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Abstract We discuss leptogenesis in a model with heavy
right-handed Majorana neutrinos propagating in a con-
stant but otherwise generic CPT-violating axial time-like
background (motivated by string theory). At temperatures
much higher than the temperature of the electroweak phase
transition, we solve approximately, but analytically (using
Padé approximants), the corresponding Boltzmann equa-
tions, which describe the generation of lepton asymmetry
from the tree-level decays of heavy neutrinos into Standard
Model leptons. At such temperatures these leptons are effec-
tively massless. The current work completes in a rigorous
way a preliminary treatment of the same system, by some
of the present authors. In this earlier work, lepton asymme-
try was crudely estimated considering the decay of a right-
handed neutrino at rest. Our present analysis includes thermal
momentum modes for the heavy neutrino and this leads to
a total lepton asymmetry which is bigger by a factor of two
as compared to the previous estimate. Nevertheless, our cur-
rent and preliminary results for the freezeout are found to
be in agreement (within a ~ 12.5% uncertainty). Our anal-
ysis depends on a novel use of Padé approximants to solve
the Boltzmann equations and may be more widely useful in
cosmology.

1 Introduction and motivation

A plethora of cosmological measurements, especially those
associated with observations of the cosmic microwave back-
ground radiation (CMB) in the universe [1,2], lead to an
estimate of the observed asymmetry between matter (mostly
baryons) and antimatter of order:

np —ng np —ng
np+ng Ky
(8.4 —8.9) x 107 (1)

An(T ~ 1 GeV)
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in the early stages of cosmic expansion, i.e. for times t <
107¢ s and temperatures T > 1 GeV. In the above formula
n g (ng) denotes the (anti-) baryon density in the universe, and
s is the entropy density of the universe. Moreover, the obser-
vations of the CMB background, indicate that at present the
temperature of the universe is Ty = 2.727K = 0.235meV
and the ratio of baryons over photons is

"B 5.4 x 10719, )

ny

where 7, is the density of photons in the universe.

At first sight, the asymmetry (1) (and the result (2))
appears to be in conflict with fundamental properties of rel-
ativistic quantum field theories, which form the basis of our
phenomenology of elementary particles. Specifically, in flat
space-time, any unitary and local Lorentz invariant quantum
field theory, which respects unitarity and locality, should be
described by a Lagrangian that is invariant under CPT trans-
formations where C denotes charge conjugation, 7" denotes
reversal in time and P denotes parity (spatial reflection) trans-
formations. This is the celebrated CPT theorem [3]. For the
physics of the early universe based on any Lorentz invariant
quantum field theory, such a theorem implies that matter and
antimatter should be created in equal amounts after the Big
Bang. If such is the case, the universe today would be filled
with radiation, as a result of matter-antimatter annihilation
processes, in conflict with (2).

Within the context of our current understanding of funda-
mental physics, A. Sakharov [4-7], postulated the following
three necessary conditions for the dominance of matter over
antimatter (baryon asymmetry in the universe (BAU) (1)),
and hence for our very existence:

e Baryon (B) number violation.
e Charge (C) and charge-parity (CP) symmetries need to
be broken.
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e Chemical equilibrium does not hold during an epoch in
the early universe, since chemical equilibrium washes out
asymmetries.

In fact there are two types of non-equilibrium processes in the
early universe that can produce asymmetries between parti-
cles and antiparticles: the first type concerns processes gen-
erating asymmetries between leptons and antileptons (lep-
togenesis) [8—12], while the second produces asymmetries
between baryons and antibaryons directly (baryogenesis)
[13-16].

Unfortunately, within the framework of the Standard
Model (SM), although Sakharov’s axioms can be qualita-
tively reproduced, especially because one has both B and CP
violation in the quark sector, the resulting baryon asymme-
try is several orders of magnitude smaller than the observed
one (1) [17-19]. There are several ideas that go beyond the
SM (e.g. grand unified theories, supersymmetry, extra dimen-
sional models etc.) and provide extra sources of CP violation,
necessary for yielding the observed magnitude for the asym-
metry. Some of these attempts, involve the elegant mech-
anism of baryogenesis via leptogenesis, in which a lepton
asymmetry is generated first, by means of decays of right
handed sterile neutrinos to SM particles; the lepton asym-
metry is subsequently communicated to the baryon sector
by means of sphaleron processes which violate both Baryon
(B) and Lepton (L) numbers, but preserve the difference B-L
[20-26]. Heavy sterile neutrinos, through the seesaw mecha-
nism [27-31], play another essential r6le in particle physics,
since they provide a natural explanation for the existence of
three light neutrinos with masses small compared to other
mass scales in the SM), as suggested by observed neutrino
oscillations [32,33]. Fine tuning and some ad hoc assump-
tions are involved though in such scenarios, especially in
connection with the magnitude of the CP violating phases
and the associated decay widths. Consequently the quest for
a proper understanding of the observed BAU still requires
further investigation.

In the scenario of Sakharov it is assumed that CPT sym-
metry holds in the very early universe and this leads to the
equal production of matter and antimatter. CPT invariance
is regarded as fundamental since it is a direct consequence
of the celebrated CPT theorem [3]. However, it is possible
that some of the assumptions in the proof of the CPT theo-
rem do not hold in the early universe, leading to violations
of CPT symmetry. Sakharov has stated that non-equilibrium
processes are necessary for BAU in CPT invariant theories.
If the requirement of CPT is relaxed, the necessity of non-
equilibrium processes can be dropped . In a low-energy ver-
sion of quantum gravity Lorentz invariance and unitarity are
likely to emerge since not all degrees of freedom are acces-
sible to a low-energy observer. Lorentz invariance violation
has been singled out in Ref. [34] as a fundamental reason for
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inducing CPT violation (CPTV) and vice versa. (However,
such claims have been disputed in [35,36], through coun-
terexamples of Lorentz invariant systems, which violate CPT
through relaxation, for example, of locality.) In our work we
will consider Lorentz invariance violating (LV) backgrounds
in the early universe as a form of spontaneous violation of
Lorentz and CPT symmetry.

If LV is the primary source of CPTV, then the latter can be
studied within a local effective field theory framework, which
is known as the Standard Model Extension (SME) [37]. The
latter provides the most general parametrization for study-
ing the phenomenology of Lorentz violation in a plethora
of physical systems, ranging from cosmological probes, to
particle and precision atomic physics systems. For the cur-
rent era of the universe [38—41] very stringent upper bounds
on the potential amount of Lorentz and CPT violation have
been placed by such systems. However, under the extreme
conditions present in the very early universe, such violations
could be significantly stronger than in the present era (where
they could be extremely suppressed (or absent), in agreement
with current stringent constraints).! In a previous work [43]
we presented a phenomenological model for generating a lep-
ton asymmetry via CPTV in the early universe. The model
was based on a specific extension of the SM, involving mas-
sive Majorana right-handed neutrinos (RHN), propagating
on a Lorentz and CPTYV, constant in time, axial vector back-
ground coupling to fermions. The latter could be traced back
to a specific configuration of a cosmological Kalb-Ramond
(KR) antisymmetric tensor field [44] that appears in the grav-
itational multiplet of string theory [45—49], and plays the role
of torsion in a generalised connection, although we do not

! If one considers, for instance, quark fields in some Lorentz and CPTV
backgrounds (such as those allowed by the SME formalism), it is possi-
ble to induce baryogenesis, as a consequence of the fact that the LV and
CPTYV effects induce “chemical potentials” for the quarks [42]. This
leads directly to baryogenesis, given that in the presence of a chemi-
cal potential p, the populations of quarks and antiquarks are already
different within thermal equilibrium, since the particle and antiparti-
cle phase-space distribution functions f(E, 1), f(E, i), with E the
energy (and an overline over a quantity denoting that of an antiparticle)
are different (in the presence of a chemical potential, j, for a particle,
the antiparticle has a chemical potential of opposite sign z = —pu. In
SME models, of course, even the magnitudes of &z and E may be differ-
ent from those of particles, as a consequence, for example, of different
dispersion relations between particles and antiparticles). All these cause
a difference in the corresponding equilibrium populations

F(E, p) = [exp(E —w)/T) £ 117", f(E, )
= [exp(E—0)/T) £ 117", 3

[where the +(—) will denote a fermionic (bosonic) (anti-)particle]. In
principle, such scenarios can lead to alternative explanations for the
observed matter-antimatter asymmetry, provided that detailed mecha-
nisms for freeze-out of particle interactions in this SME context are pro-
vided.Unfortunately, so far, microscopic models leading to such SME
lagrangians and related phenomena have not been provided.
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restrict ourselves to such an identification.” The involvement
of sterile RHN in the model is physically motivated primar-
ily by the need to provide a natural explanation for the light
neutrino masses of the SM sector. The lightest RHN may
also have a potential role as (warm) dark matter candidates
[25,26,51-53]. However, in our CPTV models sterile neu-
trinos responsible for leptogenesis have masses in the 107
GeV range or higher [43] and so cannot be considered as
dark matter.

In [43] we only gave a qualitative and rather crude estimate
of the induced CPTV lepton asymmetry, based on the decay-
ing right handed Majorana neutrino being at rest. In this way
it was possible to estimate the lepton asymmetry, without
following the standard procedure of solving the appropri-
ate Boltzmann equation that determines correctly the asym-
metry value at decoupling of RHN. In the early universe
the heavy right-handed neutrinos are not at rest but have a
Maxwell-Boltzmann momentum distribution. The purpose
of this article is to properly take into account this momentum
distribution in the calculation of the lepton asymmetry.

The structure of the article is as follows: in the next Sect.
2 we review the model of [43] and an earlier estimate of the
CPTV-background induced lepton asymmetry, which shall
be compared with the much more accurate result of the
present article, obtained by solving the appropriate Boltz-
mann equations analytically. We commence our analysis by
considering the lepton asymmetry associated with the decays
of the RHN into charged leptons. In Sect. 3, we construct the
appropriate system of Boltzmann equations in the presence
of a weak CPTV axial background involved in the problem,
and compare it with the standard CP violating case [20-26].
In Sect. 4, we solve the Boltzmann equations using Padé
approximants [54], which is an approximation popular in
several fields of physics, ranging from statistical mechanics
to particle physics and quantum field theory [55-60]. In this
way, we manage to compute the induced lepton asymmetry
at RHN decoupling analytically, avoiding numerical treat-
ment. It should be remarked, that setting up and solving such
a system of differential equations is a highly non-trivial and
algebraically complicated task. Our analytical results agree
(within ~ 12.5% accuracy) with our earlier preliminary esti-
mates of the freezeout point, as outlined, in [43]. In view of

2 In four space-time dimensions, the field strength of the KR field is
dual to a massless pseudoscalar (axion-like) field. In the recent litera-
ture [50] axion-based approaches to leptogenesis, involving an effective
CPT-violating coupling between the (temporal component of the) lep-
ton number current and the time derivative of a (time-dependent) axion
field (which is quite different from our KR axion which couples to axial
fermion currents), have been proposed. This interaction breaks time
translation invariance and, thus, generates an effective chemical poten-
tial which differentiates between leptons and anti-leptons. The presence
of this effective chemical potential allows for the generation of a lepton
asymmetry by means of RHN-mediated AL = 2 scattering processes
in that model.

this, we consider our system of Boltzmann equations as pro-
viding another efficient use of Pade approximants, this time
with relevance to cosmology. The lepton asymmetry that we
find in our analytic treatment is slightly larger (by a factor
of about 2) than the estimate of [43]; this is to be expected,
since non-zero momentum modes of the RHN have been
included. In Sect. 5 we complete our analysis by including
the contributions to the Boltzmann equations and the lep-
ton asymmetry coming from the decays of the RHN into the
neutral Higgs and active neutrinos. Our calculations show
that the resultant lepton asymmetry increases by a factor ~ 2
compared to the one based on the RHN decays to charged
leptons only. Conclusions and outlook are given in Sect. 6. A
review of the formalism and derivations of the corresponding
decay amplitudes and thermally averaged rates used in the
Boltzmann equations, are presented in several Appendices.

