets into thermal equilibrium. Obviously the
thermalization process depends very strongly on the mixing
parameters and the neutrino masses. We assume throughout
that neutrinos are relativistic.

In [19] a simple estimate for the thermalization of one
sterile neutrino was given as follows. Assuming that the
active neutrinos are in thermal equilibrium with a collision
rate given by I',, the collision rate for the sterile neutrinos
can be estimated to be

rs- :_Z<P(Va - I/S,->> Xra’ (6)

where (P(v, — v,)) is the time-averaged probability
v, > v (the factor 1/2 results from a more detailed
analysis, see below). This probability depends strongly
on temperature because the neutrino index of refraction in
the early Universe is modified by coherent scattering
of neutrinos with the particles in the plasma [29].
Thermalization will be achieved if there is any temper-
ature where this rate is higher than the Hubble expansion
rate, i.e. I'((T) > H(T). One can therefore define the
function f(T), which measures the sterile production
rate in units of the Hubble expansion rate,

)

This function reaches a maximum at some temperature,
T max> and if this maximum is larger than one, thermal-
ization will be achieved. We can estimate the contribution
to Neg as

Neff = ngf/l + Z(l - exp(_afsi(Tinax)))’ (8)

at decoupling, where a is an O(1) numerical constant.
Provided f (Th,) is sufficiently larger than one, N
saturates to the number of thermalized species, up to
exponentially small corrections. The Hubble expansion

rate is H(T) = %M: -
of the temperature.

The calculation of the neutrino oscillation probabilities
in the primeval plasma requires to consider the full 3 + 2
mixing. This means that obtaining a manageable expression
can be complicated. The method described in Ref. [30]
simplifies enormously this task, reducing the hardcore
computation to the calculation of the eigenvalues of the
Hamiltonian which characterizes the neutrino propagation.

where ¢, (T) is a function

PHYSICAL REVIEW D 89, 073009 (2014)

Employing this method and expanding over m;/M; and
the active-sterile mixing, we find the time-averaged
probabilities to be approximately

M2 2
) 10a P+ O(UL),

(P(vy = vy)) = (W

()]

where p is the neutrino momentum and V,=A,T*p,
with A, = A, while A,,, = B for T below the y/7 thres-
hold (7'<20/180 MeV) or A,,=A for higher
T = 20/180 MeV, where

_ _zf<74 )

M3

A=B- 4f<75 ) . (10)

Note that there is no resonant mixing in this model, and that
we have assumed no primordial lepton asymmetry.

A more detailed description is provided by the quantum
density matrix formalism [31-34]:

. o 1
p=—t[H,p]—§{F,p—peq1A}, 11

where H is the Hamiltonian describing the propagation of
relativistic neutrinos in the plasma, which in the flavor basis
is given by

= U*Dia mi M U” + Diag(V,,V,,V,,0,0), (12)
- g 2p72p g es Vs VsV 5

and the collision term I' = Diag(T’,,T,, T, 0,0)

est

180£(3)

Fa =Ya 74

G2 T*p, (13)

with y, =3.6, and y, =y, =2.5 below the corre-
sponding p and 7 thresholds, becoming equal to y, above
[35]. Finally p,, is the Fermi-Dirac distribution and
I, = Diag(1,1,1,0,0).

Separating the equations into the active A and sterile S
blocks and assuming that I',(7) > H(T), collisions are
then fast enough to equilibrate p,4 and pyg, i.€. psq =
pas = 0 (the so-called static approximation [20], see also
[36,37]). If we assume hierarchical heavy masses, and take
into account the seesaw expansion, it is possible to show
that the thermalization of the different sterile states approx-
imately decouples, and the equation for each species
simplifies to

073009-3
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o=l ) )
N A (HAA_H.V.V)2+F/24A/4 s ss SS

1
~ _§Z<P(Vs - Da)>ra/~)ssv (14

where pg; = p — p.,. This equation justifies the estimate
of Eq. (6).

Thax 18 the value of the temperature at which
I'(T)/H(T) is maximum. Taking p = 3.15T, it is easy
to see that for each sterile state of mass M;, T ,.x can be
bounded by

M2 1/6 M? 1/6
— <Topax £ | =——— , 15
(59.5|AB|> -omes (59.5|A,|> (15)

so it depends significantly on M; but weakly on the
mixings. Taking into account the seesaw scaling
|Uys,|* ~ O(my/M;), it follows that f (Ty,y) is roughly
independent of M.

III. Ny IN MINIMAL 3 + 2 MODELS

In Fig. 1 we show the numerical results for the minimal
value of f(Tha) (almost identical for both species)
scanning the whole parameter space for the two sterile
states, assuming their masses differ a factor 10 or more. The
light neutrino masses and mixings (i.e. the two nonzero
eigenvalues of m; and the three mixing angles in Upyys)
have been fixed to their best fit values from oscillation
experiments. We need to distinguish between the normal
(NH) and inverted (IH) light neutrino hierarchies at this
point. Varying M; € [1 eV,1 GeV], we find an almost
constant value which is significantly larger than 1,
which means that both species thermalize, contributing
AN 4 =2 when they decouple. This is the case for both
neutrino hierarchies normal and inverted (NH/IH), but

30[

Min[f;,(Timax)]
S

10f

Log,,[M;/MeV]

FIG. 1 (color online). Min([f (T )] for the ith sterile state as a
function of M, for a light neutrino spectrum with a NH (thick line)
or IH (thin line). The dashed line at 1 corresponds to the
minimum value for thermalization.
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Min[f (T 4 )] is significantly larger for IH. The depend-
ence on M; is mostly due to the change in g, (7 q)-

We note that the thermalization is still possible for values
of M;> 1 MeV. At some point however, the decoupling
temperature of the sterile species will be below their mass. In
this case, the contribution to Ny requires a different
treatment and will be Boltzmann suppressed. We can
estimate this decoupling temperature, 7 ,;, from the require-
ment f(T,;) = 1 for Ty < Ta In Fig. 2 we show the value
of T, as a function of M; (again the same for both species)
for three cases: the parameters that minimize f(7Tpay)
(dashed lines), the parameters that minimize 7; (dotted)
and the ones that minimize 7, after taking into account
direct search constraints on active-sterile mixings (solid). We
see that there are regions of parameter space for all M; where
sterile neutrinos remain in equilibrium until O(1 MeV).
However, as M, increases this is only possible for very
special textures, inverse-seesaw—like, where neutrino masses
are suppressed due to an approximate global symmetry. In
any case, large mixings are strongly constrained by direct
searches [38—40], when those bounds are included, we find
that 7, is well above M; for M; < O(1 GeV). If neutrinos
are below this mass they decouple when they are still
relativistic, as we have assumed, and therefore contribute
one unit to AN (7), but above this mass, they become
nonrelativistic before decoupling and the contribution is
suppressed by the Boltzmann factor.

After decoupling of the sterile species, however, two
important effects could modify AN.; before the active
neutrino decoupling at Ty, [41]: dilution and decay.

First a dilution occurs if the sterile species decouple at
T, > Ty, due to the change in g, (7). The dilution can be
estimated to be AN (Tw) = (9.(Tw)/g.(Tar))* +
(9.(Tw)/g.(T1))*? provided they are still relativistic at
Tw [41].

o L s e e SV M
4 -

LoglO[Td/MeV]

Log,o[M/MeV]

FIG. 2 (color online). Sterile neutrino decoupling temperature,
T ;, as function of the sterile mass for the NH (solid thick line), IH
(solid thin line) and for oscillation parameters that minimize
fs(Thmax) (dashed lines), those that minimize 7, (dotted) and
those that minimize 7', while being compatible with bounds from
direct searches (solid). The single dashed line satisfies T = M.
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In order to numerically solve the kinetic equations,
Eq. (11), we rewrite them, as is common practice, in terms
of the new variables [34]

x = moa(t), y = pa(t), (16)
where my is an arbitrary scale (fixed to be 1 MeV) and a(¢)
is cosmic scale factor. Equation (11) becomes

H()x L) = =ilA(x.3).p(x.7)]

_%{r(x, ¥).p(x,y) = p(x, ¥)eqla}-
(17)

Since we consider a range of temperatures where g, (T) is
varying, entropy conservation g, (T (x))T>(x)x? = constant

implies that temperature does not simply scale as ﬁ and

we take this into account. In order to simplify the
calculation we use the static approximation (i.e. impose
the constraint p44, = pg4 = 0). This has been shown to give
a very good approximation when the production of sterile
neutrinos occurs at a 7 where the collision term, Eq. (13), is
large compared to the Hubble expansion [20], which is the
case here.

We have checked that, for several choices of mass
matrix parameters, the simple estimate above gives a
reasonable approximation to the numerical solution of the
Boltzmann equations. The difference comes from the
continuous change in g,(7), that we can only take into
account numerically. In Fig. 3 we show the evolution of
the ratio of the sterile number density to that of one
active neutrino as 7 varies, at fixed y =5 and for two
widely different values of M;. We observe a double
upward step reaching a value near 2 corresponding to the
thermalization of the two species and a dilution at lower

207

15]

Pss 10}
Peq [

0.5

0.0}

Log, [T/1MeV]

FIG. 3 (color online). Evolution of the ratio of the number
density of sterile species over that of one active massless neutrino
for y = 5 for (M, M,) = (2 x 1073,1073) (solid) and (0.1, 10)
(dashed) in MeV and mixing parameters that minimize f (7 )
for NH (thick) and IH (thin).
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temperatures, significant only for masses above keV.
The dependence on y of the ratio is significant due to
the dilution effect and we take it into account in the
definition of AN(Ty) which involves the integrated
energy density. We have considered numerically the case
with degenerate heavy masses M; = M,. The only
difference appears to be that the thermalization curve
does not show a double step but a single one.

In Fig. 4, we show the constant AN (Ty) lines for
the mixing parameters that minimize f (Tpax), as well
as those corresponding to the relativistic component,
AN"L(Tw) = (e, — €")/€), where € is the contribution
of the sterile species to the matter density. We only
consider masses that remain relativistic at BBN, because
more massive species would quickly dominate the energy
density as cold dark matter, unless they decay before
BBN. These results show that dilution allows one to
relax the BBN bounds for masses in the range 10 keV—
10 MeV, however these particles give a huge contribution
to the energy density when they become nonrelativistic at
later times, modifying in a drastic way CMB and
structure formation. The only way BBN and CMB
bounds could be evaded in this range is if the sterile
states decay before BBN. We come back to this
point later.

We note that the analysis might not be accurate for
T 2 Tocp [42,43], however we do not expect the con-
clusions to change drastically even if hadronic uncertainties
are included.

It is important to stress that the approximate inde-
pendence of thermalization on the heavy masses M,
results from the approximate seesaw scaling of the
mixings |U, [*M; ~ m;, which is only approximate since
there is dependence on several unknown parameters, see
Eq. (4). Figure 5 shows the values of |U,, |*M; and
(|U,s,)* + |U,|*)M; within the full range of the uncon-
strained parameters for the normal hierarchy. We note
that |U,,[*M; can get extremely small. Had we only
considered the oscillations to electron neutrinos in this
case, we would have found that for those parameters
fs(Tmax) < 1, but (|U, |2 + |Uy [*)M; is in the expected
ballpark and therefore the thermalization takes place
through the oscillation to y and z. A similar pattern is
observed for the IH, both combinations do not get very
small simultaneously.

For sufficiently high mass the sterile neutrino could
decay before BBN and our analysis is not valid for this
situation. The lifetime is in the range 7~6X

1o (e

below the 7 threshold, which means they decay after BBN
below this threshold, for natural choices of mixings.
However, the mixings might reach values significantly
larger (see Fig. 5). For extreme mixings of O(1), neutrinos
as light as 10 MeV could decay before BBN. The bounds

|s (for a recent analysis see [38,39]),
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P. HERNANDEZ, M. KEKIC, AND J. LOPEZ-PAVON
Log,o[M;(MeV)]

Log;o[Mx(MeV)]
o
Logo[M;(MeV)]

-
Pt

\

A

1 \
1
1
'

18
522 3 2 i o T
Log, [Mx(MeV)]

FIG. 4 (color online).
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on short-lived sterile neutrinos with masses in the range
[10 MeV, 140 MeV] have been studied in [41,44,45]. Very
strong bounds have been found combining BBN and direct
accelerator searches, essentially excluding this possibility
in the minimal model [40].

It should be stressed that in the generic seesaw models
that we are considering, such short lifetimes result only
from very specific textures in which an approximate global
symmetry (and not small Yukawa couplings) suppresses
light neutrino masses in front of the seesaw scale. The
flavor structure of these models is even more constrained,
but large active-sterile mixings can be reached. Note that in
these corners of parameter space, thermalization will be
more efficient and 7', will be closer to Ty, so dilution is
less relevant.

Log o[(|Us,[*+ U |)MifeV]

Logyol|Ues,|*Mi/eV]

FIG. 5 (color online). Distribution of (|U, |* + Uy |*)M;
versus |U,, |*M; varying all the unconstrained parameters for
NH. The solid/dashed line corresponds to n13 ~ \/ A2y, /my~

\% A’ngolar'

IV. CONCLUSIONS

We have studied the contribution to ANy of the
extra sterile states in minimal type I seesaw models
as a function of the seesaw scale. We have found that
the extra states do thermalize independently of the scale
of the Majorana masses up to O(100 MeV). This
implies very strong constraints from cosmology on
low-scale models. The following conclusions can
be drawn.

(i) M, <O(100 MeV): AN(T;) =2 and decay

after BBN, which is incompatible with the present
BBN or/and CMB constraints independently of the
mass of the sterile states. These models are therefore
strongly disfavored. The minimal 3 4 2 model with
eV Majorana masses that could alleviate the tension
with the LSND and reactor anomalies is in this
category.

(i) M, SO(100MeV), M, Z O(GeV): AN (Ty) =1,
while the heavy state is Boltzmann suppressed at
decoupling or decays before Tyw. BBN constraints
can accommodate this case if M is still relativistic at
BBN. However CMB and LSS measurements close
this window all the way down to M| < 0.36 eV or
so at 95% C.L. [46]. Whether this very hierarchical
option could also improve the agreement with
LSND and reactor anomalies is under study.

(iii) M,z O(1 GeV) survive at present cosmological
constraints on N, because they decouple while
being nonrelativistic and therefore AN 4 (T,) is
Boltzmann suppressed, or because they decay well
before Ty .

In the range 100 MeV-1 GeV we expect that BBN
bounds will depend significantly on the other unknown
mixing parameters, and exploring this regime requires a
more detailed study.
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We evaluate the contribution to N of the extra sterile states in low-scale type I seesaw models (with
three extra sterile states). We explore the full parameter space and find that at least two of the heavy states
always reach thermalization in the early Universe, while the third one might not thermalize provided the
lightest neutrino mass is below (1073 eV). Constraints from cosmology therefore severely restrict the
spectra of heavy states in the range 1 eV-100 MeV. The implications for neutrinoless double beta decay are

also discussed.
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I. INTRODUCTION

The simplest extension of the standard model (SM) that
can account for the observed neutrino masses is a type I
seesaw model [1] with N >2 extra singlet Majorana
fermions. The Majorana masses, that we globally denote
as M, constitute a new scale of physics (the seesaw scale)
which is presently unknown. Since the light neutrino
masses are a combination of the Yukawa couplings, the
electroweak scale and the seesaw scale, the latter can be
arbitrary if the Yukawas are adjusted accordingly. As a
result, the seesaw scale is presently unconstrained to lie
anywhere above O(eV) up to O(10' GeV) [2]. The
determination of this scale is one of the most important
open questions in neutrino physics.

It is often assumed that the seesaw scale is very high,
above the electroweak scale. However, in the absence of
any other hint of new physics beyond the SM, the
possibility that the seesaw scale could be at the electroweak
scale or lower should be seriously considered. As far as
naturalness goes, the model with a low scale is technically
natural, since in the limit M — 0, a global lepton number
symmetry is recovered: neutrinos becoming Dirac particles
by the pairing of the Majorana fermions.

The spectra of N = 3 type I seesaw models contain six
Majorana neutrinos: the three lightest neutrinos, mostly
active, and three heavier, mostly sterile. The coupling of
the latter with the leptons, U, is strongly correlated with their
masses (the naive seesaw scaling being |U ,|*> o« M~!). The
possibility that such neutrino sterile states could be respon-
sible for any of the anomalies found in various experiments
is of course very interesting, since it could open a new window
into establishing the new physics of neutrino masses.

fm.pilar.hemandez@uv.es
"Marija.Kekic @ific.uv.es
jlpavon @sissa.it

1550-7998/2014/90(6)/065033(12)

065033-1

PACS numbers: 14.60.St, 98.80.Cq

Models with extra light sterile neutrinos with masses in
the range of O(eV) could provide an explanation to the
LSND/MiniBOONE [5,6] and reactor anomalies [7].
Sterile species in the O(keV) range could still be valid
candidates for warm dark matter [8—11]. The recent
measurement of an x-ray signal [12,13] might be the first
experimental indication of such possibility. Species in the
O(GeV) range could account for the baryon asymmetry in
the Universe [14,15] (for a recent review see [16]).

There are important constraints on low-scale models
from direct searches and rare processes such as y — ey
and pe conversion. Recent results can be found in [17-19].
The constraints are strongly dependent on M for M
O(100 GeV).

It is well known that if light sterile neutrinos with
significant active-sterile mixing exist they can contribute
significantly to the energy density of the Universe.
Mechanisms to reduce this contribution have been
proposed, such as the presence of primordial lepton asym-
metries [20] or new interactions [21,22], which however
typically require new physics beyond that of the sterile
species. The energy density of the extra neutrino species, €,
is usually quantified in terms of AN s (when they are
relativistic) defined by

| o

ANeffEGS, (1)

T o

where ¢! is the energy density of one SM massless neutrino
with a thermal distribution [below e* annihilation it is €) =
(772/120)(4/11)*3T} at the photon temperature T',]. One
fully thermal extra sterile state that decouples from the
thermal bath being relativistic contributes AN = 1 when it
decouples.

N at big bang nucleosynthesis (BBN) strongly
influences the primordial helium production. A recent
analysis of BBN bounds [23] gives NEEN =35+ 0.2.

© 2014 American Physical Society
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N also affects the anisotropies of the cosmic microwave
background (CMB). Recent CMB measurements from
Planck give NGMB =3.30+£0.27 [24], which includes
WMAP-9 polarization data [25] and high multipole mea-
surements from the South Pole Telescope [26] and the
Atacama Cosmology Telescope [27]. Recent global analy-
ses, including the BICEP2 results [28,29], seem to prefer
larger values of NGMB [30-32].

The contribution of extra sterile neutrinos to Ny has
been extensively studied in phenomenological models,
where there is no correlation between masses and mixing
angles [33-35]. For recent analyses of eV scale neutrinos,
with and without lepton asymmetries, see [36—42]. In [43]
we explored systematically the contribution to N of the
minimal type I seesaw models with just two extra singlets,
N = 2. We found that whenever the two heavier states are
below O(100 MeV), they contribute too much energy/
matter density to the Universe, while the possibility of
having one state < eV and another heavier than 100 MeV
may not be excluded by cosmological and oscillation data
constraints, but requires further scrutiny.

The purpose of this paper is to perform the same study in
the next-to-minimal seesaw model where N = 3. This is the
standard type I seesaw model with a low scale, and is also
often referred to as the neutrino Minimal Standard Model
(wMSM). This model has been extensively studied in the
literature, concentrating on regions of parameter space
where the lightest sterile state could be a warm dark matter
particle, and the two heavier states could be responsible for
the baryon asymmetry in the Universe [15]. What we add in
this paper is a systematic study of the full parameter space
to understand the constraints on the seesaw scale(s) from
the modifications to the standard cosmology induced by the
three heavy neutrino states. We will assume that primordial
lepton asymmetries are negligible. Although the model in
principle satisfies the Sakharov conditions to generate a
lepton asymmetry, previous works indicate that significant
lepton asymmetries can only be generated when at least
two of the sterile states are heavy enough, O(GeV), and
extremely degenerate [44]. Here we will concentrate on
studying the bounds from cosmology when such an extreme
degeneracy of the sterile neutrino states is not present. We
show that, in spite of the large parameter space, the
thermalization of the sterile states in this model is essentially
controlled by one parameter: the lightest neutrino mass.

The paper is organized as follows. In Sec. I we review
the estimates of the thermalization rate of the sterile states
as derived in [43], which allow us to efficiently explore
the full parameter space of the model. In Sec. III we
derive analytical bounds for the thermalization rate and in
Sec. IV we correlate AN ¢ with the lightest neutrino mass.
In Sec. V we present numerical results from solving the
Boltzmann equations and finally in Sec. VI we analyze
the impact on neutrinoless double beta decay. In Sec. VII
we conclude.

PHYSICAL REVIEW D 90, 065033 (2014)

II. THERMALIZATION OF STERILE NEUTRINOS
IN 3 + 3 SEESAW MODELS

The model is described by the most general renormaliz-
able Lagrangian including N =3 extra singlet Weyl
fermions, vk:

3
L=Loy—Y LoYViduf - S Mg +He.,

a,i i,j=1

where Y is a 3 x 3 complex matrix and My a diagonal real
matrix. The spectrum of this theory has six massive
Majorana neutrinos, and the mixing is described in terms
of six angles and six charge parity (CP) phases.

We assume that the eigenvalues of My are significantly
larger than the atmospheric and solar neutrino mass
splittings, which implies a hierarchy My > Yv and there-
fore the seesaw approximation is good. A convenient
parametrization in this case is provided by that of
Casas-Ibarra [45], or its extension to all orders in the
seesaw expansion as described in [46] (for an alternative
see [47]). The mass matrix can be written as

M, = U*Diag(m;, M,,)U", (2)
where m; = Diag(m,,m,,m3) and M, =Diag(M,M,,M3;).

Denoting by a the active/light neutrinos and s the sterile/
heavy species, the unitary matrix can be written as

. (Uaa U> .

Usa USS
with
Uaa = UPMNSH7
U, =H,
U, = iHM; ' Rm)"?,
Uus = iUpynsHm)*RIM; 2, (4)

where Upyns 1S @ 3 X 3 unitary matrix and R is a generic

3 x 3 orthogonal complex matrix, while H and H are
defined by

H2 =1+ m)>R"M;'Rm)/?,
H2 =1+ M;,"*RmR"M;">. (5)

At leading order in the seesaw expansion, i.e. up to O(IZ—;),

H = H = 1, and we recover the Casas-Ibarra parametriza-
tion. In this approximation Upyng 1S the light neutrino
mixing matrix measured in oscillations.

Neutrino oscillation data fix two of the three eigenvalues
in m; and the three angles in Upyng; however all the heavy

065033-2
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masses in M, the lightest neutrino mass in m;, the three
complex angles in R and the three CP violating phases in
Upnns are presently unconstrained [48].

In [49] a simple estimate for the thermalization of one
sterile neutrino in the early Universe, neglecting primordial
lepton asymmetries, was given as follows. Assuming that
the active neutrinos are in thermal equilibrium with a
collision rate given by I', , the collision rate for the sterile
neutrinos can be estimated to be

T, = §Z<P(ya =) x T, (6)

a

where (P(v, = v,,)) is the time-averaged probability
Vq = Vs, This probability depends strongly on temperature
because the neutrino index of refraction in the early
Universe is modified by coherent scattering of neutrinos
with the particles in the plasma [50]. Thermalization will
be achieved if there is any temperature where this rate is
higher than the Hubble expansion rate, i.e. Ty (T) > H(T).
49, (T) T2

45 Mppne”
with ¢,(T) being the number of relativistic degrees of
freedom.

One can therefore define the function f (7'), which
measures the sterile production rate of the species s; in
units of the Hubble expansion rate,

r, (T)
H(T)

In a radiation-dominated universe, H(T') =

fo(T) = (7)
It reaches a maximum at some temperature, 7, [49]. If
fs/_(TmaX) > 1, the sterile state will reach a thermal abun-
dance at early times. We can estimate the contribution to
Negr as

N = NS+ (1 =exp(=af, (Tha))).  (8)
j

at decoupling if they are still relativistic, where a is an O(1)
numerical constant. Provided fsj(T{mX) is sufficiently
larger than one, N saturates to the number of thermalized
species, up to exponentially small corrections.

In [43], this result was also derived from the Boltzmann
equations [51-54], in the assumption of no primordial
large lepton asymmetries. As shown in Appendix A, in
spite of the complex 6 x 6 mixing, the thermalization of
the sterile state j is roughly given by the sum of three
2 x 2 mixing contributions in agreement with the naive
expectation of Eq. (6),

r, (T) M;
fo (D)= H(T) <2pVa(T)_

a=e.u,t
where p is the momentum, V(7)) is the potential induced
by coherent scattering in the plasma [50] and I, (T') is the

) Ul ©)
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scattering rate of the active neutrinos. Both V, and T,
depend on the temperature since the number of scatters
increases with 7 [10,55,56]. While the former varies only
when the lepton states become populated, the latter depends
significantly on the quark degrees of freedom and there-
fore changes significantly at the QCD phase transition.
The quark contribution to ') is however rather uncertain;
we therefore neglect this contribution, since this is a
conservative assumption if we want to minimize thermal-
ization: any contribution that will increase I',  would help
increase the thermalization rate.

The most complete calculation of T, has been presented
in [56], where a full two-loop computation of the imaginary
part of the neutrino self-energy was presented. The results
for the leptonic contribution to T, (7') can be accurately
parametrized in terms of C,(T) as

I, = CT)GHT*p (10)

that can be extracted from the numerical results of [56],
recently made publicly available in Ref. [57].

For temperatures above the different lepton thresholds,
the results can be approximated by
() T= 180 MeV: C,,,=343 and V,=AT*p for
a=epurt
(w) 20 MeV ST <180 MeV: C,,
V.=V, —AT4p and V, = BT4p,
(e) T<20MeV C, =172, C,,

and V, =V, _BT4p,
with
7¢(4
B——2\/—( )M
A=B— 4\[(76 )

In Fig. 1 we show C,(T)/+/g.(T) as a function of the
temperature. We include the 7 dependent normalization

~2.65, C,=126,

~095, V,=AT*p

(11)

1.0 T T T T

081

0.61

0471

Co(T)/V g, (T)

021

0.0 . . . .

Log 10[T(MeV )]

FIG. 1 (color online). Leptonic contribution to Co(7)/+/g.(T)
taken from Refs. [56,57] for o = e (top/blue), x (middle/magenta),
7 (bottom/yellow).
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factor, \/g,(T), coming from H(T'). Note that the depend-
ence on the temperature of this factor is small.

Let T'a, be the value of the temperature at which f; (7))
is maximum [58]. For p = 3.157, and neglecting the T
dependence of C,/./3s, Tmax is bounded by

M? 1/6 M? 1/6
T = J S Thax < / . 12
max (59.5|A|> = 7 max = (59.5|B|> (12)

Thermalization will take place provided f (Tia) > 1. In
the next section we derive an analytical lower bound on this
quantity, which can be translated therefore into a sufficient
condition for thermalization.

III. ANALYTICAL BOUNDS

For a given set of mixing and mass parameters we have
the following general lower bound for f; (7):

[ |G T (M
fo(T)=M { g*(T)} HT) (2pve—M,2->
< S W) < 12, (D). (13)

a=e.u,t

This results from the fact that |V,| > |V, | and C, > C, for
all @ = e, u, 7. The minimization of C./,/g, as a function
of T gets rid of the T dependence of this factor.

The function fg(7) is maximized at T}, defined in
Eq. (12). It then follows that
fB(Tfnax) < fs,-(Tfnax) < fs_,»(Tmax)' (14)

In summary, taking the average momentum, p = 3.157,
[s;(Tmax) is bounded by

Za|(Uav)a'|2M'
Thax) = Toy) = =2 2a. 1
fsj( de) = fB( de) 325 % 1073 eV

(15)
Using Eq. (4) in the Casas-Ibarra limit, the dependence on
the parameters of the model in the above equation can be
simplified to the following combination:

1/2 1/2
Z|(Uas)aj|2Mj = Z(UPMNSml/ R)aj(RTml/ UEMNS)ja

a a

— (R'mR);; = h;. (16)

Therefore the analytical lower bound does not depend
on the angles and CP phases of the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix. It depends only on the
undetermined Casas-Ibarra parameters and the light neu-
trino masses. The lower bound can be further simplified
using

hj:Z|Raj|2maZ|ZR§jma|Z|ZR3jml|:mlv (]7)
a a a
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where in the last step we have used the orthogonality of
the R matrix and assumed a normal hierarchy of the
light neutrinos (NH). The result for an inverted hierarchy
(IH) is the same substituting m; — m5. Finally using
Egs. (16) and (17) in Eq. (15) we obtain

3

1

4 m,
(Trax) 2 ! >
FiTma) 2 355 05 v 2325 x 107 oV — m

)

—~ =5
p—
oo
~—

which defines m'.

IV. LIGHTEST NEUTRINO MASS VERSUS
THERMALIZATION

The thermalization of jth heavy sterile state will occur
provided f, (T) > 1 for some 7. Therefore a sufficient
condition is that f (s ) > 1 or using Eq. (18) m; > mh.
From the analytical bound we therefore deduce that
thermalization of the three states will occur if

my >3.25x 1073 eV, (19)

for any value of the unconstrained parameters in R and the
CP phases. We note that a more restrictive upper bound on
the lightest neutrino mass was derived in [11,56] under the
assumption that M; was a warm dark matter candidate in
the keV range.

In Fig. 2 we show the contour plots of the minimum of
fs,(Timax) (varying the unconstrained parameters in R and
the CP phases in the full range), as a function of m; and
M,. The three lines correspond to Min[f (Tma)] =
107", 1, 10. As expected the minimum is strongly corre-
lated with m and is roughly independent of M. Values of
m; below the contour line at 1 correspond to nontherm-
alization; therefore we read

m, <0107 V), (20)

for M; €[l eV-100 MeV]. The numerical bound is
slightly stronger than the analytical bound given by

—_1F
10
e T TP R D PP LT L EEEEE A
>
©
2 1
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& 0.1
O T L
_5bk . . . It
-6 -4 -2 0 2

Log ,[M;(MeV )]

FIG. 2. Contours of Min[f; (Tp,x)] = 0.1, 1, 10 on the plane
(Ml , 1y )
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FIG. 3 (color online). Minimum of 4, in bins of A, in the full
allowed parameter space with fixed m; = 1075-2 eV. The
dashed line corresponds to the analytical bound m{' =

3.25x 1073 eV.

Eqg. (19). Had we considered any other of the heavy states
j =2,3 the results would be the same [i.c. the same
minimum of f (Ty,x) would be obtained for different

values of the unconstrained parameters].
A less stringent (sufficient) condition for thermalization
of the state j is

h; > mth (21)

as it follows from Eq. (18). It turns out that this condition is
always satisfied for at least two of the three heavy
neutrinos, independently of m; or the Casas-Ibarra param-
eters. In Fig. 3 we show the minimization of £, in the full
parameter space within each bin of %, shown in the x-axis,
for fixed values of m;. Although either %, or , can always
be below the m{ line (shown as dashed line) if m; < m{,
the other one is always significantly above it. The same
pattern is observed with any pair of 4;. This shows that at
most one of the sterile states might not thermalize, and to
have one not thermal requires that m; < m'.

It is easy to see how h; can reach its lower bound, m,
without contradicting present neutrino data. One can
always choose R,; = 0 for a # j. For j = 1, the orthogonal
matrix reduces to the form

() e

where R, is an orthogonal two-dimensional matrix that
depends on one complex angle. For j = 2, 3 the matrix is
analogous with the appropriate permutation of the heavy
states. The model therefore reduces in this limit to a
3 42 + 1, where one sterile state is essentially decoupled.
When m; < m?, the latter might thermalize or not depend-
ing on the unknown parameters, while the other two states
always thermalize, as in the minimal 3 + 2 model already
considered in Ref. [43].

In the next section we evaluate the implications for N
in both cases.

PHYSICAL REVIEW D 90, 065033 (2014)
V. Nggr IN THE 3 + 3 MODEL
A.my > mf}

In this case, the three sterile states thermalize, each of

them contributing with ANéjz(le_) ~ 1 at their decoupling

temperature, 7'y, (provided they are still relativistic). This

contribution gets diluted later on, due to the change of
g.(T) between T, and the active neutrino decoupling,

TN, when BBN starts. The dilution factor is relevant only
for masses larger than M ;2 1 keV [43].

If they are still relativistic at Ty, we can therefore
estimate

ANBEN = %~ <@> 4/3, (23)

J g*(Td/)

where the sum runs over the three heavier states.

For M; > O(100) MeV, the contribution to the energy
density could be significantly suppressed with respect to
the estimate Eq. (23), because either they decay sufficiently
early before BBN and/or become nonrelativistic at Ty, and
therefore get Boltzmann suppressed. Additional constraints
will be at work in some regions of parameter space even for
those larger masses, but they are likely to depend on the
unknown mixing parameters, so we concentrate on the case
where at least one of the three heavy neutrinos has a mass
below this limit.

We consider in turn the following possibilities.

() Forall j, M; <100 MeV

After recent measurements, the BBN constraints men-
tioned in the introduction give ANBEN < 0.9 at 26. From
the results of [43] in the 3 4+ 2 model, we estimate that
M; < 10-100 keV would be excluded from BBN bounds
in this case. For larger masses, dilution is sufficiently strong
to avoid BBN bounds, but the contribution to the energy
density after BBN is anyway too large. When they become
nonrelativistic, their contribution to the energy density can
be estimated to be [59]

Q, 1? = 1072M,(eV) AN, (24)

(j)BBN . . .

where AN is estimated from the ratio of number
densities of the jth state and one standard neutrino at BBN.
If they do not decay before recombination, Planck con-
straint on ,,h*> would completely exclude such high
masses. On the other hand, if they decay, they transfer
this energy density to radiation. The case in which they
decay at BBN or before (only for masses above 10 MeV or
s0) has been considered in detail in [60,61] and essentially
BBN constraints, combined with direct search constraints
[18,19,62], exclude the range 10-140 MeV. If they decay
after BBN, they transfer the energy density mostly to the
already decoupled light neutrinos, a contribution that can
be parametrized in terms of AN which is enhanced with
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FIG. 4 (color online).
for m; > m™h.

Allowed spectra of the heavy states M;

respect to that at BBN, Eq. (23), by a factor oc% ,

dec
where Tfie)c is the decay temperature of the jth species.

This temperature can be estimated by the relation
H(TY) = 7y, where
2 MS
1=
192”32 25)

(for M; below any lepton or hadron threshold). We are not
aware of a self-consistent global cosmological analysis of
such a scenario. Assuming that CMB constraints on extra
radiation AN roughly apply to it, the large mass region,
still allowed by BBN due to dilution, is anyway excluded

by CMB measurements, because the ratio M ;/ Tdec is very
large. Recent analyses on dark radiation from decays can be
found in [63-65].

(i) M;,M, <100 MeV <« M;

In this case, the results of the 3 + 2 model apply directly
and the conclusion is the same as before: BBN constraints
force the masses to be large to enhance dilution, but such
heavy states contribute too much energy density either in
the form of matter or extra radiation.

(1) M] 100 MeV <« Mz,M';

In this case, any value of M, could be barely compatible
with BBN constraints, since AN s < 1. CMB constraints
would however force the state to be very light, sub-eV,
which implies AN = 1 and therefore some tension with
BBN. On the other hand, constraints from oscillations are
important in this range [4].

The allowed ranges of the M are qualitatively depicted
in Fig. 4.

th
B. my <mj

If the lightest neutrino mass is below m'", one of the

states might not thermalize [66], we will take it to be the
lightest sterile state although it could be any other. As
shown above, this can happen in a region of parameter
space with effective decoupling of the first state. A more

PHYSICAL REVIEW D 90, 065033 (2014)

precise estimate of ANBEN is given from solving the
Boltzmann equations reviewed in Appendix A. We con-
sider two cases:

(1) The unknown mixing parameters (i.e. the Casas-
Ibarra parameter of the matrix R and the CP phases)
are fixed by minimizing f (7T'max) and £, (Tmax) as
a function of m; and M, and for fixed values of M,
and Ms;.

(i) The unknown parameters correspond to those that
satisfy f (Tmax) = LOMiIn[f (T )] (ie. the light-
est sterile state does not thermalize, but the thermal-
ization rate is ten times larger than its minimum) and

minimize f, (T )-

In Fig. 5 we show the contribution } _;_, ;AN, észBN for

the NH (IH) cases. It is approximately the same as that

found in the 3 42 model [67] and independent of m
and M. On the other hand, the contribution AN&EBBN
depends strongly on m; and it is roughly ten times larger
in the second case than in the first, as expected from
Fig. 2. Assuming that the contribution of the nonthermal
state is negligible, the model is still strongly disfavored
if Mz, M, < 100 MeV, as explained above. The case with

< 100 MeV <« M3 could be barely compatible with
BBN and CMB constraints if M, < eV. The allowed ranges
of the M; are qualitatively depicted in Fig. 6.

When M,, M5 are above 100 MeV, the only contribution
to AN would be that of the lighter state. In Fig. 7 we
show the contour levels for AN&-EBBN as obtained from the
Boltzmann equations from the ratio of energy (number)
densities of the j = 1 sterile state and one standard neutrino
at BBN [see Eqgs. (A18) and (A19) in the appendix], versus
my and M, assuming no lepton asymmetries. In the case of
degenerate heavier states significant lepton asymmetries

Log,o[M>(MeV)]

NH \

of I op 06 03 i

1.2 J

Log,o[M3(MeV)]
R
Log,o[M>,(MeV)]

) Y R
Log,o[M3(MeV)]
FIG. 5 (color online). 23AN£f2BBN for my <m¥, as a
function of M, and Mj3. The thick lines correspond to present
BBN bounds.
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FIG. 6 (color online). Allowed spectra of the heavy states M;
for m; < m‘]h. The unconstrained mass could be any i = 1,2,3.

can be produced [68], which can modify significantly the
production of the lighter state [68—70]. We will explore
systematically that region of parameter space in a future
work, but here we consider only the nondegenerate case
where asymmetries are not expected to be of relevance.
In the figure we also included the line, enclosing the
shaded region, corresponding to Q, h* = Q,,h* = 0.1199,
which is the result from the PLANCK collaboration in a
ACDM model [24]. In the shaded region the sterile state
contributes too much to the matter density and therefore is
excluded. Further constraints from Lyman-a and x rays can
be found in the recent review [16], and based on the Pauli

Logo[mi(MeV)]

Log;o[M(MeV)]

FIG. 7 (color online). Contour plots for ANSEBBN =
107',1072,1073 defined by the ratio of the energy density of
the j = 1 sterile state and one standard neutrino as a function of
m; and M. The solid (dashed) lines correspond to the contours
of the ratio of sterile to active number (energy) densities. The
shaded region corresponds to Qxlhz > 0.1199 and the dashed
straight line is roughly the one corresponding to decay at
recombination. The heavier neutrino masses have been fixed
to M,3 =1 GeV, 10 GeV and the unconstrained parameters have
been chosen to minimize f(Tp.y) and fo(Tpa). The light
neutrino spectrum has been assumed to be normal (NH).