2 Review of the CPT violating model for leptogenesis

It will suffice for our purposes to consider a single species of
RHN as in [43]. If the phenomenology is required to include
the seesaw mechanism it is necessary (and possible) to add
more species of RHN. The option of using a single species of
RHN is not available within the standard CPT conserving but
CP violating scenario, where to obtain a lepton asymmetry
one needs more than one species of RHN [20,21,24]. Our
Lagrangian is given by [43]:

_ M,
L=iNjJN — > (NN + NN°)
~NBY’N — yLy$N + h.c. 4)

where N is the Majorana field, ¢ is the adjoint (i = & i®;)
of the Higgs field ¢, and Ly is a lepton (doublet) field of
the SM sector, with k a generation index. y is a Yukawa
coupling, which is non-zero and provides a non-trivial inter-
action between the RHN and the SM sectors via the Yukawa
type interaction (“Higgs portal”): Lyyx = vk Lx¢N + h.c.
In our case of a single Majorana neutrino species we take
k =1 to label the first generation, and from now on we set

yi=y. (5)

Since in SM the leptons have definite chirality, the Yukawa
interactions Ly g can be rewritten as

. 1+]/5 e 1_)/5
—vL N — y*Ng'
(v (1

_ (14 5 o 1 — 5
_yL1¢( 2’/ )N—y*Liqﬁ( 2” )N.

(6)

Lyuk
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where in the last equality we used the properties of the charge
conjugation matrix and the Majorana condition N = N. The
two hermitian conjugate terms in the Yukawa Lagrangian are
also CPT conjugate. This is to be expected on the basis of
the CPT theorem. In fact CPT violation is introduced only
by interactions with the background field.

The background field B = y,, B* is assumed at most a
function of the cosmic time, so as to respect the isotropy
and homogeneity of the early universe, where such back-
grounds are non-trivial. We note at this point that, if the
axial background field B* is to be identified [43] with the
totally antisymmetric field strength (H,,,, = 9, B+ cyclic
permutation of indices) of the Kalb—Ramond [44] spin-one
field By, that appears in the massless gravitational multi-
plet of string theory [45—47], then the latter is viewed as part
of a torsion background [48]: B* = eMvP* Hypy.. In such
a case one should also consider the coupling of the axial
field B, to all other fermions of the SM sector, ¥; (j =
leptons, quarks) via a universal minimal prescription, with
the coupling with all fermionic species ¥ being the same :
%i V> BY ;. In four space-time dimensions the H,,,; field is
dual to a pseudoscalar field b(x) [48,49]: H,1p X €0p *b.
There is an exact cosmological solution in the bosonic string
theory [49], in which the H-torsion background is identi-
fied with a homogeneous and isotropic cosmological Kalb—
Ramond axion, linearly dependent on the cosmic time [49].
The solution satisfies the corresponding conformal invari-
ance conditions of the associated o -model, thus constituting
a consistent background of strings. The resultant axial back-
grounds are constant in time and have non-trivial temporal
components only
Bp=const 20, B; =0, i=1,2,3. (7)
In [43] we have generalised the above solution (7) in theo-
ries with fermions, in which the latter condensed in the early
universe. Such backgrounds can then be viewed as sponta-
neously breaking Lorentz and CPT symmetry in the system
and are consistent with isotropy and homogeneity of the early
universe. In what follows we shall consider the Lagrangian
(4) in the generic background (7), without specifying further
its microscopic origin. The form of the Lagrangian coin-
cides with one of the simplest forms of the so-called Stan-
dard Model Extension (SME) [37], namely that in which the
temporal component of the so-called b, coefficient assumes
a constant value.

There are stringent constraints [38—41] (coming from a
plethora of measurements ranging from astrophysical to lab-
oratory precision tests of Lorentz and CPT symmetries) for
today’s value of by < 0.02 eV (and much suppressed spa-
tial components b; < 10732 GeV). Although in our model
in the frame of Robertson—Walker (cosmic microwave back-
ground) the axial background is assumed to have only the

@ Springer

temporal component (7), nevertheless the slightest motion
of the observer with respect to that frame will generate a spa-
tial component by means of a Lorentz transformation. It is
therefore essential that any current value of By is severely
suppressed today, and also during the nucleosynthesis era. In
[43] we have provided arguments in favour of scenarios in
which the universe undergoes a phase transition soon after
the decoupling of heavy neutrinos, so that the background By
ceases to be a constant, and decreases with the temperature
according to the scaling law 7°3. The qualitative estimates of
[43], have indicated that for Yukawa couplings yj of order
1073 (assumed in [43]), the decoupling temperature of the
heavy neutrino 7Tp of order Tp >~ my ~ 100 TeV, implies
a phenomenologically consistent leptogenesis for By ~ 1
MeV at T =~ Tp. The cooling law

By ~ T3, ®)

implies for the present era a negligible By = O(10~*) meV
today, and also a very small value during the nucleosynthesis
era.

As we shall be interested in high temperatures 7 >~ Tp ~
100 TeV, which are much higher than the electroweak phase
transition, the SM fields are treated as massless, while the
heavy RHN can still be assumed to be massive.? In such a
case, the Higgs field does not develop a vacuum expectation
value; consequently the charged Higgs (denoted by 4*) and
neutral Higgs (h°) play a rdle in the physical spectrum. From
the form of the interaction Lagrangian in Egs. (4), and (6), itis
straightforward to obtain the Feynman rules for the diagrams
giving the decay of the Majorana particle in the two distinct
channels:

Channel I :
Channel II :

N —> I h',
N —ITh™. 9

The neutral channel decay N — v h”, where v are the SM
neutrinos, would not lead to any lepton asymmetry, if the
active neutrinos v were purely Majorana; this follows directly
from the Yukawa term (6), when expressed in terms of Majo-
rana fields for the neutrinos. However, in standard see-saw
scenarios [27-31], the Lagrangian contains Dirac mass terms
for the active neutrinos and schematically v # v; so there

3 We do not specify here or in [43] the mechanism by which the heavy
right-handed neutrinos acquire their mass. Exotic scenarios may be at
play here [61], in which the quantum fluctuations of the Kalb—Ramond
H,,, field (equivalently the axion field b(x) in four space-time dimen-
sions) are allowed to mix with ordinary axions, via kinetic mixing, and
thus may be responsible for radiative generation of the right-handed
Majorana neutrino mass, as a result of Yukawa coupling interactions of
the ordinary axion with such right-handed neutrinos. In such a case, one
may arrange that such masses are non trivial in the high temperature
regime of the decoupling of the right-handed neutrinos, even if the rest
of the SM fields are massless at such temperatures.



Eur. Phys. J. C (2018) 78:113

Page 50f 33 113

1

Fig. 1 Tree- (left) and one-loop (right) decay amplitudes for the decays
(9) that are relevant for leptogenesis. Continuous undirected lines rep-
resent right-handed neutrinos (RHN), lines with an arrow represent
SM leptons, whilst dashed lines correspond to the SM Higgs. In our
approach, only the tree diagrams are evaluated in the presence of an
axial background field (7). The remaining diagrams are required for the
standard result of [20], leading to leptogenesis in CPT invariant theo-

would be additional contributions to the lepton asymmetry
from the tree level decays in the channels

Channel I :
Channel II :

N — vho,
N — v h°. (10)

In the absence of the background, the squared matrix ele-
ments obtained from tree level diagrams for the two decays
in Eq. (9) (cf. Fig. 1), and also in Eq. (10), would be the
same [20,21,24,62]. In such a case, a lepton asymmetry is
generated due to the CP violation present in the neutrino
mixing matrix in the pertinent one loop diagrams, and hence
require more than one species of right-handed neutrinos. In
the presence of the background By # 0, however, there is a
difference in the decay rates of the tree level processes (9),
and this leads to CPTV-induced lepton asymmetry.*

In what follows, we shall first calculate the lepton asym-
metry based only on the decay channels (9), involving
charged leptons in the final stage. In Sect. 5 we shall include
the neutral decay channels (10), into active neutrino and
neutral Higgs. As we will demonstrate, the complete lep-
ton asymmetry is increased by a factor of 1.98 as compared
to the contribution from the charged channels (9) alone (the
case considered in the estimate of [43]). It will turn out that
the estimate of [43]) for the lepton asymmetry is of the same
order of magnitude as the one derived in our current accurate
treatment, thus providing an a posteriori justification of the
simplified analysis of [43].

In [43], by assuming the heavy Majorana neutrino at rest,
we estimated the lepton asymmetry induced by the (Lorentz-
and-CPT-violating) background By. We assumed one single

4 Scattering processes [ [ — hh orl h — [ h, are of higher order in the
Yukawa coupling y and hence are suppressed in our case, although such
processes are equally important in standard CPT invariant, CP violating
leptogenesis, with more than one species of right-handed neutrinos, as
they are of the same order as the CP violating one-loop graphs [24].

ries, with only CP violation in the lepton sector; it is necessary to have
more than one generation of right-handed neutrinos, given that the CP
violation appears in the neutrino mixing matrix. In this standard case
the RHN N in intermediate lines in the middle and right panel graphs
are understood to have a different flavour from the external RHN line.
The flavours of RHN are not indicated in the diagram for brevity

Majorana neutrino N with the corresponding Yukawa cou-
pling for the Higgs portal y. For N, the tree-level decays
(cf. Fig. 1) for the two channels (9), in the presence of the
background By, yields in that case:

|ly> my Q+ By
3272 Q Q- By’
|yl my 2 — Bo
30272 Q Q—l—Bo’

Q=./B2+md. (11)

The decay process goes out of equilibrium when the total
decay rate drops below the expansion rate of the universe.
Assuming standard cosmology [43] during the decoupling
period,> which is also hypothesised to coincide with the
radiation-dominated era of the Universe, this expansion rate
is given by the Hubble constant [63]

(N —>["h") =

(N — ITh™) =

F~H=166T*N"2m_!

L (12)

where N is the effective number of degrees of freedom of
all elementary particles and M, is the Planck mass. For a
minimal extension of the SM, with only right-handed neutri-
nos and the background By, we may estimate A" = (O(100)
at temperatures higher then the electroweak transition [64].
From the last equation one can estimate the right-handed-
neutrino decoupling temperature Tp, in terms of the phe-

> Such an assumption is non trivial and depends on the microscopic
model considered. For instance, in terms of brane-world scenarios for
the background By [43], where the latter is derived from a cosmolog-
ical Kalb—Ramond axion field b(#), such an assumption is justified by
requiring a cancellation of the constant in time kinetic energy density
of the field b by the (negative) dark energy of the higher-dimensional
bulk. After the decoupling, where the string/brane Universe undergoes
a phase transition, the dark energy falls off with the temperature suf-
ficiently rapidly, so as today it reaches the value measured by cosmo-
logical observations. We shall not discuss such details in the current
article.

@ Springer
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nomenological parameters €2, |y| and By [43]

5 Iyl | Mp(Q2+ B}
N1/ Q '

Imposing a delayed decay mechanism, as for the standard
leptogenesis [20,63,65], leads to the further requirement
that Tp < Q leading to: & (Q> + B}) < 3, where

£§=38- 1073 "X}Bz‘z In [43] we demanded that saturation

of this inequality be satisfied for all values of the background
field By, which implies

Tp ~6.2-10"

(13)

my > 1.09&%, (14)

On assuming for the (phenomenological) coupling y the
value |y| ~ 1073, we then obtain an order of magnitude
estimate m for the heavy neutrino mass

N ~ Tp ~ 100 TeV. (15)

In [43] we estimated the lepton number density by assuming
that all the right-handed neutrinos were at rest before the
decay; hence with branching ratios of the decays given by
r= % and 1 — r, the decay of a single neutrino produces
the lepton number

2Q By

AL=r—-—((1-r=2r—-1=———.
a=n Q2+ B

(16)
Multiplying this quantity by the initial abundance of right-
handed Majorana neutrinos Np at the temperature 7 (aver-
aged over the respective helicities), one gets a crude estimate
of the lepton number density. Also, in [43] we assumed that
the right-handed neutrino density distribution follows closely
the equilibrium distribution for 7 > Tp and drops rapidly to
zero at lower temperatures 7 < Tp; furthermore the density
of the sterile neutrino (normalised to the entropy density) is
well approximated by a step-function. This implies that the
total lepton asymmetry (normalised over the entropy den-
sity) produced in the full decay of the right-handed neutrino
is given by [43]

ALTOT(T To) = 2 l)ﬁN 2QBy ity an
~ = r — _—_—_—
b s 5224—33 s
where
2 3 3
~ —NT>~14T", 18
s~ 5N (18)

is the total entropy density (assuming, for temperatures
higher than the electroweak phase transition, SM-like val-
ues for the effective degrees of freedom A" ~ 100). For the
non-relativistic right-handed neutrino, the Fermi-Dirac equi-
librium density szg is well approximated by the Maxwell
distribution, yielding in the presence of the background By:

3
— _ mNT 2
il =gye /T <7> + O(BE/m%), (19)

@ Springer

where gy = 2 is the effective number of degrees of freedom
of the right-handed neutrino, and we assume that By/my <

1, an assumption that proves to be self consistent. The lepton

T0T . .
asymmetry ALS has not been measured directly, hence it

can — depending on the theory — be different from the baryon
asymmetry. However in theories with sphaleron transitions
that preserve Baryon-minus-Lepton (B—L) number, such as
minimal extensions of the SM with right-handed neutrinos,
as the ones we are interested in [43] and here, ALT 97 /s is
expected to be of the same order of magnitude as the baryon
asymmetry (20),

"BTME _ (84-89)x 107!, T >1GeV,

(20)

Yap =

where n g (n 3)1is the number density of baryons (antibaryons)
in the universe, provided it is communicated to the baryon
sector by Baryon and Lepton number violating but Baryon-
minus-Lepton (B—L) conserving sphaleron processes in the
SM sector. An order of magnitude estimate of the ratio %
can be found making use of the approximation Tp =~ my
and retaining only first order terms in % <« 1. Equating the
expression for the lepton asymmetry with the phenomenolog-
ical value (20), and expanding (17) to first order in By/my,
we obtain (for gy = 2)

AT e B
s T T7e )32 my

B
~ 0.007 =2 ~ 8 x 1071,
my
T ~Tp ~my, 21

which implies [43]

Bo _ O(107%). (22)
mpy

The small value of this ratio also allows us to justify a posteri-
ori the neglect of higher powers of By in the formulae above.
For the case where y = O(107>) and from the lower bound
for my of 100 TeV found in (14), we get an approxima-
tion for the smallest possible magnitude of the background
field required in order for this mechanism to be effective:
Bo ~ 1 MeV. If other mechanisms contributed to the lepton
asymmetry in the universe, or the Yukawa couplings assume
smaller values, the minimum value of By would be smaller
than the one given here. Baryogenesis is then assumed to
proceed via B-L conserving processes in the SM sector of
the model.

In order to get a physically correct and more accurate esti-
mate of the induced lepton asymmetry, the relevant Boltz-
mann equation needs to be studied in detail, since the heavy
right-handed neutrinos are not at rest, but characterised by
the Maxwell-Boltzmann momentum distribution in the early
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universe. This requires a good approximation for the ther-
mally averaged decay rates (9) of all the relevant processes
and will be the subject of the current article. As the Boltz-
mann equations associated with the leptogenesis scenario
advocated here and in [43] involve appropriately averaged
thermal rates of the decays (9), we develop in Appendix 7.D
the relevant formalism (for By/my < 1); the formalism
will be used in the next Sect. 3 to set up the pertinent sys-
tem of Boltzmann equations. We shall often borrow methods
and techniques from the standard case of CPT conserving
RHN-induced leptogenesis, where the CPTV background
By is absent, but there is CP violation in the lepton sector
[20,21,24]. In the current article we shall closely follow the
formalism outlined in [24].

3 Setting up the Boltzmann equations for leptogenesis
in the presence of CPTV backgrounds

In the presence of the weak background By the following
Boltzmann equation for the number density n, of a fermion
species x of mass m, and helicity A,, has been derived in
the Appendix of [43]:

9 £ 3Hn, — 52 HBOT3/OOd F(E(By = 0), )
ar’ T e T 0=
-2 f P14 0 md) (23)
873 )] E(By #£0) N

where g denotes the number of degrees of freedom, and f is

the Fermi Dirac distribution of a relativistic fermion assum-

ing zero chemical potential:
1

eEr/T 41

The By dependent energy—momentum dispersion relation

(cf. Appendix 7.B)

FEST) = (24)

EZ(1p]) = m® + (Bo + Ar| p])? (25)

should be used and an expansion up to and including first
order terms in the background By/(my, T) is performed
for our weakly CPTV background. The term C[ f] denotes
the appropriate thermally averaged decay or interaction rates
involving the species x [64]. In practice, it is convenient when
calculating the lepton asymmetry, to consider the number
densities normalised over the entropy density of the universe
(18) [64]:
ny

v, =", (26)
S

In the problem at hand, we consider a system of Boltz-
mann equations, associated with the heavy neutrino N, as
well as the lepton /* abundances. The Boltzmann equation
(23) applies to both a relativistic (massless) neutrino as well

as a heavy right-handed neutrino, upon using the appropriate
dispersion relation (25). We shall follow the standard analysis
in constructing the relevant equations [24], with the impor-
tant difference being that the energy momentum dispersion
relation and the interaction rates C[ f] term involve now the
LV and CPTV background By.

In terms of the abundances (26), the Boltzmann equations
associated with the interactions (9) of a RHN with a given
helicity A take the form:

()»)

(k) eq

ar®

H
ZSdZ

—M:—{ CO(N — ITht)

()
Yl_ Yh+

yea M —pt 5 Ny m ” qu

®
+ PN - ITh™)

(A) eq

S
i Y } 27)

O - N y (et v

where Yy is the heavy neutrino abundance, and the super-
script eq denotes thermal equilibrium quantities. The equi-
librium abundances Y;q are discussed in detail in Appendix
7.C; the y¢¢ M (N 5 ¢% h¥F) denote the appropriate ther-
mally averaged decay rates, discussed in Appendices VIIB
and VII D. We shall use their explicit expressions later on, in
order to construct the final form of the Boltzmann equations.
The term A [ in (27) is a generic notation for an appropriate
integral stemming from the terms proportional to the CPTV
background By and the helicity A on the left-hand-side of
(23). Such terms vanish when we average over helicities,
since ). A, = 0. The reader should notice that apart from
the A I term, the rest of the structures in (27) are the same
as in conventional CPT invariant but CP violating cases for
leptogenesis [24]; but, as already mentioned, the relevant dis-
persion relations (25) are modified by the CPTV background
By #0.

From the expressions for the relevant amplitudes in
Appendix 7.B, we know that, on account of helicity con-
servation, for the processes N S Imht we only have one
helicity A = —1 and for the processes N S Ith we only
have A = +1. Following standard treatments [24], we also
take the charged Higgs boson as well as the charged leptons
to be roughly in equilibrium; hence we set ¥; , >~ Y i‘fz for
the corresponding abundances in (27), and find:
ar )
dz

-
YN
e
N

zHs

+1:—{ NN — I7hh)

— yeQx(*)(l*th N N)}
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de(\f+) “ (+)
T~ yeatt +
zHs iz I ~— (N—=>1"h") (+)eq

yrOath — N)} : (28)

Next we will generate the lepton and anti-lepton Boltz-
mann equations, which are needed in the calculation of the
lepton asymmetry. As there is only one forward and reverse
process for a lepton [~ with a definite helicity A = —1, the
corresponding Boltzmann equation obtained from (23), reads

)

A)
dy’ vy,
= 5 =— ) + Iyt
zHs 2z A { “CHMIThT - N)——— (A)eq qu
Y(A)
yC(N — I7hT) yoa (29)

Again we take the Higgs particle to be in equilibrium
Y+ = Y, [24]. Moreover, from the relevant discussion
in Appendix 7.B, we know that we only have one helic-
ity (A = —1) for the processes concerning the leptons [/,
which implies that the Boltzmann equation for the lepton
becomes

y

(=)
dy,- -
+1~ —{yeq’(_)(l_h+ > N)—L
Y

Hs
< dz

(—).eq
-

(=)
Y, }
(—).eq

YN

Applying a similar analysis, but now concentrating on the
opposite helicity A = + 1, we arrive at the Boltzmann equa-
tion for the anti-lepton /™

_ yeq’(_)(N N l_h+)

(30)

+ +
ayd g

dz

I~ _ eq,(+) 7+
zHs I~ { (I"h- _>N)Y(+)eq

I+

et (+)(N_)l+h )

Y(+)
(+)Lq . (@31

In the specific leptogenesis scenario of [43], the lead-
ing contributions to the lepton asymmetry (as far as the
small Yukawa coupling (5), y ~ 1075 « 1, is concerned)
come from the tree level decays (9) and their reverse pro-
cesses. As already mentioned in the previous section, the
additional interactions /h — [h and Il — hh, involving a
tree-level heavy neutrino exchange, are both of higher order
in y and suppressed by the heavy mass m y, hence they will
be ignored in our case. (It should be remarked that these latter
interactions yield contributions comparable to the one loop

@ Springer

order graph of Fig. 1 and hence play an important role in
CPT invariant, conventional leptogenesis scenarios [24]).

From now on, we shall concentrate on constructing the
system of Boltzmann equations associated with:

(1) the heavy neutrino abundance in units of entropy density
(cf. (26)), and averaged over helicities . = £ 1:

I S
Ty = At

(32)

and
(i1) the lepton-asymmetry for the processes (9), defined in
terms of the lepton abundances:

L=y -y = 2[1717 . 171+],

) Ly
7 = oty oy N
'= 2 - 2

(33)

where we took into account that the asymmetry is gen-
erated between the leptons of helicity A = —1 and the
anti-leptons of helicity A = 41, since these are the only
decays for the heavy neutrino (9), for each of which helic-
ity is conserved. There will be no asymmetry between
leptons of helicity A = +1 and anti-leptons of helicity
A = —1and so Yl(f) — Yl(f) = 0. Moreover, all of the
negative helicity lepton abundance Y;- comes from the
decay of the negative helicity heavy neutrino. The same
argument for the anti-lepton positive helicity abundance
generated by the positive helicity heavy neutrinos. These
imply the second of the relations (33).

The total observable lepton asymmetry, which we want to
compute, and compare the result with the estimate (21), is
defined with respect to the corresponding abundances (aver-
aged over helicities) in units of the entropy s, as follows:

ALTOT Yl(j) _ Yl(j) r

s y O 4y 2y

on account of (33). In what follows we proceed with the
construction and solution of the Boltzmann equations that
correspond to the quantities Yy and L.

To obtain a Boltzmann equation, summed up over helic-
ities, for the averaged RHN abundance Yy (33) from the
system (28), we sum up these equations, to obtain:
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dy
27Hs —
dz

(=)
Y
- _{yeqi-)uv = IThH) = =y Ot - N)
YN eq
(+)

Y
eq,(+) +7—- N
+y (N—>1I1"h )Y1§,+)’eq

—y Pt — N)}.
(35)

The asymmetry (34) will be evaluated at decoupling tem-
peratures by solving explicitly the appropriate system of
Boltzmann equations for £ and Yy and the result will be com-
pared with the estimate (21) of [43]. In solving the equations
we shall approach decoupling by starting from high temper-
atures T and gradually approaching decoupling T — Tp
by making use of appropriate approximations (Padé approx-
imants [54-60]), which will allow for analytic expressions
for the lepton asymmetry.

In this high-temperature (relativistic) regime, the entropy
density of the Universe scales with 7 as s ~ 1473, whilst
the Hubble parameter behaves as [64], H ~ 672 /M p;, with
M p; the Planck mass. Using these relations, we can write

5 4

m m m
tHs~=84—N  HT?~=6_N ;="
plZ My z T

(36)

The terms A/ that appear on the left hand side of the Boltz-
mann Egs. (28), (30), (31), in the high-temperature regime
T > m, for a generic fermion of mass m,, and degrees of
freedom g, , can be written as:

8xHBy /~oo - = e
1, = d g,
o= [ dipipl
P
' S

e —_—

xp | =

E, ] — E
= exp |: — TX] Z(—l)” exp |: — nTX] (37)

n=0

We only have to consider the (massless) lepton case and
expand the series upto second order,

e Ei(lp E/(|p
]fl"~exp[_ l(lszl)]+exp[_2 z(Iszl)]

Ei(Ij) I
—exp[ =37 ] E(Bo=0) =1l G9)

The integral I; can therefore be expressed as,

HBT?
=55 - n+ ).
o0
1
Ju =f dxxe ™™ = n;l; e ", (39)
1

where the integration variable was changed to |p;|/T = x.
The expression for I; up to second order is given by,

g1HByT?

I = 178425 —
a=e

(40)
E; (] p1]) is the relativistic energy of the lepton and is taken to
be independent of By, since in our analysis we are only con-
sidering terms of linear order in By < T, my [43]. All series
expansions are taken to second order in the appropriate small
parameters, for reasons that will become clear below, when
we consider the Padé approximated analytic solution for the
Boltzmann equations extrapolated to the RHN decoupling
temperature Tp >~ my (13), (15).