PHYSICAL REVIEW D 90, 065033 (2014)

exclusion principle and Liouville’s theorem in [71]. The
almost vertical dashed line corresponds to decay roughly at
recombination, which means that in the region to the right

of this curve, the j = 1 state decays before, and contributes

as extra radiation, roughly ANgf)BBN X %g, which is much

dec

larger than one in the whole plane and is therefore
excluded.

We note that for M in the keV range, where it could
be a warm dark matter candidate, the allowed region
requires m; < O(1075 eV), which is in good agreement
with the bound derived in [15].

We have also studied the case where it is the j = 2 state
that does not reach thermalization, with M; = 0.5 eV,

Mj; = 1 GeV. The contribution of the j = 2 state, AN'})
is essentially the same as that shown in Fig. 7. In this
case the contribution of the lighter state is AN, gf)BBN =1,
because dilution is very small for such light masses.

All the results we have shown are for a normal hierarchy
of the light neutrino spectrum, but the results for IH are
almost identical if we exchange m; — ms.

VI. IMPACT ON NEUTRINOLESS
DOUBLE BETA DECAY

In the 3 + 3 seesaw models studied here the light and
heavy neutrinos are Majorana particles and, therefore, they
can contribute to lepton number violating processes such as
the neutrinoless double beta (f0v) decay. The spectra of
Fig. 6, allowed if m; < m'", will have important implica-
tions for this observable for two reasons: (1) the contribu-
tion of the light neutrinos to the amplitude of this process,
mgg, depends strongly on the lightest neutrino mass and
(2) sterile states with masses below 100 MeV could also
contribute significantly to this amplitude. The contribution
of states with masses well above 100 MeV would be
generically subleading [72,73].

If the three heavy states are well above 100 MeV, myy is
the standard result for the three light Majorana neutrinos. It
is shown by the well-known colored bands on Fig. 8 as a
function of the lightest neutrino mass, for the two neutrino
hierarchies. If one of the states, for example j = 1, is in the
range [1 eV, 100 MeV], we have seen that it cannot have the
thermal abundance which requires an upper bound on
the lightest neutrino, m; < 1073 eV, shown by the vertical
dashed grey line. In this case, the sterile state can give a
relevant contribution to the amplitude of the process and
mg reads

mgs = €myciycly + ePmyctyst, + mysty 4+ (Uyg)24M.
(26)

The maximum value of the extra term (with the constraints
that the corresponding sterile state does not thermalize, i.e.
fs,(Tmax) < 1, and it does not contribute too much to the
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FIG. 8 (color online).  mgy as a function of the lightest neutrino
mass: contribution from the active neutrinos (red and blue
regions) and the maximum contribution of the lightest sterile
neutrino, for M; =1 eV (solid), 100 eV (dashed), 1 keV
(dotted), for NH (blue) and IH (red) restricting Qxlh2 <0.12
and f (Tmax) < 1, for M, 53> 100 MeV, as a function of the
lightest neutrino mass. The shaded region is ruled out for M, €
[1 eV-100 MeV] by the thermalization bound on the lightest
neutrino mass, m; < 107 eV.

energy density, Qslh2 <0.12) is shown by the lines for
M, =1¢eV,100eVand 1 keV, as a function of the lightest
neutrino mass, nygy = my(ms) for NH (IH).

Figure 8 shows that the quasidegenerate light neutrino
spectrum is ruled out for M; € [1 eV-100 MeV]| and
M, 3 > 100 MeV. The region of the parameter space in
which a cancellation can occur in the active neutrino
contribution is also excluded. It is remarkable that the
thermalization bound on myjgp, is around two orders of
magnitude stronger than the present constraint on the
absolute neutrino mass scale from Planck [24]. On the
other hand, we can also conclude that the contribution
of the lightest sterile neutrino to the process is sub-
leading and well below the (optimistic) sensitivity of
the next-to-next generation of pp0v decay experiments,
1072 eV. This is so, independently of the light neutrino
hierarchy.

Finally, there is a still plausible possibility of having a
significant contribution to the ff0v decay from a sub-eV
thermal sterile neutrino which can satisfy the cosmological
bounds. For example, if f (T ) > 1 with M, <1 eV and
M, 5 > 100 MeV, the lightest sterile neutrino could give a
significant contribution to the process. However, for such a
low M, scale, the constraints from neutrino oscillations are
expected to be very relevant. Therefore, this case deserves a
more careful analysis which should also face the possibility
of explaining the neutrino anomalies. This would also
apply to the scenario where M; <1eV, 1eV<M, <
100 MeV and M5 > 100 MeV, if m; <m'". The two
lighter states would contribute to ff0v. The contribu-
tion of M, would be similar to that of M, in Fig. 8,
while that of M, would depend significantly on oscillation
constraints.

PHYSICAL REVIEW D 90, 065033 (2014)
VII. CONCLUSIONS

We have studied the thermalization of the heavy sterile
neutrinos in the standard type I seesaw model with three
extra singlets and a low scale, eV < M ; <100 MeV. The
production of the states in the early Universe occurs via
nonresonant mixing (in the absence of large primordial
asymmetries) and we have found that, independently of the
unknown mixing parameters in the model, full thermal-
ization is always reached for the three states if the lightest
neutrino mass is above O(1073 eV). Since they decouple
early, while they are still relativistic, these states either
violate BBN constraints on AN and/or contribute too
much energy density to the Universe at later times, either in
the form of cold dark matter (if they decay late enough) or
in the form of dark radiation (if they decay earlier).
Majorana masses would all need to be heavier than
O(100 MeV) to avoid cosmology constraints, or alterna-
tively one of them could remain very light sub-eV, resulting
in a milder tension with cosmology.

In contrast, if the lightest neutrino mass is below
O(1073 eV), one and only one of the sterile states might
never thermalize, depending on the unknown parameters of
the model, and therefore its mass is unconstrained. The
other two states always thermalize and therefore their
masses should be above O(100 MeV) to avoid cosmo-
logical constraints. The scenario often referred to as the
vMSM [15] falls in this category, where the nonthermalized
state in the keV region could be a candidate for warm dark
matter [8,11] and the heavier states could generate the
baryon asymmetry [14]. In fact, a more stringent upper
bound on m; had been previously derived from the
requirement that M; ~keV and could be a warm dark
matter candidate [15]. Alternatively, the tension with
cosmology could also be minimized in this case if one
of the two thermalized states is very light sub-eV and the
other remains heavy.

Although the possibility of having one of the species
in the sub-eV range could provide an interesting scenario
to maybe explain the neutrino oscillation anomalies,
the tension between cosmology and neutrino oscillation
experiments is likely to be significant.

Finally, we have also studied the impact of the cosmo-
logical bounds extracted in this work on the Sf0v decay
phenomenology. We have found that if one of the sterile
neutrinos does not thermalize, the quasidegenerate light
neutrino spectrum would be ruled out. The region of the
parameter space in which a cancellation can take place in
the active neutrino contribution is also excluded in this
scenario. In addition, we have also shown that the con-
tributions of sterile states with M, € [1 eV-100 MeV] are
subleading and well beyond the sensitivity of the next-to-
next generation of fA0v decay experiments. However, a
sub-eV thermal sterile state could give a contribution, in
this scenario, within reach of the next-to-next generation of
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pPO0v decay experiments, the constraints from neutrino
oscillations playing a very important role.
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APPENDIX:

In the density matrix formalism [54], the kinetic
equations have the usual form:

. . 1

p=~ilH.p] = 5{T.p = pegla}. (A1)
where p is the 6 x 6 density matrix, H is the Hamiltonian
describing the propagation of relativistic neutrinos in the
plasma, I' is the collision term that we take from
Refs. [56,57] and Peq is the active neutrino thermal density,

i.e. the Fermi-Dirac distribution peq = —7r-7, in the absence

of a chemical potential. I, is the projector on the active
sector. The trace of the density matrix corresponds to the
number density of neutrinos.

Rewriting Eq. (A1) in the form of active-sterile block
matrices we get the following set of equations:

Pa=—i(Hapy —paHy + HAS/)LS _PASHZS)

1
_E{FA?/)A —PquA}, (A2)

. . 1
pas = —i(Hppas — paH ps + Hysps — pasHs) — T apas.

2
(A3)
ps = —i(Hgpps — phsHas + Hsps — psHs).  (A4)
Ps W pgPAs — Pastias sPs — Pstlg)-
Assuming that I'y > Hubblerate, we can approximate

Pa = pas =0. (A5)
This is the so-called “‘static approximation” [33,69,70].

The first equation implies p4 = peql4, while the second
equality implies

PHYSICAL REVIEW D 90, 065033 (2014)

(Pas)ai = (—(Hy — Hil,) + iC4/2)70 (Has)wj((ps)i

- peq(sji)f (A6)

where we have made the approximation that (Hy);; =

H i6;;, which is very good in the seesaw limit. Similarly
we find

T

(ijs)ia = ((/)S)ij _Peq5ij)(HAs)ja’(_(HA - HiIA)

— il /2)7 (A7)

Defining pg = pg — peqls, and after substituting p,g and
pj; ¢ in Eq. (A4), we get the following equation:

(ﬁs)ij = _i(ﬁi - I:Ij)(ps)ij
— i(Hyg) yi(—(Ha = I:]jIA)
+i0a/2) % (Has) ki
+ ipu(Hys) gx(—(Ha — Hil )

—iTx/2) 5t (Has) o) (A8)
It is clear that the equilibrium distribution for the sterile
components is p;; = 0 0Or p;; = peyd;;.

At this point it is necessary to solve the 3 x 3 system of
differential equations (AS8), but we can further simplify the
problem if we assume that the dynamics of the different
sterile components decouple from each other, which is the
case provided their masses are sufficiently different. Since
H,s depends on temperature, if the sterile splittings are
significantly different from each other, we will generically
have that H,¢ will be very suppressed unless the temper-
ature-dependent effective mass is similar to one of the mass
splittings. Let us suppose that this is the case. At high 7 all
active-sterile mixings are very suppressed, until one split-
ting that associated to the sterile state s is reached; at this
point only (Hyg),, is non-negligible. Then only (pg),,
changes significantly and can be described by

1
h = —i| H} _
Pss < AS{—(HA—HS)—HFA/2
1 }H ) -
- ~ . AS Pss
_(HA - Hs) - ll—‘A/2 s

}HAs)mﬁm, (49)

(o
“S\(Hy - H,)? +13/4

where in the last step we have assumed that H,, I,
commute, which again is a good approximation in the
seesaw limit. This equation justifies Eq. (6), since the
source term on the right of Eq. (A9) is the same as I'; in
Eq. (6) if we neglect the term ~I'} in the denominator. We
have checked that the result of solving the three coupled
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equations or the three independent ones gives very similar
results and the latter is obviously much faster.

Now we have to consider the evolution in an expanding
universe, where the variation of the scale factor a(r)
depends on the Hubble expansion rate, which, in a
radiation-dominated universe at temperature 7', is given by

H(T) = \/8”3GN <73rog*(T)T4 + es(T)>7 (A10)

where g, counts the relativistic degrees of freedom and we
have included the contribution to the energy density of the
sterile states, e, which must be computed integrating the
trace of the density matrix, pg. As in Ref. [33] we introduce
new variables:

a(t) p

X = , y=x ,
N Tgpn

(Al1)

where a(¢) is the cosmic scale factor, Tggy = 1 MeV is the
temperature of active neutrino decoupling and appy the
scale factor at this point. On the other hand, entropy
conservation implies g, (7)T>a(t)® = constant (here gg,
refers to the relativistic degrees of freedom in equilibrium;
it differs from ¢, in the Hubble expansion only after light
neutrino decoupling). This relation implies

_ Teen (QS*(TBBN)> 13

We neglect the contribution of the sterile states to g,
because they decouple very early and therefore they give a
small contribution.

The time derivative acting on any phase space distribu-
tion can be written as

(A12)

©Fp) = (0, = Hpd, ) f(1.p) = Hxdf(x.7).  (A13)

Applied to Eq. (A1) this leads to

A

Hxa%p@, I, = =ilf.plx.y)

- % {T.p(x.) = peq(x, ¥)1a},  (Al4)

PHYSICAL REVIEW D 90, 065033 (2014)

where

1
exp [y(gS*(T(x))/gS*(TBBN))]/3] +1

peq(xv y) =

(A15)

and for Eq. (A9) similarly

. T, ~
=—| H, = H o5 (X, V).
( AS{(HA—HX>2+F3/4} A‘*)”p (v.7)

(A16)

The equations are evolved from an initial condition at
x; = 0, pg = 0, until active neutrino decoupling, x; = 1
for fixed y. We define the effective number of additional
neutrino species by

€
ANy =

2, Al7
: (A17)

where ¢ is the energy density of one SM massless

neutrino. For each additional neutrino we compute the
contribution to AN from the solution of p , (xf,y) as

BBN _ fdyyzE()’)ﬂijj (x7,5)

AN _
ot 1 L dyy? p(y)peq (X7 )

. (A18)

p(y)* + M3,
We can also define the ratio of number densities

instead, which is more appropriate when they are not
relativistic,

where p(y) = %TBBN and E(y) =

(j)BBN - fdyyzps/-s/-(xf’y)

AN = .
ef |number f dyyzpeq (xf7 y)

(A19)

The two correspond to the solid/dashed curves depicted
in Fig. 7.
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1 Introduction

One of the interesting potential implications of (Majorana) neutrino masses is the gener-
ation of a matter-antimatter asymmetry in the Universe. It has been demonstrated that
the generation of sizeable leptonic asymmetries, leptogenesis, is generic in extensions of the
Standard Model that can account for neutrino masses [1]. In particular two new ingredients
are essential for this mechanism to work: the existence of new weakly interacting particles
that are not in thermal equilibrium sometime before the electroweak phase transition and
the existence of new sources of CP violation.

Leptogenesis from the out-of-equilibrium decay of heavy Majorana fermions that ap-
pear in type I seesaw models [1] has been extensively studied (for a comprehensive re-
view see e.g. [2]). The simplest version requires however relatively large Majorana masses
> 108 GeV [3, 4] (or > 106 if flavour effects are included [5]), which imply that this scenario



would be very difficult to test experimentally. It is possible to have sizeable asymmetries
for smaller masses if a large degeneracy exists, through resonant leptogenesis [6].

On the other hand, for Majorana masses in the GeV range, when the neutrino Yukawa
couplings are small, another mechanism might be at work. In particular, the non-equilib-
rium condition takes place not in the decay, but in the production of the heavy sterile
neutrinos. The small Yukawa couplings imply that some of the species might never reach
thermal equilibrium and a lepton asymmetry can be generated at production and seed the
baryon asymmetry in the Universe. This mechanism was first proposed by Akhmedov,
Rubakov and Smirnov (ARS) in their pioneering work [7] and pursued, with important
refinements in refs. [8, 9]. For a recent review and further references see [10]. In most
of these works, the case of just two extra sterile species is considered, which is also the
limiting case of the so-called YMSM where there are three species, but one of them plays
the role of warm dark matter (WDM) and is almost decoupled, having no impact in the
generation of the lepton asymmetry. When the mechanism involves just two species, it
has been found that the observed baryon asymmetry is only possible if the two states are
highly degenerate in mass. This however was not the conclusion of the ARS paper.

The purpose of this paper is to explore systematically the parameter space in the case
of three sterile species (which encompass the one with two neutrinos) as regards the baryon
asymmetry, in particular we do not want to restrict the parameter space to have a WDM
candidate. The model has many free parameters (only 5 out of the 18 parameters are
fixed by the measured light neutrino masses and mixings) and the exploration of the full
parameter space is challenging. Only with the help of approximate analytical solutions to
the kinetic equations this task is feasible. The analytical solutions furthermore allows us
to identify the relevant CP invariants and to reach regions of parameter space where the
equations become stiff and very difficult to deal with numerically.

The paper is organised as follows. In section 2 we present the model, which is essen-
tially a generic type I seesaw model, establish the notation and discuss on general grounds
what are the CP reparametrization and flavour invariants we expect to find in comput-
ing any CP violating quantity such as any putative lepton asymmetry. In section 3 we
present the kinetic equations that describe the production of sterile neutrinos and solve
them analytically via a perturbative expansion in the mixing angles up to the third or-
der. In section 4 we compare the analytical and numerical solutions for several choices of
the parameters, and identify the region of parameter space where the analytical solution
accurately describes the numerical one. In section 5 we use the analytical solutions and
perform a Monte Carlo scan (using the software package MultiNest [11, 12]) to find re-
gions of parameter space that can reproduce the observed baryon asymmetry, and that are
compatible with the measured neutrino masses and mixings. In section 6 we conclude.

2 Minimal model of neutrino masses

We will concentrate on the arguably simplest model of neutrino masses that includes three
right-handed singlets. The Lagrangian is given by:

3
_ L 1.
L=Lsy— Y LYY ONp— > g NEMYNg + .,

.l i,7=1



where Y is a 3 X 3 complex matrix and M a diagonal real matrix. The spectrum of this
theory has six massive Majorana neutrinos, and the mixing is described in terms of six
angles and six CP phases generically. One convenient parametrization for the problem at
hand is in terms of the eigenvalues of the yukawa and majorana mass matrices together
with two unitary matrices, V and W. In the basis where the Majorana mass is diagonal,
M = Diag(Mj, My, Ms3), the neutrino Yukawa matrix is given by:

Y = ViDiag(y1,y2, y3)W. (2.1)

Without loss of generality, using rephasing invariance, we can reduce the unitary matrices
to the form:!

W= U(9127 613, 923, (S)TDlag(l’ eia17eio¢2)’

V = Diag(l,ewl,ei¢2)U(9_12,§13,§23,5), (22)
where?
cosf; sinf; 0 cos 05 0 sin fye % 10 0
U(61,02,05,0) = | —sinf; cosfy 0 0 10 0 cosfl3 sinfs
0 0 1 — sin f2€™ 0 cos by 0 —sinf3 cosf3
(2.3)

Obviously not all the parameters are free, since this model must reproduce the light neu-
trino masses, which approximately implies the seesaw relation:

V2 1
~_—Yy—YT 2.4
my 9 M 5 ( )

where v = 246 GeV is the vev of the Higgs. On the other hand, the known neutrino masses
and mixings do not give us enough information to determine the Majorana spectrum, not
even the absolute scale. Very strong constraints can be derived from neutrino oscillation
experiments for masses below the eV range [13-16]. Cosmology can exclude a huge window
below 100 MeV [17-22], except maybe for one species that could be lighter provided the
lightest active neutrino mass is below < 3 x 1073eV [20, 21]. The GeV range is interesting
because an alternative mechanism for lepton asymmetry generation could be at work [7—
9]. Majorana neutrinos in this range are heavy enough to safely decay before Big Bang
Nucleosynthesis, while they are light enough that they might have not reached thermal
equilibrium by the time of the electroweak phase transition (EWPT), behaving as reservoirs
of a putative lepton asymmetry.

Our goal in this paper is to explore the full parameter space of this model allowed by
neutrino masses, as regards leptogenesis. An essential condition will be that at least one
of the sterile neutrinos does not reach thermal equilibrium before the EWPT. This can be
ensured assuming a large hierarchy in the yukawas [7]:

Y3 < Y1, Y2- (2.5)

! Although we use the same notation for the mixing angles and phases of W as those in the usual PMNS
matrix, they should not be confused.
2Note the unconventional ordering of the 2x2 rotation matrices in U.



It is mandatory, however, to have an accurate analytical description, since the uncon-
strained parameter space is huge. We will solve the quantum kinetic equations in a per-
turbative expansion in the mixings in the next section. Since the lepton asymmetry is
necessarily a CP-odd observable, on general grounds we can derive what are the expecta-
tions in terms of weak-basis CP invariants.