The integral I, in the lepton case, can be approximated
by

grmy Bo

I; ~ 10.7052 ———.
! 7T26’Mp124

(41)

Hence, from (35), (30), (31), (36) and (41), we observe that
the Boltzmann equations for the heavy neutrino abundance
and lepton/anti-lepton asymmetry £, averaged over helici-
ties, in the high temperature regime, acquire the form (we
reminder the reader that the leptons /7 are strictly massless,
myx = 0, in the high temperature regime, above the elec-
troweak phase transition):

@ Springer
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5 % (=)
my  dY,
168M—N4d_N= { @.I(N = [=hh) (N
pl 2 Z N
—)/eq’(_)(l_h+—>N)
(+)
+ eq(+)(N_)l+h) (+)Lq
yrOeth — N)}, 42)
and
5 (=)
my dL Y
84— 42l =yt ON - 1mhH X
My z* dz IE/
(+)
eq (+) +
N = ITh™) <+>eq

(—)

(eq( Y(I"ht — N)

( ).eq
Y,
Y(+)
_ eq (+)(l+h — N) >
Yl(:-) .eq
(43)
with the definitions
(=) +)
- Yy Yy =)y
YNET, L=y -y,
B
I = 10. 7052—0 (44)
n2eMpzt’

yrON - I7hT) =y D0 ht - N)
= A1 +&1(2)]
yOrION - ITh™) =y D ath™ — N)

‘We next proceed to solve the above equations which, since
they are linear and first-order, can be in principle exactly
solved. However, for the exact solutions to be amenable to
analysis, approximations will need to be made; the goal is to
find an analytic expression for the lepton asymmetry.

3.1 Heavy-right-handed-neutrino abundance Boltzmann
equation

We commence our analysis with the heavy-RHN-Boltzmann
equation (42). The equilibrium populations are calculated in
Appendix 7.C. The corresponding thermally averaged decay
rates read (see Appendices VIIB and VII D, and in particular
Eq. (188)):

@ Springer

=Afi@[1 —¢&1(2)] (45)
where
_ 3[yPPmy
T 16(27)3
fi(z2) = 272/3(0.2553 — 0.14472% + 0.0957z%),
@ Bo 0.6062 — 0.3063z2 .
& =z7— s < 1.
= L 02553 — 0.144722 + 0.095724° ©
(46)
The reader should notice the “reciprocity” equalities
y("ht — N)=y*“(N — I"h"),
v (Ith™ - N)=y*(N = ITh™) 47)

even in the presence of the CPTV background By # O.
These are consequences of the equality of the correspond-
ing amplitudes (140) and energy conservation, as explained
in Appendix 7.D. Also, it is immediately seen from (45) that
it is only in the presence of the CPTV background By # 0
that a lepton asymmetry is generated at tree level between
the decay channels (9) (see Fig. 1), as a consequence of the
pertinent differences in (45) and (140). In this respect, the
similarity of the rdle of the CPTV &1 parameter with the cor-
responding one, &, of conventional leptogenesis [24] should
be noticed.The important difference is that, in contrast to our
CPTV case, conventional lepton asymmetry occurs at one
loop level for the decays of Fig. 1 and requires more than
one flavour of the RHN.

After substitution of the relevant expression for the
thermally-averaged quantities y“?, we have the following
intermediate results (for details see Appendix 7.C),

yeq,(—)(l—h-‘r — N) + ye‘l*(+)(l+h_ — N) =2Af1(2),
(48)

Y()») eq = (0. 1652)—< 0.176Z2 + 0.030124

By By 5
—0.9374.—2z + 0.2381r—2z" |, (49)
my nmpy
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from which it follows
N 2
[Y}V)’e‘f] 60533—(1 +0.1762% +0.0009z*
N

B
40937450, 4 0.0919k—0z3)
my

my

= A[gl(z) + knf—](:/gz(Z)],

7'[26

A =6.0533—,
8N

g1(2) = 14 0.1762% + 0.0009z*,
22(z) = 0.93747 +0.0919z°, 7z < 1, (50)

where to obtain the last expression of (50) we have expanded
the function in the round brackets in the definition of Y ,(\,)\ )-eq
up to second order in z < 1, neglecting terms of order
O(By/my)?. The remaining terms in the Boltzmann equa-
tion (42) become:

YH

y&)
Yy

YN — I7hT)

(+)

eq,(+) +
+y (N—=>1"h") (+) o7
N

(=) )
Y Y
+ N

()eq

N

Y(*) y
+81(z)< N) N )} 51

( (+),eq
Yy Y N

We now evaluate the sum and difference of the abundances
normalised to their respective equilibrium values,

=) +)
Yy Y

N ~ (=) (+)
yea T pteg = AlEI@Ty ¥y
N N

By _ _
—~ m&(z)[Y}V ' vPN > 24810y

(=) (+)
Y Y
N INn (-)
Y}(v—),eq Y(+),€q - A[gl(Z)(YN
LR (z) Sy 1)

~ 2g1(z)z—(o.9374 —0.23812%)
my

By -
—2Ag(2)— YN
my

)y o yOea e
vy v = — vy

B
~1; 79 0.9374 — 0.238172),

my

Yy 4+ vSD =2vy. (52)

=2A

Substituting these expressions in (51), we obtain

(=)
N

(=).eq
Yy

y N — IThT)

(+)
_I_yeq (+)(N—>l+h )

(+) eq
_ 2
~ 2AAf1(2)g1(2) Yy + O(E) : (53)

where again the term involving the differences of the abun-
dances will be of order Bg since €1(z) is already linear in By
and so is neglected. We may write the right-hand-side of the
heavy neutrino Boltzmann equation (42) as:

Y( )
_{ eq,(— )(N—>l ht) )
N
(+)
—y O — N) 4y N - 1ThT) (+)eq
yeq’(+)(l+h_—>N)}
~ —2AAf1(2)1 (YN + 2A/1(2). (54

Upon substitution of the relevant expressions, the heavy neu-
trino Boltzmann equation at high temperatures becomes:

5 v 2, 4
my, dY, em
168_N4_N — _0.2837|y|—NZ*2/3
Mpiz* dz gNT

« (0.2553—0.0998z2+0.0704z4> Py (2)
3y |2m§v -2/3
8(27)3
x (0.2553 — 0144752 + 0.0957z4)
(55)

which can be finally written as:

z<1,

0(2),

dYy -
— + PN
dz
P(z) =
2 _ 0.0724[yPeM
- 168gNJTmN
0() = b2 (1 - 0.56682% +0.3749:*),

b2 0.0957|y1>M
T 168(27)3my

a2210/3(1 —0.3909z% + 0.275824),

~0.167

~0.0056  (56)
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We stress once more that this equation is derived in the
high temperature regime in whichmy < T.

3.2 Lepton asymmetry Boltzmann equation

We proceed now to study the equation for the lepton asym-
metry (43) at high temperatures. Concentrating on the first
two terms on the right hand side, which involve the heavy
neutrino abundances, and substituting in the expressions for
the thermally-averaged y¢? integrals (cf. Appendix 7.D), we
obtain after some straightforward manipulations:

)
y oW - 1mhh =4

Y&
N

(+)

eq(+)(N_)l+h) (+)eq

() w
Y Y
N N
= Afl@[( Creq ~ Y<+),eq>
N

( ) +)
Y Y
N N
+81(Z)< ),e Y]E]+)’eq>i|

(=
N

~ Afi(2) [2g1 0222 (0.9374 — 0.238122)
my
By -
—2Ag2(z2)—Yn
my
3
- By
12461 ()51 Ty + o(—) } 57)
my

where we have substituted in the expressions for the sum
and difference of the heavy neutrino abundances from the
previous section. The final two terms on the right hand side
of the lepton asymmetry Boltzmann equation (43) can be
expressed as:

vy

yrOaht - Ny =L ()Lq
l

Y(+)
eq (+) (l+h — N)

(+)
Y

(=) (+)
Y. Y.
= Afl(z)[( £ )
-), +),
Y( )eq Yl(-{—)eq

f
(=) +)
Y Y
- I+
+ >:| (58)
(—),eq (+),eq
Yr Y1+

We next evaluate the sum and difference of the lepton and

anti-lepton abundances normalised to their respective equi-
(=) (+)
Y- Yy

+81(Z)<

librium values, that is, the quantities

(=).eq (+).eq
Y- Yy
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Using the explicit expressions for the equilibrium abun-
dances for leptons and anti-leptons (cf. Appendix 7.C),

B —1
v ~ (0. 1652)—|: —0.93741—%}:[1/}““1]

my
B Bo \*
~ C(l +0.9374/\—Oz> + O( 0 ) :
my mpy
wle
C = (6.0533)— (59)
81
we obtain
=) (+)
v~ oy
(—).eq (+),eq
Y. Y,

=c[(v" - Y;_*)) 0.9374z- (Y( D4y )]
~CL—1. 8748— + O( )2
my
v~
y e
~ (v + )

0. 9374z—<Y( -]

my

+
y "

+).,eq
)7( )

~2_09374c 2% 1.
my
(=) +) o yv(=)eq (+).eq __ -1
v O 4y =y y (D — o0,
L=vO-vP. (60)

Then (58) yields

(=) +)
Y Y
eq )1+
Oea — (Ih~ —>N)Y(++)eq
l 1

B Bo \ 2
>~ Afi1(2) [CE 187482 7 4+ 2¢(2) — (9<_0> :|
my my
(61)

yrOuht — N)

where the reader should recall that €1 (z) is already linear in

Bo/my.
The final form for the lepton-asymmetry Boltzmann equa-
tion at high temperatures, then follows:

dr
— +J@QL=H(), z<]1,
dz
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J(2) = 2103 (1 —0.56682% + 0.3749z4)
H(z) = u2z13/3(1 —0.238572 — 0.35385‘) Yy (2)
_ 02z13/3(1 —0.127752 — 1.4067z4) iy

, 0.0362]y[%eM,,

no= ~ (.227,

84gimmy
e 0.1041|y|>eM ;1 By

84gNnm%V

2 _ 0.04791y* M Bo
- 2
84(2m)3m3,

o 214104 giBo
T 84 nlemy

B
~ 0.038 -2 (62)
my

As with the equation for the RHN abundance, the reader
should bear in mind that the lepton asymmetry equation
above is derived in the high temperature regime my < T.

4 Solutions to the system of Boltzmann equations

In this section we derive approximate analytic solutions of
the system of Boltzmann equations (56), (62), which will
allow us to compute the lepton asymmetry induced by the
CPTV background in our model. So far we have derived
equations for the RHN and lepton asymmetry (cf. (56) and
(62) respectively) for high temperatures, z < 1. However, we
are eventually interested in solutions of the corresponding
Boltzmann equations at the RHN decoupling temperatures
(13), (15), where z ~ 1 [43]. We shall attempt to extrapolate
our results above to this case, by performing a Taylor expan-
sion of the series solutions to these differential equations.
The expansion takes place around an arbitrarily chosen point
in the interval 0 < z < 1, where the solution is valid, taking
proper account of the (thermodynamic equilibrium) bound-
ary conditions for the abundances as z — 0 (see Appendix
7.C), which fixes the integration constants characterising the
solutions. In our analysis below, we take, as a Taylor expan-
sion point, the mid-point of the interval (0, 1),z =0.5 .

To extrapolate the solutions to the regime z >~ 1, we shall
use a Padé approximation [54]. As well known, a Padé expan-
sion can accelerate the convergence of an asymptotic expan-

sion or, for a series, turn a divergence into a convergence. It
is widely used for producing in solving approximately com-
plicated problems in several fields of physics, ranging from
statistical mechanics to particle physics and quantum field
theory [55-60]. Here we present another useful application
of the method in cosmology. We outline the general concepts
of the Padé approximants method and the specific algorithm
used in our computation in this work in Appendix 8.

4.1 Solution to the heavy-neutrino Boltzmann equation

The heavy neutrino Boltzmann equation (56) decouples Yy
from L so the former can be obtained by solving this equation
with an appropriate integrating factor [66,67]. We therefore
commence our discussion with a sketch of the solution of Eq.
(56). Calling

2 0.0724|y|>eM

=" 7P ~(.167 and
168gnymtmy
0.0957|y|*M
2 _ QOBTIMpL _ ) 056 (63)
168(27)3my

the equation reads

dYy
b4

P() = a2 (1 - 0390922 +0.2758:*)

+P@)Yy=0(), z<1,

0(z) = b2110/3(1 — 0566822 + 0.3749z4) (64)

The integrating factor for this differential equation is given
by,

In@ =exp| /

3
= exp [a2<ﬁzl3/3 —0.06177"73 + 0.0331125/3>i|.