2.1 CP invariants

In [23], weak basis (WB) invariants sensitive to the CP violating phases which appear in
leptogenesis, within the type I seesaw model, were derived. All of them should vanish if
CP is conserved, and conversely the non-vanishing of any of these invariants signals CP
violation. They must be invariant under the basis transformations:

b, — Wilp,
NR — WRNR . (2.6)

Defining h = Y'Y, and Hy; = MTM, a subset of the invariants can be written as:

I, = ImTr[hHp M*h*M], (2.7)
I, = ImTr[hH3 M*h* M),
I3 = ImTr[hHy M*h* M Hyy]. (2.9)

Since the I; are WB invariants, we can evaluate them in any basis. In the WB where the
sterile neutrino mass matrix M is real and diagonal, one obtains:

I = MiMyAMZTIm(h3y) + My M3AMZTm(h33) + Mo MsAMaIm(h3s),  (2.10)
Iy = MyMy(M3 — M Im(h3,) + My Ms(M§ — M} Im(h33)

+Mo M (Mg — My)Im(h3;), (2.11)
I3 = MPMZAMZTIm(h3,) + M MEAMZ Im(h35) + M3 M3 AMZIm(h3;), (2.12)

where AM% = M? - Mj2 and, using the parametrization of eq. (2.1)

m(h;) = Im[(YTY) Zyayﬁ Im([W5 Wi Wa; W] - (2.13)

It is explicit in the above expression that such unflavoured invariants depend only on the
CP phases of the sterile neutrino sector, which are encoded in the unitary matrix W: one
Dirac-type phase, § and two Majorana-type phases a1, as. Not surprisingly, these invariants
are the relevant ones in unflavoured leptogenesis, i.e., in the conventional computation of
the CP asymmetry generated by heavy Majorana neutrino decay neglecting flavour effects.

The combinations of W matrix elements which appear in Im(hfj) can be expressed in
terms of the rephasing invariants defined in [24] as follows:

(Wi W5, Wo; Wy (Wa; W)

(2.14)



Notice that Jy = iIm[WaiWEiW;jW[gj] is the Jarlskog invariant for the matrix W,
while the quantities Im[(W,;W?,)?] determine the Majorana phases, 2. When consid-
ering processes, such as heavy neutrino oscillations, where the Majorana nature does not
play a role, only the Dirac phase § will be relevant and therefore we expect to find just the
Jarlskog invariant of the matrix W.

Since there are six independent CP-violating phases, it is possible to construct three
more independent WB invariants, which would complete the description of CP violation
in the leptonic sector. One simple choice are those invariants obtained from I; under the
change of the matrix h by h = YTh,Y, with hy = )\@)\Z, being Ay the charged lepton Yukawa
couplings, i.e.,

I = ImTe[Y T heY Hy MY TR Y * M, (2.15)
and analogously for I, Is. The corresponding CP odd invariants are Im(ﬁ?j), which in the
basis where also the charged lepton Yukawa matrix is real and diagonal can be written as:

Im(h7;) ZVV Im([Yy;Ya; Y3 Y5] - (2.16)

The lepton number (L) violating part of the flavoured CP asymmetries in leptogenesis
depends on the above combinations [25]:

= Im[Y}Ya; Ye Vil f (M, M), (2.17)

where f is an arbitrary function. Upon substitution of the neutrino Yukawa couplings as
given in eq. (2.1) can be written as:

Cla = D D o s U3 T[W5, Voo Vi Was Wi Wos  F(Mi, M) (2.18)
i B0
These asymmetries contain the additional rephasing invariants of the form Tm[W},Vsa Vs, Ws,1,
which depend on the phases in the matrix V (3, ¢1, ¢2), showing that the flavoured CP
asymmetries of leptogenesis are also sensitive to the CP phases in the V leptonic mixing
matrix, besides those in W.

Alternatively, we choose to construct the WB invariants which will appear when the
Majorana character of the sterile neutrinos is not relevant, i.e., L-conserving ones. These
are given by:

I} = ImTr[hH3;hH )]
= MZMIAMZAIm(hiohay) + MEMEAMZ Im(hi3hs;)
+M3EMZAMZIm(hozhaa), (2.19)
I, = ImTr[hH3 hH )yl
= MEIMZ(MF — M) Im(hioher) + MEMZ (M3 — M{)Tm(hzhs;)
+M3 M3 (Mg — My)Tm(hoghas), (2:20)
I = ImTr[hHyhHY,
= M{Mj{AMZIm(hiohay) + M M{AMZ Im(hi3hs;)
+ M3 My AMHIm (hozhas) (2.21)



where

m (hijhji) = Z)\Q Im[Yo: Y, Vs, Vi) - (2.22)

The L-conserving CP asymmetry in leptogenesis via heavy neutrino decay, as well as
the CP asymmetries encountered in leptogenesis through sterile neutrino oscillations, are
sensitive to the above combinations of Yukawa couplings [25]:

=D Im[Yo,Yo5Ys,Y5] f(Mi, My) (2.23)

where f is an arbitrary function, and can be written in terms of the rephasing invariants as:

= =D > ysysys Im[W5Vaa Ve W WoiWi] f(Mi, M) . (2.24)
Jj Bdo

Notice that the crucial difference between the L-violating and the L-conserving CP asym-
metries is that in eﬁx the combination of W matrix elements is such that all dependence
on the Majorana phases a2 disappears, as expected.

In the approximation of neglecting y3 < y1,y2, we obtain that Im[Yq,Y}; (YTY);5] =
> 5 Im[Yo,; Y Y3,V 5] reduces to

Im[Yai Yo (YIY)i5] = 033 (Vaal® = [Via|*) Im[Wi Wi W3, W]
+y1y2 { (131 Wail* — yi Wil *] Im[W5Vig Vi, Way)
+ [UE WP — 3| Wy ] Im W Vig Voo Wail } (2.25)

so in principle we expect that the lepton asymmetry will depend on ten CP invariants,
namely Im[W7 Vi, Vo Wo;l, with ¢ = 1,2,3 and a = 1,2, 3 and Jyy.

However, they are not all independent. In ref. [24] it has been shown that in the
minimal seesaw there are only six independent CP invariants that can be made out of the
matrices V,W. Two of them correspond to the Majorana phases of W, «aj2, which as
we have argued before will not contribute in the limit of small sterile neutrino Majorana
masses that we are considering. Other two are the equivalent of the Jarlskog invariants
for the matrices V, W and therefore determine the Dirac phases, 4,6, respectively. The
last two are of the form Im[W7Vi, Vs, Wo;l, for two reference values of i, c, that fix the
additional phases ¢ 2. Moreover, it can be shown that since we are neglecting the Yukawa
coupling ys3, the phase ¢ of the matrix V' does not appear in eq. (2.25), thus we are left
with only three independent invariants.

The unitarity of the mixing matrices V, W implies that

> ViaVs, =0, (2.26)

> WiWa =0, (2:27)

which allows to write the invariants Im[W75 Vi, Vsi Wa;] for @ = 2 in terms of those with
a = 1,3, and the invariants for ¢ = 2 in terms of the corresponding ones with ¢ = 1,3. By



exploiting the identities
Im[(W;V1a Vo, Wai) (Vo Vaa Vi, Vig)]

Im[WfZViBVQ*ﬁWQ’L] = |V1 VQ |2 7

(2.28)

we can write for instance one of the invariants with = 3 in terms of the invariant with
a = 1 and the Jarlskog invariant for V, Im[VQ":BVgan‘aVlB] =+Jy.

It is simpler, though, to write the results in terms of the following four invariants, even
if only three are independent, expanded up to 3rd order in the small mixing angles 0;;, éij:

1) = —Im[Wi, Vi Vi Waa] = 612015 sin ¢y,

I = Im[Wi, ViV Was] =~ 015013055 sin(5 + ¢1),

1Y = Im[Wi, Vi Vi Was] ~ 012013023 sin(5 — ¢1),

Jw = —Im[WosWaoa W5, W3] ~ 612613023 sin 6. (2.29)

A generic expectation for the CP-asymmetry relevant for leptogenesis is

ACP = Z |Yak|2 Aom (230)
a,k
with
Ao =) €= Zlm Yoi Yo (YY)i5] £ (M;, M;). (2.31)

Since the CP rephasing invariants are at least second order in the angles, we just need to
take the diagonal elements in Acp, to keep the result up to 3rd order. Then, in the limit
ys = 0, we get:

Acp = 3/1?/2 (y y1 Zlm leWUWngm]f(Mia M;)

e (3 — ) {1 0(0) = g0)] + 1V [g(M0) — g (M)} (232)
- 317 lg(M) — g(2)))
where
9(M;) = yi[f (M, M;) — f(My, My)] — g3l f (Mo, M;) — f(M;, My)] . (2.33)

From the above definition of g(M;), it immediately follows that g(M;) — g(Msy) =
(y3 — y3)[f (M1, M) — f(Ma, My)], so Acp simplifies to

Ace = yiu5(ys — y7) D Im[Wi W, Ws, W] f (M;, M;)

1,7
(i — D) {[ W3 — w1 — 31%] (1, M) — F(M, 21)]
+ IV [g(My) — g(Mg)]} : (2.34)

We will see in the next section that this is precisely the yukawa and mixing angle
dependence we will find when solving the kinetic equations, which is a strong crosscheck
of the result.



3 Perturbative solution of the Raffelt-Sigl equation

3.1 Sterile neutrino production

Our starting point is the Raffelt-Sigl formulation [26] of the kinetic equations that describe
the production of sterile neutrinos in the early Universe. The density matrix is the expec-
tation value of the one-particle number operator for momentum k: py(k) for neutrinos,
and py (k) for antineutrinos. We will assume that only sterile neutrinos and the lepton
doublets are out of chemical equilibrium, but assume that all the particles are in kinetic
equilibrium, using Maxwell-Boltzmann statistics:

pa(k) = Aapeq(k), Ay = el pa(k) = Aapeq(k), Aa=e ', (3.1)

where peq(k) = e ko/T with ko = |k|, and p, denotes the chemical potential normalised by
the temperature. We will furthermore neglect spectator processes and the washout induced
by the asymmetries in all the fields other than the sterile neutrinos and lepton doublets.
We expect this approximation to give uncertainties of O(1) which for our purpose is good
enough [27].

In [7], only the asymmetry in the sterile sector was considered, neglecting the feedback
of the leptonic chemical potentials. In this case, the equations get the standard form

. . 1

,ONZ—Z[H,,ON] _§{F7PN_peq}a (3.2)
and the analogous for py with H — H*, where H is the Hamiltonian (we neglect matter
potentials for the time being but we will include them later on)

(3.3)

AM?Z, AM?
H=WAWT, A = Diag <0,12 13) .

2ko 7 2k

I is the rate of production/annihilation of sterile neutrinos in the plasma, which is diagonal
in the basis that diagonalises the neutrino Yukawa’s:

r'= Diag(rlv FQ? 0>7 FZ X y227 (34)

where we assume y3 = 0. In deriving eq. (3.2) it is assumed that the particles involved
in the production/annihilation of the sterile neutrinos are in full equilibrium (all chemical
potentials vanish), and that kinematical effects of neutrino masses are negligible.

Note that only the matrix W appears in these equations and therefore any CP asym-
metry generated can only be proportional to the invariant Jy which depends at third order
on the mixing angles of W.

In [8] it was correctly pointed out that the asymmetries in the sterile sector will be
modified by the leptonic chemical potentials that will be generated as soon as sterile neu-
trinos start to be produced. Including the evolution of the leptonic chemical potentials has
two important consequences: new sources of CP violation become relevant and washout
effects are effective. Leptons are fastly interacting through electroweak interactions in the
plasma and therefore it is a good approximation to assume they are in kinetic equilibrium.



An important question is what is the flavour structure of these chemical potentials.
For T' < 10° GeV the Yukawa interactions of the tau and muon are very fast, which implies
that v will be diagonal in the basis that diagonalises the charged lepton Yukawa matrix,
since no other interaction changing flavour is in equilibrium before the heavy neutrinos
are produced. Note however that this is not the basis where the neutrino Yukawas are
diagonal, the two are related by the mixing matrix V. As a result, when the evolution
of the lepton chemical potentials is taken into account, the CP phases of the matrix V'
become relevant.

Adapting the derivation of [26] to this situation, we find that the evolution of the
CP-even and CP-odd parts of the neutrino densities: p+ = @ and the lepton chemical
potentials , uq, to linear order in u, p—, satisfy in this case:

,YCL _|_ ,yb
- PNV, g}

. A
iR Im[Y Y Jpeg + i {Tm[YTuY], pi },

P+ = _i[Hre>p+] + [Himyp—]

p— = —i[Hre, p-] + [Him, p+] — W{YTK p-}
YN ReY 1Y ] peq + %{Re[YTuY], P+,
flo = —fia (73Tr[YYT Io] + 72T [Re[YTIaY]m])
+(9 + ) Tr[Re[Y LY ]r_], (3.5)
where H,. = Re[H], Him = Im[H], I, is the projector on flavour o and ﬁ,’b,%‘f’b are the

rates of production/annihilation of a sterile neutrino or a lepton doublet neglecting all
masses, after factorizing the flavour structure in the Yukawas,

a 1 a
’VN(?Z) = o0 Z/ Peq(Pl)\Mgvgf,)))iIQ(%)%(k +p1—p2 — p3), (3.6)
2ko ; J/Dp1,p2,p3 ’

where k is the momentum of the N or v and a(b) refer to the s-channel (t,u-channels)
depicted in figure 1. In topology a the lepton and sterile neutrino are both in the initial or
final state, while topology b corresponds to those diagrams where one is in the initial and
other in the final state. Finally

i Sorpap P2 (POIMETP(2m) 5 (k 4 p1 — p2 = py)
5 Jon pap Pea(PUIM 2@m)16(k + 1 — p2 — p3)
A similar derivation can be found in [28] and we agree with their findings.

These equations reduce to those in eq. (3.2) in the limit z — 0 with I'; = y2(7% +1%,).
Most previous studies have assumed that the rates are dominated by the top quark

Ty (3.7)

scatterings. In this case, the rates are given (in the Boltzman approximation) by the
well-known result [29, 30]

3 y2T?

607 ko (3.8)

’Y?v,Q = 2’)’7{7,@ = 273,@ = 4’73,@ =
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Figure 1. a,b topologies for annihilation/production of sterile neutrinos.

The factor of 2 difference between the rates of the IV and the v is due to the fact that the
lepton is a doublet and the sterile neutrino is a singlet. Note that there is a non-linear
term of the form O(up4), as first noted in [28]. More recently in [31], the equations have
been written in terms of the up_r, /3 chemical potentials, however not all the chemical
potentials (e.g. higgs and top quark) have been included. A full treatment including all
chemical potentials will be postponed for a future work, but we expect that including these
spectator effects will change the results by factors of O(1).

In [30, 32], it has been pointed out that the scattering processes LN +> WH get a
strong enhancement from hard thermal loops and are actually the dominant scatterings.
The results of [30, 32] however do not include the chemical potentials of spectators, so it
is not clear how to include them consistently in the above equations. We will neglect these
effects in the following. Note however that the lepton flavour structure of these and of the
top quark scatterings is the same.

It is easy to see also that total lepton number is conserved as it should:

23 fio + Trlf_] = 0. (3.9)

Two approximations are often used in solving these equations: 1) assume that the mo-
mentum dependence of p+ follows that of peq, i.e. kinetic equilibrium for the sterile states,
which implies r4+ = p4/peq are constants and the integro-differential equations become just
differential equations, 2) neglect the kg dependence of the rates by approximating

—1
(ko = TT (3.10)

The effect of these approximations has been studied numerically in [28] and the results do
not differ too much. We will therefore adopt both approximations that simplify consider-
ably the perturbative treatment.

~10 -



3.2 Lepton asymmetries in the sterile sector

We are going to solve these equations perturbing in the mixing angles up to third order.
We first consider the simpler case, neglecting leptonic chemical potentials and considering
in turn the evolution in a static Universe and in the expanding case.

3.2.1 Static Universe

We start with eq. (3.2) and assume y3 = 0. In this case, neither H nor I depend on time.
Defining pnij/peq = aij +ib;; and taking into account the hermiticity of py we change the
matrix equation into a vector equation:

r = (a11, azz, a12, b1, a13, b13, azs, bez, ass). (3.11)
At 0-th order the system of equations of eq. (3.2) can be rewritten as
70 = Agr©® 4 p, (3.12)
with
ho = (I'1 peqs I'2peq, 0, - . . .0), (3.13)

and the matrix Ay is constant and has a block structure:

(Ar)axa 0 0
Ag=| 0 (Arr)axa 0 |, (3.14)
0 0 0
-Iro O 0 —I1/2 =A13 0 0
a—|0 o 0 | A —Ti/20 0
0 o Dz A, [T lo 0 L2 Arg — A
Ap Dbk 0 0 —(Agp — Agg) =12

(3.15)

The matrix can be easily diagonalised and exponentiated so the general solution to the
equation is

¢
rO(t) = eAOt/ dz e~ 40%hy. (3.16)
0

At the next order we have to keep O(6;;) in the Hamiltonian and translate the matrix
form into the vector form:

—i[HD, pO )] = 4,70, (3.17)
The equation for the first order correction to the density is

7D = Agr® 4 40O ). (3.18)

- 11 -



The solution at this order is therefore
t
r(t) = Aot / dze= 0% A1) (2). (3.19)
0

We can iterate this procedure to get the correction at order n:

) () = Agr(™ —i—ZAr" ), (3.20)
with solution
t n—1 '
() (t) = eAOt/ dzeAo® Z A;r(=) (). (3.21)
0 i=1

We can define the evolution operator
Up(t, ) = elote=AoT, (3.22)

so that the solution can be written as

n—1

() (t) :/ dx Up(t,x) > A (). (3.23)
0 i=1

As a first estimate of the leptonic asymmetry that can be generated, we are interested in

Apss since this is the sector that will never reach equilibrium (in the absence of mixing)

and therefore can act as reservoir of the leptonic asymmetry until the electroweak phase

transition [7].

One can easily compute the solution of the eq. (3.21) up to order n = 3, which is the
first order that gives a non-vanishing result, as expected from general considerations on
CP invariants. The result at finite ¢ is not particularly illuminating but the limit ¢ — oo
is rather simple:

A -0 T T9)A19A13(A12 — A
i 8P33 _ i PN33 — PN33 _ 2y (I —T2)A12A13(A12 13)

t=00  Peq t—00 Peq [A%g r2 } [(AIQ — Als) 1:1%

(3.24)

A few comments are in order. We have not assumed any expansion in I'; in this expression,
only in the mixing angles. According to general theorems the equations should reach a
stationary solution if all the eigenvalues of the matrix Ag + A1 + Ay + ... are real and
negative. However, because I's = 0, one of the eigenvalues of Ay vanishes and it is lifted
only at second order in perturbation theory, ~ HZQSF“ therefore we expect the perturbative
expansion should break down for ¢ ~ W’ which is the time scale of equilibration of the
third state. On the other hand, if  is small the perturbative solution should be accurate
for times t > Fl @) Indeed this is precisely what we find comparing the perturbative and
numerical solutions in figure 2.

The result is proportional to Jy which is the only CP rephasing invariant that can
appear in this case. The result vanishes if any two of the masses or the yukawa’s are
degenerate, since the CP phase would be unphysical in this case.

- 12 —
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Figure 2. Comparison of numerical (blue) and perturbative (red) solution for Apss as a function
of time, in the case with no expansion of the Universe. The two curves are indistinguishable (left
plot) until large times (right plot): the vertical line on the left plot corresponds to (63,I'1)~!, while
those on the right one correspond to I'y L and 1";1 respectively.

3.2.2 Expanding Universe

Let us turn now to the realistic case of an expanding Universe. As usual, we will consider
the evolution as a function of the scale factor x = a, in such a way that the Raffelt-Sigl
equation becomes

d 0 , 1
— = eHy(r)5=p(e,y) = —ilH(z,y), p(z,y)] — S{L (@), p(2,y) — peq(y)},
dt ox fixed y 2
(3.25)
: _ [4mSg (1) T2 =P i
where H,(z) is the Hubble parameter, H, = T i and y = £ Assuming for

simplicity a radiation dominated Universe with constant number of degrees of freedom,
during the sterile evolution time we can assume z1'= constant that we can fix to be one.
Therefore the scaling of the different terms is

H(z,y) = :cI/VA

5 (3.26)

M2 C; 1
X

WT, [i(x) = —, xHy(x) = e’
b

where M7 = Mpianck and ¢, (7Tp) is the number of relativistic degrees of freedom

45
4m3 g4 (To)
in the plasma during the sterile evolution.

Therefore the equation as function of x is:

. . 1
p=—iz’ [WAW?, p] = {3, p = peq} (3.27)
where we have defined
AM?

The perturbative expansion works as in section 3.2.1, but now all the A, (z) are z-depend-
ent: A,(z) with n > 1 scale like the Hamiltonian, ie. 22, while Ag(x) contains terms that
scale with 22 and others that do not depend on z. Fortunately, there is an important

~13 -



simplification in that Ag(z) can be diagonalised by an z-independent matrix, therefore the
path-ordered exponential can be easily evaluated. The result can be written in the same
form of eq. (3.23), with the evolution operator given by

Up(t,r) = elo Ao@)dz =[5 Ao(u)dy, (3.29)

At third order in the mixings, after algebraic simplifications and partial integrations,
the result can be given in terms of integrals of the form

t . 1:13 r1 . z% Tn—1 . z%
Jn(a1, By .oy 0, B, t) E/ dxle’a13+ﬁ1x1/ dage’®2s Thee2 / dape’on 3t
0 0 0

(3.30)

where «; are combinations of A;; and 3; are combinations of ;. Up to third order in the
perturbative expansion only integrals with n < 3 appear.

Since we are in a regime where v; < |Aij|(1/ 3) | the integrands are highly oscillatory
and hard to deal with numerically. To evaluate the integrals, we separate the integration
interval [0,t] = [0, o] + [to, ] with ¢y such that to|A;;|*/? > 1 and toy; < 1:

Jn(Oél, 517 c ooy Qlp, ant) — Jn(alvﬁh LI anvﬁna tO) + AJn(ahBl? LI a’nvﬁna t07t)' (331)

To solve the integrals up to ¢y we can safely Taylor expand in f; (which results in an
expansion in 71 2/|A;;|) and write the integrals in terms of simpler integrals of the form:

t P xr1 3 Typ—1 3
.ajzy L apTH -anTy
Jnk(a1, ..., an,t) E/ dxlxlfl e s / d:chSQ e s / d:cna:ﬁ” e s,
0 0 0
(3.32)

up to third order in the f3; expansion we just need integrals with n + ), k; < 3. We can
use the relation

T [Fn(x)] =2 5, (3.33)
with
n— n 1 1
F.(a,z) = —3T2(—ia)_% r [ —;n’ —3iax3] , (3.34)

to evaluate immediately the one-dimensional integrals in terms of incomplete I' functions.
The integrals in the range [to,t] can be approximated by the large ¢ behaviour of the
Jin(a, t) functions, after resumming the Taylor series in f3;. Further details are presented
in appendix A.

The finite ¢ dependence of the asymmetry Apss is rather complicated, but the asymp-
totic value is non-zero and rather simple:

. A -
lim =38 —Jwyye(r2 — ) tliglo Im[J30(A12 — A1z, —Aig, Ays, 1)

t—o0 peq
+J30(A12 — A3, A13, —A12,t) + J30(A13, —A12, A1z — As3, 1)
+J30(A13, A1z — Ayz, —Aqa, t)]. (3.35)

— 14 —



This can be simplified to

. Apss Mv2(v2 — 1) { <A12 A13) ( JAND Az:s)]
lim —— = —J Im [I(——,——= | +IT|(—"=,—= 1,
t=00  Peq W(A13A12A23)1/3

where

00 N:
I <A2,A3> = (A1A2A3)1/3/ dl'elAlT Jlo(AQ,x)Jlo(Ag,l'). (3.37)
A A 0

Comparing eq. (3.36) and eq. (3.24) we see that in the expanding case the asymmetry
is cubic in v; and not linear. Note that the dependence on the yukawa’s is precisely that
expected from a flavour invariant CP asymmetry. In fact this is effectively the situation in
the expanding case, because the asymmetry is generated at times ¢ < ;" 1 and the depen-
dence in the yukawa’s in this regime is therefore perturbative. This is in contrast with the
non-expanding case, where the asymmetry evolves all the way till ¢ ~ ~,” ! To understand
the reason behind this different behavior, it is useful to recall the definition of A;; from
eq. (3.28). Then, we see that A;;2° > 1 implies AM%/(ZIT) > T%/M}, = H,(T), therefore
in this regime the sterile neutrino oscillations are much faster than the Hubble parameter
and no asymmetry is produced anymore, since oscillations are averaged out. Thus in the
expanding Universe the generation of the asymmetry occurs at = ~ |A¢j|_1/ 3k Vi L

Until now we have neglected the matter potentials, however given the suppression in
three powers of v of the leading result, there are corrections of same order coming from
the potentials, and in fact they are numerically more important.

The equation including the potentials in the basis with diagonal neutrino Yukawas is:

. . . 1
p= =iz [WAWT, p] —ilv, p] = {7, p = peq} (3.38)
where
y?
Vij = §ZM1*D6U = viéij. (339)

The result for the asymmetry including the potentials is given by:

. A )
i 2P33 _ Jw tlggo Re[z1J30(A12 — A1z, —Aq2, Ay3,t) + 22J30(A12 — A1z, Az, —Ag2, 1)

t—o0 peq

+ 20J30(A13, A2 — A1z, —Aq2,t) + 23J30(A13, —A12, A1 — Ay, t)],

(3.40)
with
_ . ’YlfYQA'y
21 = N7l + M2y +i — 271024, |,
29 = |71V2 — Y2u1 1 (% + 20102)} A,
— . 71’72Afy
23 = —’71’)/2Av — ’)’2U1A7 +1 T — 2’}/2?}1Av . (341)

and Ay = vy — vy and Ay = (72 — 7).
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The leading terms O(v2y) at asymptotic times ¢ >> M. 5 are:

. Apsz 9P yivs (v — yH) My
lim = 3JW 2 2 2 1/3™
1550 peq 20487 W |AMZ,AMEAM,|

(3.42)

where

K = |A1aA13A03|/3Tm [J30(A12 — Ays, —A12, Ayz, t) — J30(A1g — Aqg, Arg, —Aqa, t)
—J30(A13, A1z — Az, —Aqa,t) + J30(A13, — A1z, Aja — Ass, t)], (3.43)

depends only on the ratios of mass differences and/or the ordering of the states. This result
is parametrically the same as the result of [7] if we neglect the dependence of x on the mass
differences and has the dependence on the yukawas expected from eq. (2.34).

Considering the naive seesaw scaling yz-2 ~ 2%, for m, ~ 1eV and assuming no big
hierarchies or degeneracies, i.e. Mi2 ~ Aij ~ M?, leads to

. Apsz _7 my, \3 ( M
] ~2x10°7J, ( ) . 3.44
5% Peq x WTev/) \10Gev (344)

The asymmetry is highly sensitive to the light neutrino mass. Note that we have pushed the
value to the limit, a light neutrino mass in the less constrained 0.1eV range would imply
three orders of magnitude suppression. The asymmetry grows linearly with the mass of
the heavy steriles. However, for masses larger than ~ 10-100 GeV lepton number violating
transitions via the Majorana mass could washout further the asymmetry, an effect that
requires a refinement of the formulation to be taken into account.

3.3 Lepton asymmetries in the active sector

The asymmetry generated ignoring the p evolution depends only on the Dirac-type phase,

0, appearing in W as we have seen. However when the evolution of the leptonic chemical

potentials is included, other phases contribute to the total lepton asymmetry. We will

perform a perturbative expansion to third order in the mixings of both V' and W matrices.
The result at finite t < 6%(6%)7; " can be written in the form:

Te[ul(t) = Y Top Arep (1), (3.45)

Icp

where all the four CP invariants appear, Icp = {JW,IF),II(S),IS’)}, given in eqgs. (2.29).

At finite ¢, the result for the functions A, is well approximated by
TN
Ao () = niya(ys — i) (1 — = ) 7 Gi(b),
1 TN
TN
Ae () = —yya(ys — i) (1 — == ) 9 Ga(),
1 YN
N
Ao (t) = v (1 - ) WGs(t).
2 YN

Apy () = m72 (1 - W) Ga(t) — 22 Gult), (3.46)
AN 29N
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Figure 3. Functions A ¢)(t) (left) and A @) (t) (right) assuming the rates are dominated by top
1 1

quark scattering, and taking y2/v2 = 31 = 1077, for two choices of AM?Z, = 1GeV? (dashed)
and AM3Z, = 107%GeV? (solid). tgw is the electroweak phase transition time, corresponding to

a b
where yn = 7§ + 75)\7 and Yy = m, while

Gy (t) = (6_%'5 — 6_:/175) Re [ijgo(Alg, —Aq9, t) + 2A1,J201(A12, —A19, t)]
2
1 5 e
+ g (—1)Fe ™ Re [Ja10(A12, —A12, ) (=20 + (29 — 11 — 72))],

(3.47)
and

Ga(t) = Gi()] (3.48)

71=0"
where we have defined 4; = y?yn and A, = vo — vy, and the result for G3(t), G41(t), Gaa(?)
are lengthier and reported in the appendix B. These results would get modified for ~;t > 1
had we included the non-linear terms that modify the rate of thermalisation at large times.
In these equations there is an implicit expansion up to third order in ~;(v;)/A'/3 when
A/3t >> 1, while the terms ;(v;)t are resumed.

In figure 3 we plot the functions AI§2) (t) and Alfs) (t), which depend only on one
neutrino mass difference. We show two physical situations: one with very degenerate
neutrinos and the other with no strong degeneracies.

These two invariants are the only ones relevant for the scenario that has been consid-
ered in most previous studies, where it has been assumed that only two sterile neutrinos
have a role in generating the lepton asymmetry (see for instance [33] for a very recent
analysis). This is the situation in the limit of complete decoupling of N3, ensured by the
condition 6;3 = 0, implying that only the invariants I §2) and [ 53) survive. In [8] an approx-
imate analytical solution was obtained, expanding in the yukawa’s, under the assumption
that |A12|™Y/3 < tgw < ; *. In this limit, the result of egs. (3.46) and (3.47) can be
simplified to

0 Im|[Jog(A12, —Aq2, 00
T[] (trw) = — (13— ) I =3I ) yrya(v3—7) (13]5) o J20(A12, ~ Az, 0)]

Tew
(3.49)
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Comparing with eq. (2.34), we see that the dependence on the yukawa’s is again that
expected from a flavour invariant CP asymmetry. Using

2 3/2

1/3 sign(A
Im[Joo(A12, —A12,00)] = —2 <> I‘F gn(Aq2)

[=1/6] |Agp]?/3

; (3.50)

VEGM: 2 oV BamMy
v v

and Yy = %VN, and assuming the naive seesaw relations y? = 2 Y =

we find:

M M7/3 M2 2/3
(3)) V7172 < 2 |> , (3.51)
2

~ 10-2(7® _
Tr[ﬂ](tEW) ~ 10 (Il Il ) GeV5/3 |AM12

while for 2 = y2/2 = 1074 (that would correspond to light neutrino masses in the eV
range and heavy ones in the GeV range) we would have

1 — 21

Tr[u] (¢ ~ 7x10710 .
plltmw) = T A0 (Gov s

(3.52)

Even if the CP invariants are of O(1), the asymmetry is too small unless there is a significant
degeneracy between the two states [8]. It is important however to realise that the naive
seesaw scaling is too naive and a full exploration of parameter space is necessary.

In figure 4 we plot the functions A 1@ (t) and Ay, (t). They depend on the two neutrino
mass differences, so we show three examples here: one in which there are no degeneracies,
one where there are two almost degenerate states, and the case where the three states are
almost degenerate. As in the previous case we see a large enhancement when only one of
the mass differences is small and a further enhancement when the two are small compared
to the absolute scale. In the case of Ay, we find that there is a significant difference in
the regime Ailj/gt < 1 if we plot Ay, (t) truncated to the terms of O(y%). As we will see
in the next section, the latter is much closer to the numerical result. The reason for this
difference is that at small times, A3t <« 1, only some terms of order O(y?) are kept in
egs. (3.46), while there is a strong cancellation if all had been included. Note however that
this effect is only important at times where the asymmetry is suppressed and seems to
affect only Ay, .

It is interesting to note that even though the dependence on the yukawas of the func-
tions Aj., (t) is different (fourth or sixth order), the maxima for all cases are roughly of the
same order of magnitude. Note, however, that in the limit ¢ > ;- ! only the contribution

of two invariants, Jy and I§3), survive:
AP33(¢)}
Peq eq. (3.41)

| 24382 73 y1y2(y3 — y7) (1 _ W) ~2 (3.53)
31/3P [_%] 1 ’A12’2/3 AN N>

. o N
Ji D)= 2 i |

53) and we have used the

where we kept only the leading terms O(y*) proportional to I
result of eq. (3.50).
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Figure 4. Functions A, (t) (left) and Ay, (f) (right) assuming the rates are dominated by
2

top quark scattering, and taking y»/v2 = y; = 1077, for three choices of [AMZ,, AM?%] =
[1,2],[1075,2] and [1075,2 x 107%] in GeV? (dashed, dotted and solid). tgw is the electroweak
phase transition time, corresponding to Tgw ~ 140GeV.

The first term in this expression corresponds to the expectation of [7], ie. the final
asymmetry is proportional to that stored in the third sterile state, eq. (3.40), while the
second term was missing in the simplified treatment of [7]. Note that they depend on
different CP invariants.

4 Numerical solution

In order to check the accuracy of the analytical solutions presented in the previous sec-
tion, we have solved the differential equations numerically. As shown in [28], the momen-
tum dependence does not change significantly the results so we will consider the average-
momentum approximation.

In figures 56 we compare the analytical and numerical solutions for the functions
Aj.p(t) in the highly degenerate case (the values of the mixing angles are of O(1072)). In
order to isolate the appropriate invariant we make the following choices:

e Case 1: 6;3 = 0,3 = 0 isolates I§2),

e Case 2: 0,3 = 615 = 0 isolates 1.1(3)’

e Case 3: 612 = 6;3 = 0 isolates 12(3),
e Case 4: éij = 0 isolates 1y, .

The numerical results normalised by the corresponding CP invariant are shown together
with the predictions of the previous section. In the case of Jy, we plotted the function
Ay, keeping only the terms of O(y%) that is more accurate at small ¢ and the full function
at large t. The agreement in all cases is quite good. The differences observed at large ¢
come from the non-linear terms in the equations. We also show the numerical results of
the equations without them and find a very good agreement also at large t. Note that the
approximation works well in the regime ~¢ > 1, that is in the strong washout regime of
the fast modes.
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Figure 5. Left: full numerical solution (solid blue) and numerical solution neglecting non-linear
terms (dotted green) for case 1, normalised to the invariant IfQ), compared with the prediction,
AI{Q) (t) (dashed red). Right: same for case 2 normalised to the invariant 1.1(3) compared to AT§3) (t).
The parameters are the same as in figure 3 for the degenerate case.
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Figure 6. Left: full numerical solution (solid blue) and numerical solution neglecting non-linear
terms (dotted green) for case 3, normalised to the invariant I;S)
A g (t) (dashed red). Right: same for case 4 normalised to the invariant Jy compared to A, (t).
The parameters are the same as in figure 4 for the double degenerate case.

, compared with the prediction,

Numerically it is very hard to go to regimes where the ratios v/|A['/3 become very
small, since the system becomes stiff. On the other hand, there is no reason why the
perturbative solution is not accurate in such regime. We will therefore assume this to be
the case in the following section and use the perturbative solution to perform a scan of
parameter space.

5 Baryon asymmetry

The observed baryon asymmetry is usually quoted in terms of the abundance, which is
the number-density asymmetry of baryons normalised by the entropy. After Planck this
quantity is known to per cent precision [34]:

V5P ~8.6(1) x 1071 (5.1)
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The lepton asymmetries in the left-handed (LH) leptons generated in the production of
the sterile neutrinos are efficiently transferred via sphaleron processes [35] to the baryons.
The baryon asymmetry is given by

28
Yp=—-Yp 1. 5.2
B= oYL (5.2)
Since we have neglected spectator processes in the transport equations, the B — L asymme-
try is related to the chemical potentials computed in the previous sections by the relation

90

g,

Ve = ———Tr[u], (5.3)
where g, = 106.75 (which ignores the contribution to the entropy of the sterile states).
Our estimate for the baryon asymmetry is therefore

Yp ~ 3 x 1072 Tr[u(t)] (5.4)

‘tEW :

We have performed a first scan of the full parameter space of the model. Given the
theoretical uncertainties mentioned in different sections of the paper, we have considered
as interesting the points that can explain the baryon asymmetry within a factor of 5. For
this we have used the analytical solutions, even though in some regions of parameter space
they will not be precise, since they are based on a perturbative expansion on the mixing
angles of the matrices V' and W. We have considered however a few cases where the angles
are not small and we find that the analytical solutions differ from the numerical ones only
in some global numerical factor of a few (ie. safely within our factor of 10 uncertainty),
but the time dependence is very similar.

Even with an analytical expression the exploration of the large parameter space is a
challenge. We have used the package Multinest [11, 12] to perform a scan on the Casas-
Ibarra parameters [36], where the Yukawa matrix is written as

- V2
Y = _ZUPMNS‘ /mlightR(Zij)T MT (55)

Miight is a diagonal matrix of the light neutrino masses and R is a complex orthogonal
matrix that depends on three complex angles z;;. We fix the light neutrino masses and
mixings to the present best fit points in the global analysis of neutrino oscillation data of
ref. [37] and leave as free parameters: three complex angles, the three phases of the PMNS
matrix, the lightest neutrino mass as well as the heavy Majorana masses that are allowed
to vary in the range M; € [0.1,100] GeV. In total thirteen free parameters.

The scan searches for minima of the quantity |log;|Ys(tew)/Y5 || (in the range
< 1.5) and the MultiNest algorithm is optimised to sample properly when there are several
maxima. For the determination of Y5 we use the analytical results of the previous sections,
for which the CP invariants are computed directly from the matrix elements of the V., W
matrices that can be easily calculated by diagonalising the Yukawa mass matrix obtained
in the Casas-Ibarra parametrization. Since the mechanism to work requires that at least
one of the modes does not get to equilibrium before the electroweak phase transition we
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restrict the search to the range where one of the yukawa eigenvalues, y3, is much smaller
than the others and the following conditions are satisfied

y3 < 0.01Min[y1, yo], > (1Vis]® + [Wis|?) < 0.01H,(Tew). (5.6)
i=1,2

Furthermore, since the kinetic equations neglect lepton number violating effects in the
rates, we impose additionally the constraint

M; \?
Tew

We first consider a case where one of the sterile neutrinos is effectively decoupled from
baryon number generation, that we can assume to be N3. This can be achieved with the
choice of parameters:

mg(1) = 0, ziz = 0, R(Zij) — R(ZZ])(P), (58)

for the IH(NH), where P is the 123 — 312 permutation matrix (only necessary for the
NH). With this choice, only the terms corresponding to the CP invariants I§2) and I§3)
contribute. This case is the one that has been considered in most previous works on the
subject [8, 9, 28, 31, 38], where the number of parameters is reduced to six: only one
complex angle, two PMNS CP phases and two Majorana neutrino masses are relevant.