(65)

Z

'de(x)]

Multiplying through the differential equation by the integrat-
ing factor gives

d -
o] = oo =
dz
_ Z
@ =1y [cl + [ axtne Q(X)} (66)
where ¢ is the constant of integration and will be determined

using the boundary condition (cf. (159) in Appendix 7.C),

lim Py (2) — 757 “3° (0.1652) S
z—>0 e

b2
=== 5.988h% = 0.0335, (67)
a
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where for heavy right-handed neutrinos gy = 2, and we used
(63).Inourcase 0 < z < 1, as we are interested in non-trivial
populations in the phase where T > Tp (for T < Tp the
populations drop sharply, this is our basic assumption [43]).
From the qualitative analysis of [43], reviewed in Sect. 2, the
freezeout temperature Tp is expected to be of order (cf. (13),
(15)): Tp >~ my so zp =~ 1. This is why it is important to
give formal solutions first, before any expansion. Notice that
in arriving at the system of Boltzmann equations for Y and
L, we did not make more assumptions on the magnitude of
z other than it belongs to the interval 0 < z < 1.

- V4
Yn(z) = 1,;1(z)[c1 +b2/ dxlN(x)<x‘0/3
—0.5668x1%/3 + O.3749x22/3)], 0<z<1
In(x) = exp a? ix13/3
13

—0.0617x'93 + 0.0331x25/3>i| (68)

We now make some approximations in order to obtain a
solution for the heavy neutrino abundance. We can write the
integrating factor Iy (x) as

3
In(x) =exp [Ba2x13/3:|Sn,

o0
(=1)"a* 2\" 19n/3
Sy = 2(:) T(O.0617 —0.0331x ) X9
n=

3
F(z):bzf dxexp|: 3 a* 13/3i|

x S, (x‘°/3 —0.5668x16/3 4 0.3749x22/3>, (69)

in order to simplify this expression we only take the first two
terms in the series S, ~ So + Sj.

Z
F(z) = b2 / dx exp [0.0385x13/3]
x (1 —0.0103x1%3 + 0.0055x25/3>

X (x‘°/3 —0.5668x'%/3 + 0.3749x22/3>

- bZ{ exp [0.0385113/3]

x (5.994 —1.0537z% — 1.1367*

@ Springer

+2.59882° — 0.9305z% — 93.46337%/3
+44.6212z1173 — 0.0617719/3
+0.0677z73 — 0.042731/3

+ 0.0126z37/3) —1399.1316 4 1.05377>

+1.1365z* + 0.9939z6 — 0.772478 4 93.46577/3

44621973 4001297193 4 0.0212725/3 }
(70)

where we have expanded again to first order the (upper)
incomplete Gamma functions [68] that arise in this integra-
tion,

(- l)k ¥k

N5, y) =T(s) — ' Z s

,\,F(S)_S—lyb_’_[s_i_l] 1 S+1

5
r (B’ 0.0385z13/3) 2.3094 + 0.74297°/3 4+ 0.00792°,

6
F(E 0.0385z13/3) ~ 1.9188 — 0.4819z2 — 0.0059z'%/3

11
1"(13 —0. 0385z”/3) 1.1162 4+ 0.0751z'/34+0.001325,

12
F(B —0. 0385z‘3/3) ~ 1.0507 — 0.0536z* — 0.0017%/3.
(71)

The boundary condition (67) determines the value of the con-
stant of integration: ¢; = 399.1256bh> = 2.2351. After tak-
ing the inverse of the integrating factor (keeping first order
terms),

15" (2) =~ exp [ - 0.0385z13/3]

x (1 +0.0103'93 — 0.0055225/3),

we obtain the expression for the abundance of the heavy
neutrino in the interval 0 < z < 1,

Yn(z < 1) =~ 0.0335 + 0.0001z% — 0.00022'/3
+0.0001z2/3 — 0.000473'/3, (72)

where any exponential factors that remain after multiplying
by the inverse of the integrating factor have been expanded
to first order. Also any terms of higher order than z3?/3 have
been neglected from the expression due to the restriction
0 < z < 1 and any terms with factors of order 107> or
smaller have also been neglected.
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4.2 Solution to the lepton asymmetry Boltzmann equation

In this subsection, we proceed with the substitution of the
previous result onto the Boltzman equation (62) and proceed
with its solution, which will allow for a determination of the
lepton asymmetry.

Similarly to the previous case, the integrating factor I,
for the lepton asymmetry Boltzmann equation is given by

I0(z) = exp |:/Z de(x):|

3
= exp |:u2(§zl3/3 —0.08957'3 + 0.045125/3”

(73)

with the lepton asymmetry itself, being expressed as

L=17'@|e+ / dxIeHE) ], (74)

where c; is the constant of integration, determined by using
the thermal equilibrium boundary condition (c.f. Appendix
7.C, Eq. (159)),

lin}) L(z) = L9(z) — 0. (75)
—

After substituting in the solution for the Yy (z) in the interval
0 < z < 1 the formal lepton asymmetry solution is given
by,

Z

L(z) = Zl(z) [Cz + / , dxIp(x)
<v2x13/3 (1 —0.2385x% — 0.3538x4> Yn(x)
- o2x13/3<1—0.1277x2—1.4067x4) —52”,
13

3
Ip(x) = exp [/ﬁ(—xl”

—0.0895x9/3 + 0.045x25/3)]. (76)

Asin the previous case we make some simplifying approx-
imations to obtain a solution for the lepton asymmetry. The
integrating factor is approximated by the expansion of the
series up to first order,

3
I2() = exp | 5

o0
1" 2n
3 (SOl (0.0895 _ 0.045x2)"x19"/3

!
~ exp [0.0524x13/3]

x (1 —0.0047x'9/3 0.0024x25/3). 77

Now that an approximate solution for Yy (z) is known we
may express the coefficient H (x) as,

B
H(x) ~ —0(0.0382x13/3 —0.0097x '3 — 0.0076x>/3
my
—0.0002x3%/3 — 0.038), (78)

where we have neglected terms of higher powers then x32/3.

We then have to solve the integral below,

¢ By 13/3
K@= | delr)HE) = 22 exp [0.05241 ]
my
x <0.7467z2/3 +0.1682z — 0.0134z°

—0.03397° — 0.0009z22/3)
+0.8177 — 0.74662>/3 — 0.2063z + 0.01347>
—0.00527° — 0.0027'9/3 + 0.0003z22/3}, (79)

the (upper) incomplete Gamma functions that appear in the
above integration have been evaluated to first order,

2
F(E, - 0.0524z13/3) ~ 6.0566 — 4.1294z%/3 — 0.02892°,

3
F(B, - 0.0524113/3) ~ 3.9458 +2.19427 + 0.02167'%/3

9
P(35 —0.052421%77) = 1.3104 4+ 0.18752 + 0,004/
(80)

To determine the constant of integration c¢; we use the bound-
ary condition £(z — 0) — L (z — 0) = 0 which yields

B
= —0.8177—2. Now multiplying by the inverse of the

my
integrating factor (to first order) we obtain an expression for
the lepton asymmetry in the interval 0 < z < 1.

17 (x) ~ exp [ _ 0.0524x13/3]

X (1 +0.0047x19/3 — 0.0024x25/3)

B
L(z<1)= m_°{0.000112/3 —0.0381z7
N

+0.0088z'%/3 — 0.0015z%%/3
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+0.0004z2%/3 + 0.00017%/3 } (81)

similarly we have neglected terms of higher order powers
than z32/3 and any terms with factors of order 10~ or smaller.
Now we want to estimate the lepton asymmetry at freeze out
where Tp < my corresponding to z > 1.

To this end we Pade expand [54] (cf. Appendix 8) the
expressions for £(z < 1) and Yy(z < 1) around the point
z = 0.5 in order to make the expressions for the abundances
valid beyond the interval 0 < z < 1. We require a positive
asymmetry L, as this is the only physically relevant solution
for dominance of matter over antimatter, for our fixed sign
of the background By > 0. From (81) we observe that

L(z <1.44) <0,

hence we must have z = z* = 1.44 as a critical value in our
approximate treatment below which the lepton asymmetry
switches sign. We interpret this as determining the freezeout
point,

ZPade — /T ~ 1.44, (82)

after which (T < Tp) the asymmetry freezes out to a positive
value. For this value we have

By
my ’
Y (2P = 1.44) = 0.0332, (83)

L(zPde = 1.44) = 0.0009

and thus the observable lepton asymmetry (34) is given by,

ALTOT L(zp = 1.44 B
_ _£@p )~ 0013622, (84)
s 2Yn(zp = 1.44) my

The reader should compare this result with that obtained
in [43], see Eq. (21) above. Our result (84) yields a lepton
asymmetry proportional to Byp/my as in (21), but with a
proportionality coefficient which is 1.94 times larger. The
fact that it is larger may be attributed physically to the fact
that here we considered the non zero momentum modes of
the heavy neutrino in estimating the asymmetry, which were
neglected in [43]. Nevertheless, we consider this a good
agreement between the two results. We have shown above
that this lepton asymmetry can be generated at the freeze out
point z = 1.44 (in order for a positive asymmetry) using first
order approximations to the formal solutions of the abun-
dances, this still satisfies the condition that freeze out should
occur at Tp < my. It is important to notice that the order
of magnitude estimate for the Yukawa coupling |y| ~ 107>
in earlier work [43], which was used throughout our previ-
ous calculations, providing numerical input (eg. (63)) into the

@ Springer

approximate solutions, remains unchanged, and this provides
a posteriori a self-consistency check of our approximation.
The decoupling (82) now occurs at 1.44 Tp = m instead of
the assumed one in [43] at Tp =~ my, but this does not alter
the order of magnitude of the Yukawa coupling. However,
we believe that the fact that the asymmetry turns negative
for z < 1.44 is an artefact of the approximations used. Full
numerical analysis may lead to a freezeout point zp >~ 1 as
in [43]. To check on the stability of the freezeout value, we
present next an alternative approximate derivation.

4.3 Series solutions of the Boltzmann equations

Here we present another method of obtaining the (approx-
imate) solutions to the differential equations, in an attempt
to get an idea on the stability of the freezeout point. Starting
with the heavy neutrino Boltzmann equation we can Taylor
expand the variable coefficients P (z), Q(z) around the point
z = 0.5 and the solution Yy (2),

Yy(2) + P()YN () = Q(2),
P(2) =) paz —0.5)",

n=0

Q@) =) gu(z—0.3)"
n=0
Y@ =) calz = 0.5)",
n=0

Y32 =) (n+ Depgi(z — 0.5)". (85)
n=0

On substituting these series into the differential equation we
obtain

>0+ Densi@ = 05" + (3 paz —05)")

n=0 n=0

oo oo

> en@=05" =3 gu(z—0.5)"
m=0 n=0

=Y (4 Deai(z —0.5)"

.
+ 3 (D ckpni) = 05)"
n=0 k=0
o0 o0
> 05" =0= )
n=0 n=0

{4 Dewsi + Y cpns —aafc =057 =0 86)
k=0
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We can then see a recurrence relation for the coefficients of
the solution for Yy (z) in terms of the coefficients of the P (z)
and Q(z) series,

1 n
Cnt+l1 = m{Qn - kX_(:)ckPnk}- 87)

Using this recurrence relation, the first few coefficients are:

po = P(2)|;=05 = 0.0152,
p1 = P'(2)|,=0.5 = 0.0974,

1
P2 = EPN(Z)|Z=0.5 = 0.2094,

1 "
p3 = EP (2)|z=05 = 0.1571

q0 = 0(2)|;=0.5 = 0.0005,
g1 = Q'(2)|;=0.5 = 0.0031,

1 !
9 = EQ/ (2)|z=0.5 = 0.0062,

1 "
q3 = EQ (2)];=0.5 = 0.0039

c1 = 0.0005 — 0.0152c¢y,

c2 = 0.0015 — 0.0972cy,

c3 = 0.002 — 0.0688cy,

¢4 = 0.0009 — 0.0359¢y. (88)

The Taylor expansion around the point z = 0.5 of the heavy
neutrino abundance is then,

Yn(z ~0.5) = co+c1(z — 0.5)
+c2(z —0.5)% + ¢3(z — 0.5)°
+ca(z — 0.5)%. (89)

We now take the limit z — 0 in such a way that the boundary
condition (67) is satisfied, that is, Yy (z — 0) — 17;]4 (z =
0) = 0.0335. This places the final constraint in order to obtain
the value for the last remaining coefficient ¢y = 0.0339. The
final expression for the heavy neutrino abundance around
z = 0.5 is given by,

Yy (z ~ 0.5) = 0.0335 + 0.0017z — 0.001822
+0.0003z% — 0.0003z*. (90)

We proceed with the analogous calculation for the lepton
asymmetry Boltzmann equation,

L' (2)+J()LE) = H®). 91)

The recurrence relation is similar to (87) under the change
Pn = Jns qn — hn, cn — I, where [, are the coefficients

in the lepton asymmetry Taylor expansion,
oo

L) =Y l(z=0.5)",
n=0

1 _
ln+l = m{hn - ];lk]n—k}- (92)

The coefficients for J(z) and H (z) are:

jo = J(2)]:=05 = 0.0199,
j1 = J'(2)]|;=05 = 0.1239,

1
2= EJN(ZNZ:O'S =0.2518,
. 1 11
J3 = EJ (2)];=0.5 = 0.1579
B
ho = H(2)|z—0.5 = —0.0362—~,
my

B
hi = H'(2)],—0.5 = 0.0147—

my
_ 1, _ By
hy = —=H"(2)|;=05 = 0.0441—,
2 my
1 B
hy = —H" (2)|.05 = 0.0491 —.
6 my

The coefficients /,, are given below using the recurrence rela-
tion,

B
I, = —0.0362—2 — 0.0199/,,
my

By
I, =0.0077— — 0.0618ly,
my

By
I5 = 0.0161 - — 0.08271,
my

By
l4 = 0.0142— — 0.03591,
my

which implies

L(z~0.5)=1y+11(z—0.5) +l(z —0.5)>
+13(z — 0.5)° + 14(z — 0.5)%. 93)

We use the boundary condition (cf. (159) in Appendix 7.C)

L(z = 0) — L£%(z — 0) = 0 to find the last coefficient

lp = —0.0189—2 and the final expression for the lepton
mpy

asymmetry is given by,

B
L(z ~05) = —0( — 0.0389z + 0.00477
my

—0.01212° + 0.014924). (94)
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We now perform a Padé expansion [54] (cf. Appendix 8)
around the point z = 0.5 to be able to use the solutions
outside the interval 0 < z < 1. In order to obtain a positive
asymmetry, we observe from (94) that we must have z >
1.62, thus in this approximation the critical point appears to
be at z* = 1.62. This is identified with the freezeout,

Zighes = 1.62, (95)

which, upon substitution into the Padé approximant for the
By
lepton asymmetry, yields £(z = 1.62) = 0. 0005— with

the corresponding heavy neutrino abundance at thls p01nt is
Yn(z = 1.62) = 0.0307. The observable lepton asymmetry
(34) in that case is found to be

ALTOT — L(zp = 1.62)
s 2Yn(zp = 1.62)
By
~ 0.0081 —. (96)
my

We see that the series solutions yield a similar answer to
the method using an integrating factor. The point of decou-
pling zp = 1.62 still satisfies Tp < my = z > 1 and
the order of magnitude estimate for the Yukawa coupling
|y| ~ 107 is unchanged. Comparing with (21), we see that
the result (96) is in excellent agreement with the lepton asym-
metry estimated in [43].

From either (82) or (96), we obtain that phenomenolog-
ically relevant leptogenesis in our system, in the sense of
(21), is achieved for By/my = O(10~2 —10~8), which is in
the same approximate range as the estimate of [43], but here
the result includes all the non-zero momentum modes of the
heavy neutrino. This implies that for my = O(100) TeV,
we must have a By in the range By ~ 0.1 — 1 MeV for lep-
togenesis to lead to the observed baryogenesis via the B-L
conserving sphaleron processes.

Comparing the freezeout points between the two approx-
imate methods (82) and (95), we observe agreement with
only 12.5 % uncertainty, indicating stability of the freezeout
point in the region around one. This completes our analysis.
Perhaps as we mentioned earlier, a full numerical solution
will yield a freezeout point closer to the qualitative value of
[43], although we should emphasize that the above approx-
imate analyses have yielded results in this respect that are
of the same order of magnitude. This adds confidence to the
efficient application of Padé approximant method to our cos-
mological problem.

@ Springer

5 Inclusion of the neutral Higgs portal

In the system of Boltzmann equations we will now include
the contributions from the decays of the RHN into a neutral
Higgs field 4° and an (active) neutrino v of the SM sector
(see Eq. (10)). As we shall demonstrate below, the computed
(complete) lepton asymmetry has an approximate factor of
two compared with the one based only on the charged lepton
decay channels (9) .

5.1 The complete heavy neutrino Boltzmann equation
Upon considering the additional contributions of the decay

channels N — vh®and N — vh° to the Boltzmann equation
for the abundance of a RHN with helicity A, ¥ ()”), we obtain,

(A)
dyy
dz

= {[ NN — [=hT)

zHs — Al

Y()»)

()») eq

()»)
_ eq (}»)(l h+ N N) Yl_ Yh+i|

(A) eq qu

()»)

(A)
V" Yy
(A) eq qu
(A)

(A) eq

eq ()»)(l-‘rh — N)—L&—

- [ @M (N — vh¥)

»
YT (0 Ny Y”“}

(k) eq y©¢d

()»)

(A) eq

(A)
Y Yh()
(k) eq qu ] } (97)

We start by considering only the negative helicity A = —1.
The reader should recall, from our analysis in the previous
sections, that only the decay channel N — [~h™ and its
inverse process yield non trivial contributions to the Boltz-
mann equation. Adding the decay channel N — vh° (10)
and its inverse, for helicity A = —1, to the Boltzmann equa-
tion, yields,

- [ - M(N — vh0)

yr®End — N)

ay
zHs N +1
dz
- Yzi/)
_ eq. +
— {[ (N = I=hh) yCow
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(=)

Y,y

eq( )(l h+—>N) ( )eqY;‘g]
=)
+[ ¢-)(N — vh®) (N)eq

( ) Y

S

We now make the approximation that the Higgs and lep-
ton fields are in equilibrium ¥ =~ Y¢/. We also have the
reciprocity of the thermal decay rates into charged lep-
tons y¢¢ (N — ["ht) = y¢(~hT — N) and
the same will be true for the light neutrino decay channels
y@ (N — vh®) = @ WY — N). Thus, the Boltz-
mann equation for the abundance of the negative helicity
RHN becomes,

ary”

Hs
< dz

+1= —{yeqi—)(zv < I7ht)

+ 7N < vho)}

)
Y

X [ (iV) i 1}. (98)
Yy

Similarly for the decay into anti-particles we only have the
positive helicity A = +1 and the resulting Boltzmann equa-
tion reads,

(+)
vy

Hs
< dz

—I= —{yf%“)(z\r < ITh7)

+ Y DN < Eho)}
(+)
Y
N
x [— - 1}. (99)
(+).eq
YN

The thermal equilibrium decay rates of RHN into charged
leptons and neutral leptons will be identical, since the mag-
nitude of the electric charge was not specified, when con-
sidering the charged leptons. Only the relativistic nature of
the corresponding dispersion relations was important. There-
fore we have y°¢ (N < [ht) = p¢¢ (N « vh0)
and y*¢(N « [Th™) = p¢E(N « vh°). Tak-
ing this into account, and combining the two Boltzmann
equations, expressed in terms of the averaged-over-helicities
abundances Yy, we obtain,

(=)
av Y
Hs SN — ) O & | =N 1]
dz y}ff)‘eq

r(d
e } } (100)

The heavy neutrino Boltzmann equation can then be expressed
as,

+y eq, (+)(N<—>l+h )|:

z<1,

dYy .
d_ + P(Z)YN = Q(Z),
Z

P(z) = azzlo/*( — 0390972 + 0.2758z4),

a’ =0.334
0() = 12103 (1 - 0.56682* +0.3749:*),
b? =0.0112. (101)

This is the complete Boltzmann equation for the abundance
of the heavy right-handed Majorana neutrino, averaged over
helicities, obtained by considering the complete set of decay
channels of the heavy neutrino into charged and neutral lep-
tons and anti-leptons (9), (10). The reader should notice that
the constant factors ¢ and b* appearing in (101) are twice
as large as compared with those in the case where only the
RHN decays into charged leptons and anti-leptons were con-
sidered, cf. Egs. (63) and (64).

5.2 The complete lepton asymmetry Boltzmann equation

The inclusion of the extra decay channels (10), leads to two
additional Boltzmann equations when calculating the lepton
asymmetry,

ay® )

- Y.l Y+
= _ )= _1,eamq—pt = hr
ZHs iz M= {y (" h _)N)Yl(_k)’eq 7
r®
yOW = ITh y O eq}
@) @)
Y, vy,
zHss d’; — M= { @M (IThT — N) (geq Yheq
Y(A)
yrOWN > ) <A)eq}
) )
dy, rM oy,
zHs d”z —uz_{ @B ppd - Ny Yo Y’;g
y®
ytON — vh®)— I }
Yyl
dy Y™ v
tHs—> —u——{ M Gp0 > N) Yo Y’;q

(?»)

Yy
—yr M (N = 5h0) v } (102)
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Upon using the approximation that the Higgs is in equilib-
rium and the fact that for decays into particles we only have
helicity A = —1, whereas for decays into anti-particles we
have A = +1, as well as the reciprocity of the thermal decay
rates Yy M (N — A, B) = y*¢® (A, B — N), the above
equations become,

ar™
zHs d’Z +1=—y" (N < 1"hT)
) )
(Deeq (D)eeq
Y Y
1= N
ay®
zHs dlz* I = DN < ITh)
&) -
o Yooy
Y(+),eq Y(+)aeq
I+ N
dY(_)
zHs dv +1=—yT(N < vh0)
Z
) )
S RO { }
(—).eq (—).eq
Yy Yy
dy_(+)
zHs d“ — 1 =—y TN « vh°)
Z
&) -
5o Yy (103)
(+),eq Y(+),eq :
v N

The complete lepton asymmetry is given by the difference
between the lepton abundances and the anti-lepton abun-
dances, Y 1(__) +yv7 -y [(f) — Y‘-f+). By combining the last
four equations we arrive at the following result,

d(
Left—hand side = zHs — (Yl( )
dz

+v 7 -y - é”) +41

Right—hand side = —y 4" (N < ["h™)

) )
vy }
(—).eq (—).eq

Y Yy
— y“ (N < vhY)
vy
y(ea Y1<v—),eq}
+yr N < IThT)
+) (+)
|5~ v )
g y(Heq
Yps Yy

+ J/eq,(-%)(N o ‘—]hO)
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(+) (+)
{ }(Ij—) eq T—IIY) eq } (104)
Yf} ’ YN ’

Using the same arguments as in the case of the heavy neutrino
Boltzmann equation above, we realise that the abundances of
the SM (active) neutrinos are identical to that of the charged
leptons Y;- = Yy, Y+ = Y;. The thermally averaged decay
rates will also be equal ¢4 (N < vh®) = y¢ (N <
I=ht), y ¢ (N « 2h%) = y¢ (N < [Th™). The
Boltzmann equation for the complete lepton asymmetry (£ =
Y l(*_) —Y, l(++)) then becomes,

L
2eHs—~ +41 = _2[yeqs<—>(1v o I7hh)
Z

{ Yl(j) B Y]E,_) }

Yl(;),eq Y}(\;),eq
PN

{ Y[(j—) ~ YIEIJF) }] (105)
Yl(j-)»eq Y}(V+),eq

This is identical in form to the previous asymmetry Boltz-
mann equation (62) (for the case where only the decays of
the heavy neutrino into charged leptons and anti-leptons were
considered). However, in view of the difference of the corre-
sponding Boltzmann equation for Yy, we expect some dif-
ferences in the solutions for £, which we now proceed to
evaluate.

5.3 Integrating factor solutions of the complete Boltzmann
equations

We consider here the solutions to the complete Boltzmann
equations on including the additional decay channels into
SM neutrinos and neutral Higgs. As seen in (101), the only
difference is an increase of the constants a” and b> by a
factor of two when considering the additional decay channels.
The solution obtained using the integrating-factor method is
completely analogous to that shown is Sect. 4.1; the complete
RHN solution is found to be

Yn(z < 1) = 0.0335 — 0.0001z'/3 — 0.00047'°/3

+0.0001z73 — 0.0009z!/3. (106)
Similar to the previous solution, terms of higher order than
O(z%/3) have been neglected as well as terms with coeffi-
cients O(107>). The complete RHN solution is then substi-
tuted into the right hand side of the complete lepton asym-
metry equation (105) (which has the same form as the lep-
ton asymmetry Eq. (62)). Following the calculation given in
(4.2), the solution for the complete lepton asymmetry is given
by,



Eur. Phys. J. C (2018) 78:113

Page 21 of 33 113

B
Lz <1)= —0[ —0.00027'/3
my

+0.0001z%3 — 0.038z + 0.00017'4/3
—0.0015z%*/3 + 0.00882'%/3

+0.0004728/3 + 0.0001129/3i|. (107)

Once again terms of higher order than O(z3*/3) have been
neglected as well as terms with coefficients O(107%). A Padé
expansion of the two solutions is performed. In order to gen-
erate a positive asymmetry we have decoupling atzp = 1.44
(the same value as before). The complete solutions evaluated
at decoupling yield £7%¢(zp) = 0.0013By/my (44.4%
increase from the previous solution) and f’ﬁad@ (zp) =
0.0343 (3.3% increase from the previous solution). The com-
plete observable lepton asymmetry is given below:

ALTOT L B
_ L@ 9B (108)
s 2YN(zp) my

On using the integrating factor method, we note that the
observable lepton asymmetry has increased by a factor of 1.4
from the previous calculation (where RHN was considered
to decay into charged leptons only); so the addition of the
neutral decay channels increases the complete observable
lepton asymmetry.