It is believed that a large degeneracy of the two sterile neutrinos is needed to obtain the
correct baryon asymmetry. In figure 7 we show the result of the scan under the conditions
of eq. (5.8) on the plane AMis = My — M versus M; for normal and inverted orderings
of the light neutrinos. The different colours correspond to values of Yp > 1/5,1,5 x Y5
(blue,green,red). Successful leptogenesis is possible in a larger range of parameter space
for ITH than for NH. In the range shown our results agree reasonably well with those in
ref. [39] for the IH, while the range for NH looks a bit smaller. We see that there are a
significant number of points for which the degeneracy is mild for the TH. We have analysed
more carefully some of these points by solving the full numerical equations. We find that
even though these points correspond to cases where the angles in V, W are not small, the
analytical and numerical solution agree very well and have the same ¢ dependence as shown
in figure 8. Note that the numerical solution is difficult at large times for non-degenerate
solutions and the standard methods that we use fail. An optimised numerical method is
needed to solve the stiffness problem and this will be studied elsewhere. It is very interesting
to correlate the baryon asymmetry with observables that could be in principle measured
such as the Dirac CP phase of the PMNS matrix, the amplitude of neutrinoless double
beta decay or the active-sterile mixings that control the probability for the heavy sterile
states to be observed in accelerators or in rare decays of heavy mesons. The effective mass
entering the Ov3f decay is given by

3 3
MOBB ()
2 2 7
mpgp = ZUeimi +ZUe(i+3)MiWﬂ(O)7 (59)
i=1 i=1
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Figure 7. Points on the plane AM = My — M, versus M for which Y > 1/5 x Y5 (blue),
Y > Y5 (green) and Yp > 5 x Y5 (red) for NH (left) and IH (right), with only two sterile

neutrino species.
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Figure 8. Comparison of the analytical (red-dashed) and numerical (blue-solid) solution for one
of the points with mild degeneracy and Yz > Y5, corresponding to log,o(M;(GeV)) = 0.9 and
log;o(AM (GeV)) = —0.92 and yukawa couplings y; = 1.3 x 1076,y = 9.8 x 1079,

where M%58 are the Nuclear Matrix Elements (NMEs) defined in [40].> The first term
corresponds to the standard light neutrino contribution and the second is the contribution
from the heavy states. Ug; with ¢ > 4 is the active-sterile neutrino mixing.

In figure 9 we show the results for the active-sterile mixing as function of the sterile
mass and compare them with present direct bounds and the prospects of SHiP [43] and
LBNE near detector [44]. We show the result for M; but the one for M, is almost identical.
We see that most of the parameter space for successfull baryogenesis is not excluded by
present constraints and that the active-sterile mixings tend to be larger for the IH. A

3The results for the NMEs computation in the interacting shell model [41, 42] are available in appendix A
of [40].
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Figure 9. Points on the plane |Ue4|?(left), |U,4|?(middle), |U,4|?(right) versus M; for which Yz is
in the range [1/5 — 1] x Y5 (blue) and [1 — 5] x Y5 (green) for NH (up) and IH (down), with
only two sterile neutrino species. The red bands are the present constraints [45], the solid black
line shows the reach of the SHiP experiment [43] and the solid red line is the reach of LBNE near
detector [44].
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Figure 10. Points on the plane €qeg = LA, versus |Ueyq|? for which the asymmetry is in the

range [1/5,5] x Y5 in the range explored for TH.

sizeable region in the range of the GeV could be explored in the future experiment SHiP
in the case of the IH and by LBNE near detectors. It is interesting to note that the less
degenerate solutions can not have very small active-sterile mixing, as shown in figure 10,
where we plot the points on the plane eqeq = |My — My |/(Ma+ M) versus the active-sterile
mixing in the electron flavour. The degeneracy can be lifted to some extent at the expense
of larger yukawa couplings which also imply larger mixings.

We have looked for direct correlations of the baryon asymmetry with the phases of the
PMNS matrix. We have found that the distribution on the Dirac phase and the Majorana
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Figure 11. Distribution of m; for points that satisfy Yz > Y5 for the NH.

phase are flat. This is due to the fact that the complex angle can provide the necessary CP
violation, even if the PMNS phases would vanish. The same is true for the effective mass of
neutrinoless double beta decay, which depends on the Majorana phase. A dedicated scan
is needed to quantify how the putative measurement of various observables could constrain
the lepton asymmetry. This will be done elsewhere.

In the general case, N3 is also relevant and the main difference with respect to the
previous situation is that there is a significantly enlarged parameter space where degeneracy
is not necessary. This was already found in refs. [46] for some points of parameter space.
In figure 12 we show the points on the plane (AMjg, M;) for the general case. The active-
sterile mixings are shown in figure 13. These mixings can be larger in this case, specially
in the case of the NH. The SHiP prospects are therefore more promising in this context.
As in the N = 2 case there is no direct connection between the asymmetry and the PMNS
CP phases. On the other hand, the lightest neutrino mass is non-zero in this case, but the
requirement that one yukawa needs to be significantly smaller than the others, eq. (5.6),
implies that the lightest neutrino mass must be small. In figure 11 we show the distribution
of this quantity for those points that satisfy Yz > Y5 in the case of NH (the IH being
very similar).

6 Conclusions

We have studied the mechanism of leptogenesis in a low-scale seesaw model that is arguably
the simplest extension of the Standard Model that can account for neutrino masses. For
Majorana neutrino masses in the GeV range, sizeable lepton asymmetries can be generated
in the production of these states some of which never reach thermal equilibrium before the
electroweak phase transition. Lepton asymmetries are efficiently transferred to baryons
via sphaleron processes. This mechanism was proposed in [7, 8] and studied in many
works, but a full exploration of parameter space in the general case of three neutrinos

— 95—



10
10

log A M12 (GeV)
log_A M12 (GeV)

15
163 M1 (GeV/

Figure 12. Points on the plane AM = M, — M; versus M; for which Yz > 1/5 x Y5 (blue),
Yp > Y5 (green) and Y > 5 x Y5 (red) for NH (left) and IH (right), in the general case with
three neutrinos.
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Figure 13. Points on the plane |Ue|?(left), |U,4|*(middle), |U,4|?(right) versus M; for which Yz
is in the range [1/5,1] x Y5 (blue) and [1 — 5] x Y5 (green) for NH (up) and IH (down), with
three sterile species. The red bands are the present constraints, the solid black line shows the reach
of the SHiP experiment [43] and the solid red line is the reach of LBNE near detector [44].

is lacking. To this aim we have developed an accurate analytical approximation to the
quantum kinetic equations which works both in the weak and strong washout regimes of
the fast modes (there is always a slow mode that does not reach thermal equilibrium before
the EW phase transition). It relies on a perturbative expansion in the mixing angles of the
two unitary matrices that diagonalise the Yukawa matrix. This analytical approximation
allows us to identify the relevant CP invariants, and explore with confidence the regime
of non-degenerate neutrino masses which is very challenging from the numerical point of
view. We have used this analytical solution to scan the full parameter space using the
MultiNest package to identify the regions where the baryon asymmetry is within an order
of magnitude of the experimental value. We have performed first a scan in the simpler
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setting where one of the sterile neutrino decouples, which reduces the parameter space,
and is the approximation that has been considered in most previous works on the subject,
for example in the so-called YMSM. Although baryon asymmetries tend to be larger in the
case of highly degenerate neutrinos, we find solutions with a very mild degeneracy that
also correlate with a larger active-sterile mixing. These non-degenerate solutions appear
for an inverted ordering of the light neutrinos. On the other hand we do not observe a
direct correlation with other observables, such as the PMNS CP phases nor the neutrinoless
double beta decay amplitude.

We have also performed a scan in the full parameter space, with the only requirement
that one of the yukawa matrix eigenvalues is very small, and that one mode will not reach
equilibrium before the electroweak transition, for the washout not to be complete. The
main difference with the simpler case of two neutrinos is that the parameter space with
successfull baryogenesis is significantly enlarged, in particular as regards non-degenerate
spectra. Also the active-sterile mixings can reach larger values, particularly in the normal
hierarchy case, improving the chances of future experiments such as SHiP or LBNE to find
the GeV sterile neutrinos. There is much less difference in this case between normal and
inverted neutrino orderings and also no direct correlation with the PMNS phases. On the
other hand, the requirement of a small yukawa eigenvalue implies that the lightest neutrino
mass cannot be large.

A number of refinements are needed to improve the precision of the determination of
the baryon asymmetry. First a more precise determination of the scattering rates of the
sterile neutrinos is required. Most previous studies, and this one, have included only top-
quark scatterings, but it has been pointed out recently that gauge scatterings are also very
important. A correct treatment of these processes in the kinetic equations is necessary.
Also the kinetic equations neglect effects of O((M;/T)?). Such effects are not so small
for masses in the GeV near the electroweak phase transition and their effect should be
quantified. Finally, spectator processes and the asymmetries of fields other than the sterile
neutrinos and LH leptons have not been taken into account in the kinetic equations. A
proper treatment could easily bring corrections of O(1). Finally, a more ambitious scan
of parameter space should define more accurately the limits of eq. (5.6) for successfull
baryogenesis. These effects will be studied in the future.
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A Results for the perturbative integrals

A.1 One dimensional integrals

We just need them up to O(8/a)?:

2
Ji(ou, Bi,t) ~ Jip(ai, to) + BiJii(aa, to) + %JIQ(QL to) + AJi(ax, B, t, to),
(A1)

with

ialtg ,a1t3

Bt B[ e e —4 44
Zn!Jln(al,t,to)_zzn:n! - +O@t Y

2—n 2—n
- Oélto aqt

AJl(alv 617 ta tO)

«1

. t% .a1t3
e’L 3 +B1to 61T+ﬁ1t

pu— 1 _— A-2
! Oélt% Oé1t2 ( )
We can factor out the a dependence and define:
1 ..
Jio(a,t) = W(Re[Jlo(l,t|a|1/3)] + zs1gn(a)1m[Jm(1,t|a|1/3)]). (A.3)
A.2 Two dimensional integrals
We just need them up to O(8/«):
Ja(ar, Br, g, Ba,t) == Jago(a, g, to) + BrJato(ar, g, to) + Badaor (o, e, to)
+AJ2(041751,CKQ,62,75,1:0), (A4)
where if ). a; # 0:
eio@;g +B2t0
AJQ(QI')ﬁluCVQuBQ:t?tO) = Jl(a27627t0)+i7 AJl(a17/317t7t0)
0
. ,eizi gitg +32; Bito ,eizi gii’ +22; Bit
—i|i (A.5)

—1
(%) Zz Ozitg (%) Zl a,-t4 ’

and for those terms where ) . co; =0

3
.aot
et 20 +Bato

AJQ(abBlaaQaB%t?tO) = Jl(a2a627t0)+i

?
a2

2 AJl(alvlglatatO)

tezz'ﬁix
/t - (A.6)
0
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We can factorize the a-dependence:

1 .
Jaoo(—a, o, t) = W(Re[JQOO(—l, 1, t|a|'/3)] 4 i sign(a)Im [Jago(—1, 1,t\a|1/3)]>,
1 -
Joo1(—a, o t) = m(Re[ng(—l, 1,t|a|1/3)} +1q ﬁgn(a)lm[,]ggl(—l, 1,t|a|1/3)]),
1 iy
Jaro(—a, 0, t) = H(Re[Jm(—L 1,t|a|'/?)] + isign(a)Im[ Ja10(—1, 1,t|a|1/3)]>, (A7)

and reduce the integrals to the basic ones.

A.3 Three dimensional integrals

We need the integrals up to O(3/a)® in this case. We can use the relation:

1',042?03

t
Jzo(ou, oo, a3, t) = Jig(aa, t) Jago (e, a3, t) —/ dx e 3 Jig(ai,z)Jio(as, x).
0

(A.8)

Since ), a; = 0 for the cases of interest, we can rewrite the result in terms of some basic
integrals, I} and Is:

Jaoo(aur, g, t) = 713[1(|a2/a1|,sign(a2),sign(al),t|a1\1/3), (A.9)
a1zl
and
t P I -3 , L , : ,t 1/3
/ do e 5 Jiglar,z)Jio(as, ) = 2o/, sign(an), sign(as), sign(az), tiao ),
0 o apag|1/3
(A.10)
where
t .
Iy (r, 51, 82,1) E/ dz 2% /3 Ji(s1,7x), (A.11)
0

t
IQ(T’, S1, 82, 83, t) = / dx 6i33x3/3J10(81, Tl/gt)Jlo(SQ, (—83/82 - 81/827’)1/3t). (A.12)
0

B Pertubative results for the invariants Jy and Iég)

The finite t perturbative results proportional to the invariants Jy are given by the following
expressions (we have used the property 7; o v; to simplify them):

Ay () =172 (1 - X) Ga(t) — %ANG@(W (B.1)

Z Re [aijJQO(Aij7 —Ayj, to)+bijJao1 (Aij, —Aij, t0)+0§;€) (t)J210(Aij, —=Aij, to)} },
i<j
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with

. ? =
a2 =i, b1z = 24, ng) =—-A + 5(2% — 7 —2):
. k (.
a3 = —t, b1z = 2vy, ng) = —v1 — 5(2% - M),
. k (.
as3 = 1, bog = —2v9, ng) =v2+ 5(2'}% - 72),

and A, = vy —v1, Ay = (12 — ).

Gao(t) = Re|d1J30(A12 — A1z, —A12, A1z, t) + daJ3o(Ar2 — Aq3, Aiz, —Aga, t)
+dsJ30(A13, A1g — A1z, —Ajo, t) + daJso(Ar3, —A12, Ao — Ays, t)
+dsJ30(A12, —A12 + A3, —Ais, t) + deJ30(A12, —A13, —Ar2 + Ay, t) |,

(B.3)
with

=zt l% 24, + A, [209 — (272 — 72)]e 7%,

A ;
do = 29 + 7]77 [ —2v1 + Z"}/l] [2’02 — 1(2’72 — 72)] e—’YEt’

dy = 2 — 157 [20 i) [200 + (23 — )],

dy = 75+ (28, — A, (201 + (27 — )] e,

ds = %(2712 + i) [e*ﬁt(%Av + 291 = — 2) — e (200 + 292 — 71 — Vﬁ}a

ds = —%(%1 —im) [e*ﬂt(zmv 29— 1 — ) — e T2 (2iA, + 20 — 71 — 72)].
(B.4)

On the other hand, for the invariant Iés)
Ao (t) = 112 <1 - YN> YnG3(t), (B.5)
2 ’yN

2
Gd(t) = Z(_l)k e—ﬁkt{ Z Re [a;ngo(Aij, —Aij, to) + b;] (t)Jggl (Ai]’, _Aij, to)
k=1 1<J
+ C;g-k) (t)J210(Aij, —Asj, to)} + Re {w1J30(A12, —Aqg + Aqz, —Aqs, t)

+ waJ30(A12, —A13, = A1z + Aqs, 75)} }a (B.6)
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with

1 . 1 .
wr =g [2vam1 + im12] 5 w2 =35 [—2v172 + i7172] (B.7)
and
/ . / /(k) 1 o=
ajy = 1y2, bl = 27202 — v17Y2 — V21, Cly’ = 5’72( — 20, + (29, — 2 — 71)),
. 1 e
ajy = —im, by =2mw, 0/1(3?) =-3Mm (2’01 +i(2%% — ’71)),
. k 1 e
a’23 = {79, b'23 = —29909, 6/2(3) = 572 (2@2 + (29, — 72)).
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1 Introduction

It is well known that minimal extensions of the Standard Model that accommodate mas-
sive neutrinos, such as the type I seesaw models, could also explain the observed matter-
antimatter asymmetry in the universe [1]. The two new ingredients that make this possible
are the existence of new particles that are not in thermal equilibrium sometime before
the electroweak phase transition (Tpw ~ 140GeV) and the presence of new CP-violating
interactions of these particles.

Two basic scenarios have been shown to work. In the first one, the heavy Majorana
singlets decay out of equilibrium generating a lepton asymmetry that sphaleron processes
recycle into a baryonic one. These neutrinos have masses well above the electroweak scale,
typically M > 108 — 10° GeV [2, 3] and M > 10° GeV when B — L is almost conserved [4],
while in resonant leptogenesis masses in the TeV scale are possible [5]. For a comprehensive
review and references of this very well studied scenario see ref. [6]. In the second scenario,
the heavy Majorana singlets have masses below the electroweak scale, and therefore their
Yukawa couplings are small enough that one or more of these states might not reach
thermal equilibrium by the time the electroweak phase transition takes place. A lepton
(and baryon) asymmetry can be generated when the states are being produced, i.e. at
freeze-in. The sterile states get populated via Yukawa interactions, but the coherence
between collisions is essential to produce a CP asymmetry, via the interference of CP-odd
and CP-even phases. This is why this mechanism is often referred-to as baryogenesis from
neutrino oscillations. It was first proposed by Akhmedov, Rubakov and Smirnov (ARS) in
their pioneering work [7] and pursued, with important refinements in references [8, 9]. A
list of recent references is [10-15].

In [15], we studied this second scenario and explored the available phase space for
successful leptogenesis in the minimal models with two or three extra singlets, N = 2, 3.



In particular we considered an accurate analytical approximation, where we could identify
the relevant CP invariants, and that helped us explore the full parameter space. The case
with N = 2 is effectively equivalent to the popular ¥YMSM [8], which is a N = 2+ 1 model,
where the lighter neutrino plays the role of dark matter and decouples from the problem
in the generation of the baryon asymmetry. The original ARS scenario on the other hand
required the interplay of all the three species. The analytical approximation of [15] allowed
to clarify these different scenarios.

The purpose of this paper is twofold. First, we will refine our previous study in
various aspects. In [15] (like in most previous works) the collision terms only included the
dominant top quark scatterings. As has been known for sometime [16, 17], scatterings off
gauge bosons, as well as the resumed decays and inverse decay processes, are also very
important. These rates have been computed in [17, 18] in the limit of vanishing leptonic
chemical potentials. In the generation of lepton asymmetries, it is very important however
to include the effect of the latter, since these will tend to washout the asymmetry. In
section 2 we derive new kinetic equations including all the scattering processes considered
in [17, 18], that we have re-evaluated in the presence of small leptonic chemical potentials.
Furthermore Fermi-Bose statistics is consistently used through-out.

The second important improvement concerns our scans of parameter space. In our
previous study we speeded-up the scan using the analytical approximation. This forced
us to avoid some regions in parameter space, to ensure that the approximation was good
enough. We have now optimized significantly the numerical solution of the kinetic equa-
tions, in particular addressing the stiffness problem. The analytical approximation is no
longer needed, and therefore the ad hoc constraints on parameter space are avoided. We
use a Bayesian approach to extract posterior probabilities on the relevant observables of the
model, from a prediction of the measured baryon asymmetry, using the Multinest package.
In section 3, we present the results of these scans of parameter space.

In the second part of the paper, we address the question: to what extent it would be
possible to predict quantitatively the baryon asymmetry, within the minimal model N = 2,
if the heavy neutrino states would be discovered in future experiments, such as SHiP. In
section 4, we derive approximate analytical formulae valid in the range within SHiP reach,
which demonstrate the complementarity of the different measurements: mixings and masses
of the extra states from direct searches, neutrinoless double beta decay and the CP phase
measurable in neutrino oscillations. The numerical study confirms these expectations and
allows us to answer the question in the affirmative if nature is kind enough to provide us
with positive signals at SHiP and an inverted neutrino ordering. Furthermore we show how
such SHiP measurements could constrain the CP-violating phases of the PMNS matrix.