5.4 Series solutions of the complete Boltzmann equations

For concreteness we consider the series solution of the heavy
neutrino abundance around the point z = 0.5. As we have
seen above, (101), when the RHN decay mode into SM neu-
trinos is taken into account, the only difference from the pre-
vious case, where only RHN decays to charged leptons have
been considered, is that the factors a% and b2 in (101) are
twice as large as compared with their counterparts in (64).
This has the effect that the coefficients p, and g, in the series
solutions also increase by a factor of two, the rest of the cal-
culation being identical. The Taylor expansion of the RHN
abundance around z = 0.5 is,

Yn(z ~ 0.5) = 0.0335 4 0.00004z 4 0.0001z>

+0.0006z> — 0.0006z* (109)

This solution must be inserted into the lepton asymmetry
Boltzmann equation; Y only appears in the H (z) coefficient
of (62) and so the coefficients /, are the only quantities to

change; these are given below:

By
ho = —0.0362—2
my
Bo
hy = 0.01452
my
B
hy =0.044—2
my
B
hy = 0.0502—2. (110)
my

The coefficients /, are calculated in the same way as before
and the Taylor expansion for the complete lepton asymmetry
around the point z = 0.5 is

B
L(z ~05) = —0[ — 0.0427z — 0.000722

my

—0.01272% + 0.015214]. (111)

We now perform a Padé expansion of this expression around
z = 0.5, we find that to generate a positive asymmetry
we must have a later decoupling of zp = 1.77 where
LPe(zp) = 0.001By/my. (100% increase from the
previous solution.) The RHN abundance at decoupling is
Y If,ade (zp) = 0.0313 (less than a 2% increase from the pre-
vious solution). The complete observable lepton asymmetry
is given by

ALTOT L B
@) _ 01680

= = (112)
s 2YN(zp) my

We thus note that the observable lepton asymmetry has
increased by a factor of 1.98 from the previous calculation
when only considering the RHN decay into charged leptons
only, and so the addition of the neutral decay channels effec-
tively doubles the lepton asymmetry. The fact that decoupling
now occurs at zp = 1.77 does not affect the order of magni-
tude estimate for the Yukawa coupling y.

6 Conclusions and outlook

In this work we have completed the analysis presented in an
earlier work [43] by computing the lepton asymmetry gen-
erated due to the decays of heavy right-handed neutrinos in
the presence of a CPTV axial vector background with only
temporal components By # 0 in the early universe through
an analytic (but approximate) solution of the corresponding
algebraic system of Boltzmann equations. In [43] we only
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presented a heuristic estimate of the generated asymmetry.
In order to facilitate the comparison of our detailed analy-
sis with the heuristic order of magnitude estimates of [43]
we have first assumed the active neutrino to be purely Majo-
rana as in [43] and concentrated only on the decays of RHN
into charged leptons. The inclusion of the decays to neutral
Higgs and light neutrinos has also been done here, with the
(expected) result that the total asymmetry is increased by a
factor of about 2 as compared to the charged-lepton-case.

Let us now recapitulate the main result for the case where
the neutral decay channel is ignored. The current solution
of the Boltzmann equations that describe the leptogenesis
in the model has been obtained through an appropriate Padé
approximation around the point z = my /T = 0.5. This pro-
cedure allowed the power series representation of the lepton
asymmetry to be extrapolated outside the interval 0 < z < 1
and to be evaluated at the point z = 1.44 to show the positive
lepton asymmetry. The obtained result for the asymmetry is
in qualitative agreement with the estimate of [43], in that
it is proportional to the small quantity Bg/my < 1. How-
ever the proportionality coefficient in the case the solutions
are evaluated using an integrating factor is found to be 1.94
times larger than in the case of [43]. On the other hand, in
case one uses a series solution to the Boltzmann equations,
the proportionality coefficient is in excellent agreement with
the case of [43]. This implies that in our numerical treatment
the lepton asymmetry can be estimated to be

The inclusion of the neutral channel in the RHN decay
yields an estimate of the lepton asymmetry which is (2.3 —
2.7) times as large as the one in [43] and between (1.4 — 2)
times as large as the asymmetry calculated in (113),

ALTOT,complete B()

——  ~ (0.016 — 0.019) —, at freezeout temperature
my

(115)

T=Tp: my/Tp =~ (1.44 —1.77).

aLTOT Bo
~ (0.008 — 0.014)—, at freezeout temperature

my
T=Tp: mpy/Tp >~ (1.44 —1.62). (113)

This implies that phenomenologically acceptable values
of the lepton asymmetry of O(8 x 10~'!) occur for values
of

20 10x1078 257 10_9, at freezeout temperature
my

T=Tp: my/Tp =~ (144 —1.62), (114)

in agreement with the estimate (22) of [43]. In our analysis
we assumed Yukawa couplings of order |y| ~ 107> in the
Higgs portal term (6), that couple the right-handed neutrino
to the SM sector of the model. This prompted us to ignore
higher order terms of order |y|* ~ 10720 « By/my, which
a posteriori was proved to be a self-consistent result, due to
the smallness of the By/m y (114), required for the observed
baryon asymmetry today (through leptogenesis).
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This implies that phenomenologically acceptable values of
the lepton asymmetry of O(8 x 10~!!) occur for values of

By
my
T=Tp:

~50x1077 —4.2 x 1077, at freezeout temperature

my/Tp ~ (1.44 — 1.77), (116)

implying aratio Bg/my which is (less than) an order of mag-
nitude smaller than (22). The slight increase of the freezeout
point does not affect the order of magnitude of the asymmetry
nor that of the Yukawa coupling of the Higgs portal; hence
in order of magnitude there is qualitative agreement with the
estimates of [43].

Although our analysis has been generic in not specifying
the microscopic origin of the CPTV background, nonetheless
some microscopic scenarios originating from string theory
have been presented in [43]. According to these scenarios the
background is identified with the dual of the Kalb—Ramond
antisymmetric tensor field strength, €., H"°?, which in a
four-dimensional space-time is equivalent to the derivative of
apseudoscalar field b(x) (Kalb—Ramond axion), 9,,b. Never-
theless such an identification is not binding. However, if it is
made, then within the context of realistic brane/string mod-
els the pressing question concerns the microscopic mecha-
nism, for the transition from a relatively large value (in the
Robertson—Walker frame) of the constant By # 0 CPTV
background in early eras of the (string) universe, required
for leptogenesis, to a very weak background today, compati-
ble with the very stringent limits of CPTV in the current era
[38-41]. Some speculations have been presented in [43] but
detailed microscopic mechanisms, compatible with the rest
of astroparticle phenomenology, including the open issue of
the smallness of the (observed) cosmological constant (or
dark energy) today, are still lacking and will be the subject
of future investigations.

Nevertheless, we believe that the scenario for baryoge-
nesis through leptogenesis presented initially in [43] and
completed here, is an attractive, relatively simple one, which
deserves further investigations, within the context of appro-
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priate microscopic models (not necessarily within the frame-
work of string/brane theory). We hope to come back to such
studies in the near future. Another important aspect of our
current work is the demonstration of the efficiency of the Padé
approximant method [54] in solving Boltzmann equations,
thus adding yet another successful example of this method,
this time of relevance to cosmology.

Before closing, for the case that the background By orig-
inates from microscopic string-inspired models [43,69], we
will make some comments on the coupling of the torsion-like
antisymmetric tensor Kalb—Ramond field strength to fermion
species ¥; in our model. Due to its gravitational origin, this
coupling concerns the axial fermion currents of al/l fermions,
including quarks in the SM sector

L3> /d4x./—gy5 Z €™ Hopo Ui Vi v Wi
i

x /d4x«/—g > b vy i (117)

where b(x) is the Kalb-Ramond axion field, dual to H,,,,
in four space-time dimensions, as discussed briefly in Sect.
2. In such a case, direct CPT induced baryogenesis occurs,
given that the CPTV background By = b = const would
imply effective chemical potentials that are different (by a
sign) between particles and antiparticles (and left- and right-
handed chiral fields). This, for the case of quarks of the SM
sector, can lead to direct baryogenesis. However, for the sce-
nario discussed in the present paper, the magnitude of the
background By = b (where the overdot denotes time deriva-
tive) for temperatures at or below the electroweak phase tran-
sition T < 10?2 GeV -pertinent for such a case, assuming
more or less standard decoupling temperatures of quarks-
would imply a contribution to the baryon asymmetry that
would be much smaller compared to that induced by the lep-
ton asymmetry for By ~ 1 MeV, at Tp = 10° GeV. This
is due to the scaling of B with the cubic power of temper-
ature T, as discussed in [43], and reviewed above (cf. (8)).
In general, though, several other contributions to the baryon
asymmetry are expected, which depend on the microscopic
model considered. Indeed, as discussed in [69], where various
microscopic scenarios for CPTV induced matter-antimatter
asymmetry in the universe have been studied, the induced
asymmetry is of order Bo(Tp)/Tp, where Tp is a decou-
pling temperature depending on the model. For Tp less than
the electroweak phase transition, as mentioned above, such
contributions are much smaller than the lepton asymmetry
calculated here, due to the cooling law (8), and hence our
mechanism of baryogenesis through leptogenesis advocated
here would be the dominant one. However, this analysis holds
only for the particular model of the CPTV background origi-
nating from Kalb—Ramond fields. In general for models with
CPTV originating from gravitational space-time defects [69],

the situation could be different and the study of such models
constitute interesting avenues for future research.
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Appendices

In the following Appendices we discuss in detail several tech-
nical aspects of our work, which have been used in various
parts of the main text.

7.1: Notation and conventions

Throughout this work we use the following conventions. Our
metric signature convention is:

10 0 0
lo-10 o0
Ew =119 0 -10
00 0 —1

which implies

xt = X X, = guox’ = x"
i) w8 %

px :p'ux'u =gwp”x“ =Et—15~)2

The Dirac y matrices have the properties (we use the symbol
1 to denote the imaginary unit)

vy = vyt iyt =28, 0 = K,
(r')? =K
v’ =ury?y
=K =y

"y’ =0,
(118)

The chiral representation for the Dirac matrices will be used
throughout:

0 ot
no_
ey

with the 2 x 2 Pauli matrices

o (2) e ()
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1_01 2_0—1 3_10
“‘(10’0_10’(’_0—1

and
—¥ 0
5
= ()
7.2: Decay amplitudes

In this Appendix we work out the amplitudes for the decay
channels (9) in an arbitrary frame, where the decaying right
handed neutrino N has a four-momentum p,, u =0, ...3.
This generalises the approximate treatment of [43], where
the field N was assumed at rest.

Our starting point is the Lagrangian for (Dirac) spinors in
an axial Background B,,, which is taken to be purely along
the temporal axis (B;, — By), with By a small, positive (by
convention), non zero constant, 0 < By < 1:

L=yay" o, —mb)y — I Buy"y>y. (119)
The corresponding (Dirac) equation of motion reads
("9, —miF — Boy’y )y (x) = 0. (120)

On assuming plane-wave solutions for the spinor i, cor-
responding to positive (¥ (x) = u(p)e™'’*) or negative
(¥ (x) = v(p)e™P¥) frequencies, separately, and substitut-
ing in (120) we easily obtain [43] the pertinent polarization
spinors u(p) (v(p)) for the positive- (negative) frequency
solutions, of helicity A, = &£, r = 1, 2, in the presence of
the background By are given by [43]

_ (~VE(pD — Bo — Ar|pl&
ur(p) = = = >
VE-(IpD) + Bo + Ar[pl&
v-(q) — < \/EA(Iﬁb + BO + )\s|ﬁ|‘§s )
’ —VEs(Ip]) — Bo — As|pl&s
with u (v) pertaining to the (anti) particle, respectively; &,
are helicity eigenspinors, satisfying

(121)

1 1
s (122)

1Pl
with the helicites .} = —1, A = +1,and¢?,i = 1,2, 3
the 2 x 2 Pauli matrices. In the expressions (121) we used
the normalisation N+ = /E,([p]) F (Bo + A,|p)|, with the
(=) ((+)) sign referring to u (v) spinors, respectively. The
eigenspinors &, satisfy the orthogonality condition

£fg, =68y, s=1,2. (123)

The energy—momentum dispersion relation for a fermion
of mass m in the presence of By # 0 reads [43]:

EZ(|pl) = m* + (Bo + A1 pI)? (124)

@ Springer

For the Majorana neutrino we have m = mpy # 0; on the
other hand, the leptons /¥ in the early Universe, at tempera-
tures much higher than the electroweak symmetry breaking,
of interest here, are massless (m = m; = 0). Thus, the lepton
and neutrino energies are explicitly written as:

E/Z"N (i) = 1Bo — | pll.