2 Kinetic equations

The Lagrangian of the model is given by:
3
_ L 1
L=Lsn — E LYY*®Np — E §N}§M”N1{3 + h.c.,

a,i i,j=1



where Y is a 3 x3 complex matrix and M a symmetric matrix. One convenient parametriza-
tion is in terms of the eigenvalues of the Y and M matrices, together with two unitary matri-
ces, V and W. In the basis where the Majorana mass is diagonal, M = Diag(Mj, Ma, M3),
the neutrino Yukawa matrix is given by:

Y = ViDiag(y1,y2, y3)W. (2.1)

Without loss of generality, using rephasing invariance, we can reduce the unitary matrices
to the form:

W = U(¢127<f>13,<z523,d)T Diag (1,eia1,ei°‘2) :

V = Diag (1,6, ¢ ) U (912, b3, 623, d) (2:2)
where!
cosa sina 0 cosf 0 sin e " 1 0 0
U(a,B,7,0) = | —sina cosa 0 0 1 0 0 cosy siny |. (2.3)
0 0 1 —sinBe® 0 cosp3 0 —sin~y cos~y

Obviously not all the parameters are free, since this model must reproduce the light neu-
trino masses, which approximately implies the seesaw relation:
2
v 1
my ~——Y—Y7T 2.4
v 2° M~ (24)
where v = 246 GeV is the vev of the Higgs. A very convenient parametrization that takes
this constraint into account is the Casas-Ibarra one [19], where the Yukawa matrix can be
written in terms of the light neutrino masses and mixings as

- V2
Y = —ZUPMNS\/mlightR(Zij)T MT: (2.5)

where myjgn is a diagonal matrix of the light neutrino masses, Upnins (012, 613, 023, 0, ¢1, ¢2)
is the PMNS matrix that describes the light neutrino mixing, M is the diagonal matrix of
the heavy neutrino masses, and R is a complex orthogonal matrix, that depends generically
on one (three) complex angle(s) z;; for N =2 (IV = 3).

The kinetic equations that describe the production of sterile neutrinos in the early
Universe have been studied in many previous works, see for example [11-13]. In this
work we have rederived these equations with the following refinements with respect to our
previous work [15]:

e Fermi-Dirac or Bose-Einstein statistics is kept throughout

e Collision terms include 2 <> 2 scatterings at tree level with top quarks and gauge
bosons, as well as 1 <+ 2 scatterings including the resummation of scatterings medi-
ated by soft gauge bosons as obtained in refs. [16-18]

Note the unconventional ordering of the 2x2 rotation matrices in U.



e Leptonic chemical potentials are kept in all collision terms to linear order
e Include spectator processes

As usual we assume that all the spectator particles are in kinetic equilibrium. On the other
hand, we neglect the effects of the top quark and Higgs chemical potentials. These effects
are expected to be smaller than the effect of thermal masses in 2 <+ 2 processes that we
are neglecting. Note that, in contrast with the effects of the lepton chemical potential, the
former do not bring in any new flavour structure.

The starting point to derive the equations is the Raffelt-Sigl formalism [20], where the
sterile neutrino density satisfies the equation:

dpn (k) _

i —i[H, pn (k)] = 5 {F PNY S {FN, 1—pn}, (2.6)
where ) )
= ]2{0 + Vn(k), Vn(k)= 8Tk:0 Y1y, (2.7)

and 'Y, (k) and '}, (k) are the annihilation and production rates of the sterile neutrinos.
The result can be written as

ko
FZ]JV’L] Y;apF <T - /J’Oé> VN(]{: ,u/oz) ajs
a ko
Nij = Y;L <1 — PF <T /La>> /YN(]{: ,ua) ajs (28)

where pr(y) = (expy+1)~! is the Fermi-Dirac distribution and s, is the leptonic chemical
potential normalised by the temperature. -y contain the contributions from all 2 — 2
processes that produce an NV:

Qt = IN; tl - QN; QI - tN; Wl — ¢N; lp — WN; W¢ — [N, (2.9)

and 1 < 2 processes: ¢ — [N including resummed soft-gauge interactions. All these
contributions have been computed for vanishing leptonic chemical potential in [10, 17, 18].
We have followed their methods including the effects of a lepton chemical potential to
linear order.

Defining
(ks 1) = 98 (k) + 78 (F)ia, (2.10)
and ,
%(\}) = %(3) _ %%(8)’ (2.11)

with p/n(y) = dp 5y( Y the functions 7( ) get contributions from quark (Q), gauge scattering
(V) and the 1 — 2 resummed processes (LPM):

i i i 1
I = Vipar + 900 + 397 +97) (7\(/) + 7% log (392+g’2>> : (2.12)



The functions fyg?v depend only on the ratio ko /7", while ’y(Lil)D s has non-trivial temperature
dependence due to the runnings of the coupling constants.? In figure 1 the three functions
are plotted, where the two lines labeled LPM curve correspond to two temperatures 104 GeV

and 1010 GeV, while

=9 = " _rp NN L N} (2.13)
IR IR 2567Tko pF’ IR IR OF IR> .

where pp(y) = (expy — 1)7! is the Bose-Einstein distribution.

Inserting these functions in the kinetic equation we get:

(0)

d .
% = —i[H, pn] — % {Y*Y, PN — pF} + vﬁ)pFYTuY
7(2)
— Yy pw (2.14)

where p = Diag(pq). The equation for the antineutrino (opposite helicity state) density is
the same but changing y — —p and ¥ — Y.
It is often useful to consider instead the evolution of the CP conserving and violating

combinations:
_PNTE PN
i = .

. (2.15)

The equations for these combinations are:

p+ = —i[Hre, p+] + [Him, p—] — %(2\[0) {Re [YTY] P+ — PF}
+inWIm [YWY} pF — ﬂ;NZ) {Im [YTMY} ,p+} . ﬂg) {Im [YTY] ,p,} ,
po = —i[Hre, p_] + [Hiwm, ps] — ”(213) {Re|vTY],p-}
bR [y - Y fre[vtar] oy}~ iy v] oy — o).
(2.16)

Finally we need the equations that describe the evolution of the leptonic chemical
potentials. This is obtained from the equation that describes the evolution of the conserved
charges in the absence of neutrino Yukawas, that is the ? — L, numbers. These numbers
can only be changed by the same out of equilibrium processes that produce the sterile
neutrinos:

dnps_r, 1

& 2 L{P?(p),pz(p,u)}aa - ;/p{rg’(p)g =P )} oy (2.17)

For the details of the calculation see [18].
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where fp = %. Since (p1)aa = PF (%0 — ,ua), it is possible to relate the integrated rates
of these equations to those of the sterile neutrinos and their densities:

ax

(0)
. g *
NB/3—L, = —2 /k {12\/ (Y,ONYT ~Y PNYT)
’7(2) 1
e (B (VoY T+ Y oY) AT VY L] pr ) ol (218)
or in terms of pu:

g3, = —2 /k {'y](\?)Tr [p_Re (YUJ) +ipyIm (YTIQYH

+ o (fyﬁ)Tr [p+Re (YT Iay)} — Oy [YYT Ia} pF>} , (2.19)

where I, is the projector on flavour «, and we have neglected terms of O(up_).

The relation between the leptonic chemical potentials and the approximately conserved
charges, B/3 — Ly, is given for T < 10% GeV by [21]

221 —16 —16
po == Coplipsz—1, Cap= o7 | —16221 16 (2.20)
B —16 —16 221
where we have defined pp/3_1, by the relation:
_ ;1 3
NB/3— Lo = —21B/3—La ka = EMB/SfLaT : (2.21)

Introducing finally the expansion of the universe and changing variables to the scale
factor x = a and y = ka, the time derivatives of the distribution functions change to:

dpN(T K)o g () 2PN (2 0)
dt “ ox v fixed
dnpss_r, dpp/s—r
—— = —2zH,(x)——= ; 2.22
e e (222)
where H,(z) = 47r3gg(T) Mg;jnck is the Hubble expansion parameter. Assuming a radiation

dominated universe with constant number of relativistic degrees of freedom g.(7p) ~ 106.75
for Ty > Trw, then 1= constant that we can fix to one.

2.1 Momentum averaging

In principle the equations should be solved for all momenta of the sterile neutrinos, but it
is a good approximation [10] to assume p+(z,y) = r+(z)pr(y), with 74 () independent of
momentum. This allows to integrate explicitly over y and we get the momentum-averaged



equations:

xHudd%  i(He), ] + [(Him)or ] — <7]2V>{Re yiv] e -1}

+('y(1)>R [YT % _<’Yz(\g)> T _ .<’Y](\(f))> T B
N Re ,u] 5 {Re[YuY},nr} i {Im[YY},nr 1},

o, Béi‘L“ - fk Z F {(7](\?)>Tr[r_Re(YTIaY> +z‘r+lm<YTIaY)]
kFF
e (<7§V2))Tr [T+Re (YTIaYﬂ — ()1 [YY* Ia} )}
P = _anﬁﬂB/B;fLB’ (2.23)
5
where [, Gne(y)
~J,Gone(y
(.= W (2.24)
and Jerr _ _9E(3)
Jx Pr m

The equation for ry = pn/pr and ry = py/pr are equivalently

drv . () } (1)yy-t () t
azHu% = —i[(H),rN] — 7{3/ Yry — 1}+ ()Y TRy — T{Y pnY, TN}’

dry

(2)
xHu dx :_Z[<H >771N}_ 2 {YTY 7TN_1}_<7§\})>YTMY +< ]2V >{YTMY 7TN}7

d _
g, B3 La _ f.pr | (v

dx N fk O ao
() (1)
(At v, gy}
Ho == Coplinjs—Ly (2:25)
8

The momentum averaged rates are:

i i i i 1
with
Ag? T

Ag =241 = —4Ay= — = 2.97
0 ! >~ 3¢(3) 30721 (2.27)

and the coefficients are given in the table 1.



i cpa(T) (T g o)

0 4.22 2.65 2,52 3.17
1 3.56 2.80 3.10 3.83
2 4.7 2.50 2.27 2.89

Table 1. Coefficients in the momentum averaged rates. The LPM ones have been evaluated at
T, = 10* GeV and Ty, = 1012 GeV.

For the couplings g, ¢’ we evaluate them at the scale 77"

1 1 19 s

— 1 — 2.28

oD~ goLye | 3 “(M)’ (2.28)
1 1 41 M,

— 1 — 2.29

7omr = orp e (57) (2:29)

while the top Yukawa running is obtained numerically from the one loop renormalization
group equations.

In figure 2 we compare the time evolution of the asymmetry that we obtain with the
new equations and the old equations of [15] that only included top scattering processes
and Maxwell-Boltzmann statistics. As expected the larger scattering rates induce a larger
asymmetry at short times, but also a stronger washout at late times.

In [15], we identified four independent CP rephasing invariants that can contribute to
this asymmetry in the general case with NV = 3 as:

1) = —Tm (Wi, Vi Vi W] ,
I = Im [Wi,Vis Vi W)
I = T [Wi3Via Vi W) |

JW = —Im [W;3W22W§2W33] s

where V, W are the matrices parametrizing the neutrino Yukawa matrix, eq. (2.1). In the
minimal scenario with N = 2 only the first two invariants can contribute. We considered
a convenient analytical approximation, based on a perturbative expansion in the mixing
angles of these matrices, that allowed us to solve the differential equations analytically,
neglecting non-linear terms. It is straightforward to apply the same method to the new
equations. As an example we give the result for the asymmetry when only the CP invariant
IfQ) survives (i.e. for ¢;3 = ¢33 = 0). Defining
2

AMZ= M*
Ajj = #Mz*ﬂa Ay = (y3 —y7) £

S8y’

M}

(1) = (4

(2.34)

with M} = Mpianck /ﬁf@o), and neglecting the running of the couplings, the result is

(7(0));7(1)(;1(75), (2.35)

2 79¢(3)\ 2
ZMB/:;—LQ (t) = 3 < 71_(2 )) If2)y1y2(y§ — i)
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Figure 2. Time evolution of the baryon asymmetry for two different choices of parameters. First
set (blue curves): z = 0.81 + 3.22i,¢1 = 1.21,0 = 2.07, M7 = 9.683 GeV, My = 9.677 GeV; second
set (red curves): z = 0.88 — 0.35¢,¢1 = 1.65,5 = —2.07, M1 = 0.754 GeV, My = 0.750 GeV, using
the equations that only take into account quark scattering (solid) and those in egs. (2.25) (dashed).

where

_ 221 9¢(3) 21024 [96(3)\% 422 ,
= 0) 4 === (1) 2Y1 (1) o
7 (7 T e Y ) * 505521 \ a2 -2 (v®)7, (2.36)

and
_ (T4t -T_t : B B
Gi(t) = (e e "I Re[idao0(Ar2, — A2, 1) 4+ 284201 (A2, —A12, t)]

+% g;ta'eratRe [J210 (A12, —Aq9, t) (—QAU +1 <2I‘U —_ (y% 4 y%) ’Y](\?)))} 7

(2.37)

2, .2 2 _ .2

_ ity (o, 96(3) 221 () Y5 — Yi _
I'y=>=-">= — =224, 2.38
+ 2(v+ﬂ27117¢27 (2.38)

The integrals are

Jonm (v, —a, t) E/ dzry xt ez3/ drg xh' e ' 73 . (2.39)

0 0

Figure 3 shows the analytical result compared with the numerical solution to the equation
for sufficiently small mixing angles.

2.2 Baryon asymmetry

The observed baryon asymmetry is usually quoted in terms of the abundance, which is the
number-density asymmetry of baryons normalised to the entropy density. After Planck

~10 -
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Figure 3. Assuming parameters for which only the simplest invariant, 11(2) is non-vanishing,

comparison of the analytical result of eq. (2.35) (dashed), the full numerical one (red), the numerical
one neglecting the variation of the running of the couplings (blue) and that neglecting also non-
linear terms (green). The parameters have been chosen as M7 = 1GeV, My — My = 1073 GeV, and
(y1,92) = (1077,4/2 x 1077), and sufficiently small V, W mixings.

this quantity is known to per cent precision [22]:
V5P =~ 8.65(8) x 1071 (2.40)

The baryon abundance is related to that of B — L by [23, 24]

28
Yp ~ %YB—L, (2.41)
and
nB/g_La T3 27['2 3
Yp_r = Z T "B3-La T HB/3-Lar 57 EQ*T ) (2.42)

«

where we take g, = 106.75 (which ignores the contribution to the entropy of the sterile
states). Our estimate for the baryon asymmetry is therefore

Yp~1.3x107Y pupsp,. (2.43)
«

3 Numerical results

The numerical solution of the kinetic equations is challenging, because in most part of the
parameter space, they are stiff since the oscillation time is much shorter than the collision
one. In [15] we performed an exploration of the parameter space viable for leptogenesis for
the models N = 2, 3 employing the perturbative analytical approximation. This required to
constrain certain regions of parameter space where the perturbative solution could fail. We
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want to improve on this scan by going beyond the perturbative estimate of the asymmetry
and using the full numerical solution of the equations.

We have solved egs. (2.25) using the publicly available code SQuIDS [25, 26]. The code
is designed to solve the evolution of a generic density matrix in the interaction picture. The
interaction picture is useful because it removes the short time scale, i.e. the oscillation scale,
from the numerical integration, but fast oscillatory coefficients then appear in the terms
involving the off-diagonal elements of the density matrix. In order to optimize the code, at
some large enough time, we switch to a fully decoherent evolution (when the exponents of
all the oscillatory terms are larger than 10%). The decoherent evolution is already included
in the last version of the SQuIDs code [26]. Using this approximation the solution speeds
up the computation by a factor more than a hundred and the result agrees with the full
solution with a relative error smaller than O(1%).

Using these optimizations we get a computational time for the full numerical solution
of order minutes, which allows us to do a Bayesian parameter estimation from the log-
likelihood:

1 (YB(tEW) — YB?XP)?

log L =—— 3.1
g v (3.1)

2

For this, we use a nested sampling algorithm implemented in the public package Multi-
Nest [27-29] and the Markov Chain sample analysis tool GetDist [30] to get the posterior
probabilities. The number of random starting points is 5000.

The scan is performed using the Casas-Ibarra parameters of eq. (2.5). We fix the light
neutrino masses and mixings to the present best fit points in the global analysis of neutrino
oscillation data of ref. [31] for each of the neutrino orderings (normal, NH, and inverted,
IH), and leave as free parameters: the complex angle(s) of the R matrix, the CP phases
of the PMNS matrix, the lightest neutrino mass as well as the heavy Majorana masses.
For N = 2 these are six independent parameters, while for N = 3, there are thirteen free
parameters.

In this work we consider the simplest case of N = 2, which can be obtained from the
N = 3 model in the limit where one of the sterile neutrinos is effectively decoupled, that
we can assume without loss of generality to be N3. This can be achieved with the choice
of parameters:

TTL3(1) = 0, Zi3 = O, R(Zij) — R(ZU)(P) (32)

for the IH(NH), where P is the 123 — 312 permutation matrix (only necessary for the NH).

This is then the model that has been considered in most previous works on the sub-
ject [8-10, 13, 32], where the number of constrained parameters is reduced to six: only one
complex angle in R, z = 0 + iy, two CP phases, é and ¢; in the PMNS matrix, and two
Majorana neutrino masses, M7, Ms.

Figures 4 and 5 show, for IH and NH, the posterior probabilities of the spectrum of the
two relevant states, M7, Ms, the active-sterile mixings of the first heavy state |Ua4|? (those
of the second state are almost identical), the neutrinoless double beta decay effective mass
|mpg| and the baryon asymmetry Yp. An important consideration are the priors. We have
considered flat priors in all the Casas-Ibarra parameters except the masses where we assume
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Figure 4. Triangle plot with 1D posterior probabilities and 2D 68% and 90% probability contours
in the N = 2 scenario for TH. The parameters shown are the observables My, AMjo/M; = (My —
M;y)/My, mgg, Yp, and the three mixings with the first of the heavy states |Ua4|? for a = e, u, .
The blue and red contours correspond respectively to the assumption of a flat prior in log;, M; and
logyq Mz and to a flat prior in log;, My and log,o(AM;iz). The star is the test point used for the
SHiP study of the next section.

a flat prior in log;, (%), within the range M; € [0.1GeV,102GeV], and two possibilities:

1) a flat prior also in logy, (G’MT%/) in the same range or 2) a flat prior in log;, (%)

in the range My — My € [1078GeV,10°GeV]. The two different colours (light blue and
red) in figure 4 correspond to the two options. The significant differences between the
two posteriors show the effect of allowing or not for fine-tuning in the degeneracy of the
two heavy states. Even though the contours are typically larger if more fine-tuning is
allowed, we find interesting solutions with a mild degeneracy, which tend to imply smaller
M, M>, larger values of the active-sterile mixing parameters and a sizeable non-standard
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Figure 5. Triangle plot with 1D posterior probabilities and 2D 68% and 90% probability contours
in the N = 2 scenario for NH. The parameters shown are the observables My, AMiy/M; =
(My — My)/My, mgg, Yp, and the three mixings with the first of the heavy states |U,4|* for
o = e, u, 7. The blue and red contours correspond respectively to the assumption of a flat prior in
log,o M7 and log,, M> and to a flat prior in log,, M7 and log,,(AM;2).

contribution to neutrinoless double beta decay, which obviously imply much better chances
of testability. Figures 6 zoom in the most interesting results from this study: the mild level
of fine-tuning of the blue contours (neither a strong degeneracy is required, nor a very large
deviation from the naive seesaw scaling of the mixings), correlated with a relatively large
mixing, and a sizeable amplitude for neutrinoless double beta decay. We will come back to
this point in the next section.

In table 2 we show the 68% probability ranges for the relevant parameters as extracted
from the 1D posterior probabilities, for the two neutrino orderings and the two prior choices.
The ranges for the mixings of the second heavy state, |Uas|?, are basically the same.
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Figure 6. Posterior probabilities for the amplitude of neutrinoless double beta decay (left), electron

mixing (middle) and >-,_. |Uaa|?M; (right) versus the mass degeneracy.

NO Prior M;(GeV) AMi(GeV)  |Uel? U ,4)? \Ur4)? mpg(eV)

I M —0557035 —223t0% —72t0% 8500 85702 —0.84+0.55

0.68 0.71 1.7 1.5 1.4 0.15
AM  0.237085 —2.36%9%  —9.2f;1 —10.17)5 —9.9%5  —1.487)32

NH M -039703% 31404 89708 —74+07 73707 —2.66+0.20
AM 08708 —2.76+£0.62 —11.24, —9.9%1% —10.0%% —2.62+0.14

Table 2. For the minimal model N = 2: 68% posterior probability ranges of log,,(param) assuming
flat prior in log,,(M2(GeV)) (M) or log,o(AMi2(GeV)) (AM).

In figures 7 we zoom in the probability plots for the heavy neutrino mixings versus
mass and compare them with present [33, 34] and future constraints from DUNE [35],
SHiP [36] and FCC [37]. Constraints from Big Bang Nucleosynthesis are very restrictive
in the low mass range, particularly below the pion threshold [38, 39]. In ref. [15] similar
figures were shown from a scan of parameter space assuming only flat priors in log;y M;
and logq |M2 — Mi|. We note that the regions we show here are the result of a full
numerical treatment, that avoids any constraint in parameter space and successfully explain
the baryon asymmetry within its small 1% uncertainty. The most important addition is
however that of the blue contours that use flat priors in log,o M; and log;, M>, and therefore
avoid too large fine-tuning. These solutions point to a region of parameter space within
SHiP reach as the most probable one. It is interesting that the sensitivity of SHiP and
DUNE to the e or p channels will cover to a large extent the blue regions. When a larger
degree of degeneracy in the masses is allowed (red regions), the right baryon asymmetry
can be obtained also for larger masses, up to 10-100 GeV, but this high mass region will
be harder to test experimentally (for recent work see also [40]).

In the N = 3 case, there are 13 unknown parameters and the exploration of parameter
space is significantly more challenging. This case will be considered elsewhere.

4 Predicting the baryon asymmetry in the minimal N = 2 model

A very relevant question is whether the baryon asymmetry could be predicted in this
scenario if the heavy sterile neutrinos are within reach of future experiments, such as the
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Figure 7. Comparison of the posterior probability contours at 68% and 90% on the planes mixings
with e, p, 7 versus masses, with the present (shaded region) and future constraints from DUNE,
FCC and SHiP for NH (up) y IH (down).

SHiP experiment. We will analyse this question in the simplest case N = 2 where the
number of unknown parameters is minimal. Obviously the situation for the N = 3 case
will be much more difficult.

The SHiP experiment will be capable of detecting heavy neutrinos in the few GeV range
provided their mixings are sufficiently large. In particular significantly larger than what the
naive seesaw scaling |U,i|? ~ m;/M; would suggest. In the Casas-Ibarra parametrization
of eq. (2.5), this implies that the entries of the R matrix need to be significantly larger
than one, and therefore the imaginary part of the complex angle needs to be sizeable.

In order to understand the dependence of Yz on the different parameters, it is useful to
consider the perturbative results of [15]. The CP asymmetries responsible for the baryon
number generation, Agp, in the weak washout regime, can be generically written as

ACP = Z |Yo¢k|2 Aaa (4'1)
a,k
with
_ v (vt s
A, iZjIm [YmYa] (Y Y)ij] F(M;, M;). (4.2)

For the N = 2 case, when ¢;3 = 0 and y3 = 0, this quantity can be written as [15]
2 3
Yg =Acp =192 (¥ — 47) ((?J% ) I£ )y y%lf )) g(Ma, My), (4.3)

where the invariants 52)’(3) are defined in eq. (2.33). This is indeed the dependence obtained
from the solution of the kinetic equations in the perturbative approximation obtained
in [15], in the weak washout limit. For our new kinetic equations, the perturbative result
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(2)

is shown in eq. (2.35) (where only the I;™ contribution has been kept). We can read from
eq. (2.35) in the limit of weak washout, '+t < 1, and using eq. (2.43):

4 .
P (06B))° 0O sign(AME) -,
I'(—1/6) 2 M*2/3TEW ‘AMQ ’2/3 . .

In contrast with eq. (2.35), this approximation fails at large times since it is valid only for

2
g(My, My) = 1.3 x 1073 x 2 (3)

it <« 1. It typically overestimates the asymmetry, but should give qualitatively the right
dependence on the parameters.

What we need however are the expressions in terms of the Casas-Ibarra parameters.
The relations are typically very complicated, but we can identify a few small parameters
and perturb in them:

Am? ~

Oe):r= W;’Olwﬂlgwffi (4.5)

atm

where -, assumed positive, is the imaginary part of the complex angle of the R matrix that

needs to be large to avoid the naive seesaw scaling of the active-sterile mixings.? Defining
2y A 2

e m

fatm’ (4.6)

the result for the heavy-light mixing for IH can be written as

A

. . 1 :
\Uea|> My =~ |Ues|* My ~ A [(1+s1n @1 sin 2912)(1—0%3)—%57“2512(012 sin ¢y + s12)+O(€3)

1 1
|Upal*My 2 U5 |* Mo = A[(l — sin ¢y sin 2612 (1 + 47“2) + Qr%) ¢33
+613(cos ¢ sin 0 — sin ¢1 cos 2612 cos §) sin 2023

460751 + sin ¢y sin 2612) 535 + 0(63)] ,

Ura|* My =~ |Urs|*Ma =~ A[ <1 — sin ¢1 sin 2612 (1 + ir > + 17°2C%2> 533
—013(cos ¢1 sin 0 — sin ¢ cos 2012 cos §) sin 26023
+675(1 + sin ¢1 sin 2612)c35 + (9(63)] : (4.7)
The result for NH is:
\Uea|> My =~ |Ues|* My ~ A [rsé — 2/r0135in(5 + ¢1)s19 + 035 + O<65/2) } ,
Ua|* My =~ |Uys|* My =~ A[sgg — VT €125 ¢y sin 2093 + r3ycis
+24/1 O135in(¢ + 0)s19553 — 035553 + O<65/2) ] ,
\Ura2My =~ |Ur5 2 My =~ A[ng + V/re12 8in ¢ sin 2053 + 7¢iy 83

+2f 013 Sln((bl + 5)812023 013623 + O( 5/2) :| . (48)

3Note that v can also be negative, but there is an approximate symmetry v — —v, that would lead to

.. P o .
very similar results by expanding in e~ 2 in this case.
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Note that the mixings depend exponentially on v and are inversely proportional to the
heavy masses, but this dependence drops in any ratio.

At leading order (LO) in the € expansion, we see that for IH, the ratio of the electron
and muon mixings is independent of v and heavy masses and depends exclusively on the
Majorana CP phase of the PMNS matrix, ¢;:

’Ue4’2 -~ i 1+ sin ¢1 sin 2912
‘U,u4|2 N 033 1 —sin ¢1 sin 2912

IH : + O(e). (4.9)
This is important because the CP asymmetry strongly depends on this phase as we will
see below, therefore for the IH, the putative measurement of the masses and the mixings
of these states in SHiP for example, would allow in principle to fix simultaneously v and
¢1. For NH on the other hand the SHiP measurement would only provide information on
~ but not on ¢ nor any other phase, at this order:

NH :

Vel o512 (9(63/2> . (4.10)
|Upual? 533
The mixings to taus are at this order the same as those to muons.

The leading order however is not precise enough. For IH, it is clear from eq. (4.9) that
depending on the value of ¢ a significant suppression of the leading terms in the numerator
or denominator can take place, therefore at this point the NLO corrections are relevant
and these bring a new undetermined parameter, J, as can be seen from eqs. (4.7), which is
the CP phase that can be measured in neutrino oscillations! In this case, the measurement
of the ratio of mixings at SHiP cannot resolve ¢ and § simultaneously and a degeneracy
between these two phases remains. We will come back to this interesting observation in the
following section. Clearly the & phase could be determined in future neutrino oscillation
experiments.

At leading order in the e expansion, the CP asymmetry in this regime can be approx-

imated by
ACP 4y (AmQt )3/2 ) .
— | = \2atm) A (M M [ 20 cos 26+ — 90 sin 20
‘g(Ml, M) |y € 42,6 1Mo ( M7+ My)|(sin 260 cos 2012 —cos ¢1 cos 260 sin 2012) x
(sin® 2023 + (4 + cos 463) sin ¢y sin 2012) + (’)(5)} ,
Ace b (A2 ) g
| = m) Ny May(My + M) | Y sin 40 _ 9
’g(Mla MQ) NH c 4U6 1 2( 1 + 2) 2 S 2023C12 COS(qSl )

+r ( sin® 2093 [clysin2(¢1 — 0) + (2 + cos 2612) sin 20| — 2)

/1 013 519(1 + cos? 2023) cos(d + ¢y — 26) + (9(62)] , (4.11)

where in the case of NH we have included NLO corrections because the LO cancel for
maximal atmospheric mixing. We see that for both neutrino orderings, it depends strongly
on the real part of the Casas-Ibarra angle 6, which does not affect any other of the ob-
servables above. In particular, independently of the value of ¢1, there is always a value of

~ 18 —



f that can make the asymmetry vanish. For instance for the IH result the value can be
approximated by
TH: tan26 ~ cos ¢ tan 26019, (4.12)

therefore the uncertainty in 6 forbids to set a lower bound on the asymmetry, although an
upper bound can be derived. Therefore even if the sterile states would be discovered at
SHiP and their mixings to electrons and muons accurately measured, the asymmetry can
only be predicted up to this angle.

Furthermore as we have seen in order to explain the baryon asymmetry in the N = 2
case, a significant level of degeneracy between the two states is needed. The dependence
on this quantity enters in the function g(Mi, Ms). Although we have not found a detailed
study of the expected uncertainty in the invariant mass at SHiP, given the momentum
resolution for muons and pions quoted in [41], we expect that this uncertainty could be
better than 1%. If the degeneracy cannot be measured, a large uncertainty in the CP
asymmetry will result also from this unknown.

Interestingly neutrinoless double beta decay also depends on both unknowns: 6 and
AMiys. The effective neutrino mass in neutrinoless double beta is given approximately
by [42, 43|

2
; T
Imgslrm =~ £/ AmZ, |cts <c%2 + P05t (1 + 2)) (4.13)

2 2
—f(4) 62“9327(012—i€i¢1812)2(1—26i5823913)w (1_ <M) )

4M? Mi+AMy) )|
Imgglne = 4/ AmZ )62@10%38%27" +e Mty (4.14)
: : 5\ (0.9 GeV)? M,V
—f(A 20 2~y ( 2i¢1 —9 0 —7,5) ( 1—
f( )6 € 'S812| rsi12e Z\/T" 13€ 4M12 M, +AMp, >

where the two lines in each amplitude correspond respectively to the light and heavy
contributions. f(A) depends on the nucleus under consideration. For *Ca, ®Ge, 32Se,
130Te and 136Xe, f(A) ~ 0.035, 0.028, 0.028, 0.033 and 0.032, respectively [44, 45]. Since
f(A) is very small we have neglected O(€?) effects in the heavy contribution.

Note that the non-standard contribution from the heavy states is very sensitive to the
mass degeneracy. Furthermore the interference between the light and heavy contributions
is very sensitive to the angle 6, and it is precisely in the region around 1 GeV where the
heavy and light contributions can be comparable, and can effectively interfere [43, 46, 47].
There is therefore the possibility that neutrinoless double beta decay could provide the
missing information to predict the baryon asymmetry.

On the left plot of figure 8 we show |mgg| as a function of the angle § for IH and
some choice of parameters that are within the range of SHiP and assumed known. |mgg|
has been computed exactly using the nuclear matrix elements for "°Ge from ref. [44].The
bands are the standard 3v contributions to |mgg| for NH/IH. If the uncertainty in |mgg|
could be better than the spread within the standard IH region, a determination of 6 could
result from this measurement. On the right plot we show the dependence of Yp (computed
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Figure 8. Left: dependence of mgg on @ for IH and M; = 1GeV,AMy = 1072GeV, ¢ = s
0 = 0 and v = 3. The red band is the standard 3v expectation for NH and the blue one that for
the TH. The dashed line would be the standard 3v contribution for the chosen value of ¢;. Right:
Yp versus 0 for the same parameters. The dashed line is the experimental value of Yp.
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Figure 9. Correlation of |mgg| and Y when the parameters that could in principle be measured at
SHiP are fixed and the neutrino ordering is inverted. The band is the standard 3v expectation. The

vertical dashed line is the measured Yg, and the horizontal one corresponds to the 3v expectation
for ¢1 = 7.

exactly) on the same angle. In figure 9 we show the correlation between |mgg| and Yp as
we vary 6. Ideally a precise determination of |mgg| could predict the baryon asymmetry up
to a global sign. In practice, this would require a very good control of the nuclear matrix
elements which is very challenging.

As a proof of principle we have studied the posterior probabilities for a hypothetical
measurement of SHiP of My and M and their respective couplings to electrons and muons
for TH. The point chosen is indicated by a star in figure 4. We did not look for a very special
nor optimal point, simply that it was within the range of SHiP and could explain the baryon
asymmetry. The corresponding triangle plots are shown in figure 10 for two values of the
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Figure 10. Triangle plot with 1D posterior probabilities and 2D 68% and 90% probability contours
in the N = 2 scenario for IH, assuming a putative measurement of SHiP of the two masses My, Ms
and their mixings to electrons and muons. We assume uncertainties of 1%, 10% for the masses and
mixings in the grey contours and 0.1%,1% in the red ones. An additional posterior probability
in light blue is shown for a combination of SHiP and a measurement of the phase § in DUNE or
HyperK. The parameters shown are the observables Yg, |mgg|, |Ur4|?, 6 and ¢;.

assumed errors in this experiment: relative errors on masses and mixings of (1%, 10%) and
the much more optimistic (0.1%, 1%). We furthermore considered a combination of SHiP,
with the more optimistic errors, with a determination of ¢ in future neutrino oscillation
experiments such as HyperK and DUNE. We have assumed o5 >~ 10° as derived from the
studies in references [48, 49]. The |mgg| versus Yp plot is zoomed in in figure 11.

Clearly the determination of ¢ results in a more clear correlation between |mgg| and
Yp. In fact the resulting width of the contour can be understood from the propagation of
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Figure 11. Posterior probabilities in the |mgg| vs Yp plane from a putative measurement at SHiP,
assuming 0.1%, 1% uncertainties in the masses and mixings (red) or the latter with an additional
measurement of § in DUNE and HyperK (blue). The grey band is the standard 3v expectation.

the error in d on the determination of ¢1. This is shown in figure 12, where we compare
the posterior probability with the three curves obtained in the following way: 1) fixing the
parameters to those of the test point and changing only 6 (solid line), 2) the same as 1)
except 0 which is fixed to diest — 05, and correspondingly ¢1,y tuned to keep the mixings
unchanged. There are two solutions for ¢ and the two dashed lines correspond to the
two values (see figure 13), according to the analytical approximate formulae. The region
encompassed by these lines is roughly similar to the 68% and 90% regions.

For NH, the expectations are much more pessimistic, since the SHiP measurement
would have a hard time to pin down ¢1, even if § is known, and therefore two unknowns
¢1,0 would remain. They could be determined in principle from a measurement of Y and
|mgg| but not from one single measurement and therefore the baryon asymmetry will be
very difficult to predict in this case. The measurement of |mgg| for NH would nevertheless
be futuristic since the value would be roughly a factor 10 smaller, which is beyond the
reach of the next generation of neutrinoless double beta decay experiments.

5 Upmns phases from SHiP and neutrinoless double beta decay

We have seen that the ratios of electron and muon mixings that could be measured at
SHiP could give very interesting information of the phases of the PMNS matrix. We stress
that this is independent of whether the baryon asymmetry can be explained or not. This
relies on the fact that the mixings are large enough so that they can be discovered at SHiP.
In this case, the ratio of the electron to muon mixings are dominantly controlled by the
phases of the PMNS mixing matrix, as can be seen in egs. (4.7) and (4.8).
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Figure 12. Posterior probabilities in the |mgg| vs Yp plane from a putative measurement at SHiP,
assuming 0.1%, 1% uncertainty and an additional measurement of § in DUNE and HyperK, together
with the contours obtained by changing 6 and every other parameter fixed to the test point values
(solid line) or with § = dtest — 05 and ¢1,7 in each case tuned to keep |Ues|?, |U,a|? fixed. There
are two solutions for ¢; and these correspond to the two dashed lines.

In figure 13, we compare the correlation expected on the (¢1,0) plane from a putative
measurement of this ratio using the analytical formulae of eqs. (4.7) for the test point of the
previous section, to the posterior probabilities obtained with the most competitive SHiP
uncertainties assumed in the previous section. Clearly the analytical formulae work very
well and demonstrate the potential of SHiP in constraining the CP violating phases of the
mixing matrix.

This has the following interesting consequence. If neutrinoless double beta decay could
be measured with sufficient precision and the effect of the unknown 6 would be small (this
would happen for example in a more degenerate situation or for larger heavy masses which
suppress the heavy contribution to neutrinoless double beta decay), the combination of this
measurement with that at SHiP could provide information on the phase §. Quantifying
what is the reach of the combination of SHiP and neutrinoless double beta decay on d is
very interesting and deserves a dedicated study.

Reversely, if a measurement of § could be obtained from neutrino oscillation measure-
ments, a putative measurement of SHiP could provide a more precise prediction of the
neutrinoless double beta decay amplitude if the neutrino ordering is inverted. This would
be an extra motivation for improving the nuclear matrix element determination.

The possibility of measuring also the tau mixing at SHiP could help to resolve the
degeneracy. Figure 14 shows the isocurves of |Ues|?/|Upal? and |Uea|?/|Ur4|? in the (¢1,0)
plane. The test point we used did not have sensitivity to the tau mixing according to the
expectations for SHiP, but if this measurement could be improved this would also be useful
to reduce the (0, ¢1) degeneracy.
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Figure 13. Posterior probabilities from a SHiP measurement of the masses and mixings with e,
on the plane (¢1,0) compared with the result of the analytical ratio (red line) derived from eqgs. (4.7)
for parameters in the test point.
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Figure 14. Isocurves for the ratios |Ue4|?/|U,4|? (red) and |Ues|?/|Ur4]? (blue) derived from
egs. (4.7).

6 Conclusions

We have studied the production of the matter-antimatter asymmetry in low-scale O(GeV)
seesaw models. We have improved our previous study [15] by including the washout pro-
cesses from gauge interactions and Higgs decays and inverse decays, quantum statistics in
the computation of all rates, as well as spectator processes. This together with a more
efficient numerical treatment of the equations have allowed us to perform the first bayesian
exploration of the full parameter space that explains the observed baryon asymmetry in
the context of the minimal model, where only two singlets play a role in the generation of
the baryon asymmetry.
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We have demonstrated that successful baryogenesis is possible with a mild heavy neu-
trino degeneracy, and more interestingly that these less fine-tuned solutions prefer smaller
masses M; < 1GeV, which is the target region of SHiP, and significant non-standard
contributions to neutrinoless double beta decay. We have also demonstrated the comple-
mentarity of future putative measurements from SHiP, neutrinoless double beta decay and
searches for leptonic CP violation in neutrino oscillations, in the quantitative prediction
of the baryon asymmetry within the minimal model. If singlets with masses in the GeV
range would be discovered in SHiP and the neutrino ordering is inverted, the possibility to
predict the baryon asymmetry (maybe up to a sign) looks in principle viable, in contrast
with previous beliefs. Unrelated to whether the baryon asymmetry is explained or not, we
have also shown that a measurement of the electron and muon mixings of heavy species
within SHiP range could precisely determine, in the minimal model, a combination of the
two phases of the Upyng matrix.
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