E/ZN (5D = |Bo + | prl|
= |pi=| + BoEy~ " (Ipn)
— Jm3 + (Bo — 1w D2,

EH 1w = Jm3, + (Bo + pw))?

(125)

Working out the amplitude for the decay process N — [~h™
we obtain
IM(N — I-hY) = —1yiig(p;-) Pruy (pn)
= —tyu(pi-)y " Pruy (pw)
= MON > ITh ") =—y&l & [Er- (- D—Bo—Aslpr-|

X VEN.(Ipn]) + Bo + A pwl,
(126)

where the outgoing lepton spinor is u;- ;(p;-), and the
incoming heavy neutrino spinor uy -(py); the notation
Ey.(=E ;’) indicates the energy of a spinor x with helic-
ity A,. Pp = %(1 + ), y is the Yukawa coupling (5) and
the orthogonality condition (123) forces the helicities of the
incoming and outgoing particles to be the same (helicity con-
servation). After squaring the amplitude (126) and averaging
over initial spins (S = 1/2) we obtain for a given helicity A,

IyI?
2
x (EN + By + Alpn|)

IMPP (N — I"h*, %) = =—(E}~ — By — Al p-|)

(127)
We are now going to consider (127) for the two different

helicities A = =£1. The terms within the first bracket of the
above expression take the form

Ej- — Bo = Mp-| = |Bo + M p-|l — Bo — Alpi-|. (128)
where we have substituted in the lepton energy E l*, = |Bo+

Alpi-1]. If we take & = +1, then the above expression is zero
(provided By > 0 which is our initial assumption)

E}="' — By~ |p-| = 1Bo+ |51l — Bo — |pr-1 =0
(129)

and so the heavy neutrino of helicity A = +1 can not decay
into leptons.
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‘We now consider the case of . = —1 for the decay process
N — [~h™. The terms in the first bracket of the right-hand-
side of (127) become,
EF=""— By+ |pi-1 = [Bo — |p-Il — Bo+ I p-]. (130)
We must examine separately the following two cases: (i)
when |p;-| < By, the term (130) vanishes, whilst (ii) when
|pi-1 > By, this term becomes 2(|p;-| — Bp). So for the
decay process N — [~h™, the only way for the amplitude to
be non-zerois when A = —1and |p;-| > By. The expression
for the amplitude squared for this process is then given by:

IM>(N = I"h*, x=—1, |p;-| > Bo)
_ PP my ( _ By  m}
—(1p-1=Bo)|{ 1+ — — —"=5 ) (131
2 [l ) Ipnl 41pnI2

where we have substituted in the expression for the relativis-
tic heavy neutrino energy for A = —1, expanded up to sec-
ond order in small quantities, and neglecting terms of order
O(Bg) (for our purposes, we assume relativistic regime of
temperatures, such that 0 < By <K my < py ~ T):

Ey = \Jm3, + (Bo + MpwI)?
2 4

m m
~ ||+ 5 =
2lpnl - 8IpNP
+A(1 m )B (132)
——2N _)B,.
2|pNI?

For the reverse process [~h*T — N we have,
IM(I™h"T — N) = —1yPruy ,(pn)us- s(p1-) (133)

where the outgoing heavy neutrino corresponds to mN,,
(pnN), whilst the incoming lepton to u;- (p;-). This process
yields the same amplitude as for the decay process N —
[~ h*, along with the same constraints on the helicity and
momentum,

IMP2(~hT = N, A=—1, |p;-| > Bo)
2

= B (1711 - )

B m3
. <1+_—°— _N2> (134)
Pyl 4lpwl

For our purposes in this work, we shall extend the range of
the lepton momentum to cover all momenta |p;-| € [0, oo].

For the decay of the heavy neutrino into anti-leptons N —
I"h™ we have the outgoing anti-lepton spinor v+ ;(p;+) and
the incoming heavy neutrino spinor vy (py) with N being

its own anti-particle. The amplitude for this decay is

IM(N = IYh™) = =1y PRun - (pN) v+ s (pr+). (135)

Again we square the amplitude and average over the initial
spins of the heavy neutrino, to obtain

|y[? _
IMPA(N — ITh™) = = 5 (Els + Bo+ Alpi+1)

x (E} — Bo — Alpnl) (136)

Consider the energy of the anti-lepton for the possible helici-
ties £ l):r = |Bo + A| p;+||- We find that the only two non-zero
amplitudes are
IMPP(N — ITh™, & = +1) = [y[*(|pr+| + Bo)
x (EN*' = Bo—1pnl).
IMPP(N = ITh™, k= —1,|p+| < Bo)

Iy[?
= =5~ (Upr+| — Bo)

X (E?Fil — By + |ﬁN|) .
(137)
We will neglect the contribution from the decay amplitude

for negative helicity, as it requires |p;+| < Bp. Then, for the
decay process N — [Th™ we have

_ I m}
IMPEN = 1507 00= +1) = = |_N(' -1+ Bo)

2
my
|pN| - 4Nl

(138)

where we have substituted in the expansion of E I@ZH up

to second order. We see that this decay amplitude differs

from the previous process under a change of sign of By. The

amplitude for reverse process [Th™ — N is

IMITh™ = N) = —1y0+ 5 (pr+) PRON - (PN Y+ 5 (Pr+),
(139)

and we can readily see that it is the same as that of the forward
process.

The squared amplitudes averaged over initial spins of all
the processes are given below:

2
MPNV S 1R, =) = %ﬁQ pr-1—Bo)
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B m2
X 1+_—0— _N2
IPNI 4|pnl

|2 m (
——\pi- |+Bo)
2 |pnl

B m2
o (1= Lo
Ipnl 4lpwl

(140)

IMAN S 1Th— a=+1) =

where we see that the forward and reverse processes of each
decay yield the same result and the difference between the
two decay channels into leptons and anti-leptons is a differ-
ence in sign of By.

7.3: Thermal equilibrium populations

The (thermal) equilibrium population of a particle species is
given by [64]

(4 d3_
q=g/<2n)3f

where f“? is the equilibrium distribution function given by
Fermi-Dirac or Boson—Einstein statistics.

(141)

1

eq __
I =Em i (142)

with the +(—) corresponding to fermions (bosons), respec-
tively.

We proceed now to determine the equilibrium abundances
of the heavy right-handed neutrino (RHN) and the leptons.
In the high-temperature era of the universe that we are con-
sidering we have T > my ~ Tp, |py| > my and so the
particles behave relativistically. The dispersion relation for
the heavy neutrino is given by (125)

EQ (NN = /m3, + (Bo + 2w )’

2 4
m
= pnl+ -
3wl ST
:
e Y ) (143)
21pw|

which has been expanded up to second order in small quanti-
ties, neglecting terms of O(Bg). From (141), then, the equi-
librium population is given by

()») eq
ny = &N (27_[)3 f
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o0

8N
= > | dipwllpn Py,
2 T
(eq _ 1
N B
E
exp [TN] +1
)7 oo )
E E
= exp [—TN} X(:)(—l)" exp [—nTN] . (144)
n=!

Where we expand the series to second order, therefore the
equilibrium distribution is approximated by.

») A
E E
(Meq [_ N]_ [_z_N]
Iy ~ exp T exp T
Ey
+exp[ - 32 ] (145)
T
the equilibrium population then becomes.
A av [, - -
ny = 2/ d\pnl1pn I
)
Ey
X <exp[— T ]
) (1)
E E
— _2_1\’] [_3i] 146
exp | o | exp . (146)
each of the above integrals is of the form,
()
> E
b= [ dipxlivPexs| -n =]
T T
(2) 2
E
xexp[—ni] ~ |:1—n< rilN
T 2IpNIT
B m?\, B Am?\,B()) nzm‘}v :|
81pnIPT  2|pN 1T 8|pnI*T?
LB D
xexp[—n%]exp[—n@] (147)

where n = 1, 2, 3 and we have expanded out the exponential
to second order to record all necessary terms,

AB o
I, ~T3 exp [—n—o] / dxx?
r 1h

[ mzzv -1 méztv -3 )‘mNBO 52
x[1—n| —x"" — —= —_—
272 8T4 273
2 m4

%T—]Xx 2] exp[—nx]

T3 ABo1[n®+2n+2 n+1md
= —exp [ - n—] - —

e T n3 n 2T?

Am2, By
+ 2l (148)
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above we have changed the integration variable to |py|/T =
x in (117). The result is

AB
I, =T3™" exp [ — nTo]Pn,
P_n2—|—2n+2 n—i—lmi,_i_nmﬁ,
" n3 2n T? 8 T4
2
m+; By
1+ €'T(0, ] N 149
><[—i—e(n)+2T3 (149)

where I'[s,x] = [, XOO =l e~ drt is the upper incomplete
Gamma function [68], with the values

T, 1) ~0.22,
I(0,2) ~ 0.049,

o, 1) ~0.013 (150)

the equilibrium abundance of the RHN (to linear order in By
after expanding the final exponential) is then given

A),
ngv)eq T 2([1—12+I3)
3
NgNT -1 -2
~ 8 [Pl—e Py +e2p
)»Bo

T <P1 —2e” 1P2+3€ 2P3)]

SgnT? m%\, m‘)v
=) [0.9251 — 0.1628—2 + 0.0278F

NBO
—08672)L7 + 0.2203A 73 (151)

Next we consider the lepton/antilepton relativistic abun-
dances. The corresponding dispersion relations (125) are
(here we do not make a distinction between physical (i.e.
with positive energies) lepton and anti-lepton excitations as
yet, this will be done later)
A= _ -

E (i) = |Bo + Al pill = | il + % Bo, (152)
Since we are in the relativistic era and |p;| > T >> By, the

energy (152) is positive, irrespective of the value of A. The
corresponding equilibrium populations read:

= B [T il
! 27‘[2 T ! ’
M).eq _ 1
fl - E()»)
)
exp —] +1
e O
=exp[ ]Z( 1" exp[—an]. (153)

Again we expand the series up to second order. The distribu-
tion function is given by,

(*) *)
E E
(O).eq [_ l ]_ [_2 / ]
JiTmexp| = [ exp T
EM
+exp[—3 } ] (154)

with the lepton equilibrium abundance (up to second order)
being given by

(A) eq _
n 2 Py )

In =/ d1jil| 1l exp
T

(- n+ i),

E®

-]

Substituting in the expression for the lepton energy and
changing the integration variable |p;|/T = x we obtain,

(155)

AB o0
Jp = T3 exp [ — nTO] / dxx’e™"*
1

242n+2 LB

- (156)

nen

the final expression for the equilibrium lepton abundance is
given by,

(M,eq 81
I’ll —ﬁ(Jl_JZ"_J:‘ﬁ)
5,13
~ 2gl [o 9251 — 0. 8672x—] (157)
T[

The difference between the massless lepton and anti-lepton
equilibrium abundances will be due to the helicity.

Of interest to us are the corresponding equilibrium
abundances for RHN (N) and leptons (I), Y,g)‘)’eq
n\¥ /s x = N, (where s is the entropy density of the
Universe that scales with the temperature like s ~ 14 T3), in
terms of the quantity z = my/T < 1 (athigh T > my) ,
which are:

yier ~ (0.1652) S [1 —0.176z> +0.0301z*
e
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By By 5
—0.93741—2z+0.23811—2" |,
my my

) B
YI(A),UI ~ (0.1652)g—2l|:1 — 0.9374K—OZ:|,
e my

my
— < 1, 158
Z T < (158)

For our analysis in this work we shall need the averaged
over helicities heavy neutrino equilibrium abundance Y3/,
and the lepton asymmetry equilibrium abundance £¢¢, which
are given by:

o Ip-
Ty = E[Y]ﬁ, ) 4 Yﬁ,*’],
—_ vy (+)
L=y —yf
T
eq (=).eq (+),eq
7ol = 5[YN + vy

~ (O.1652)gTN<1 —0.1762% + 0.0301z4)
e

[ — Ylg—),Eq _ Y(+),eq
B
= (0. 3097)ﬁ—°z
my

with the property

lim 737 = (0.1652) 52 lim £ = 0 (159)
7—0 T“e z—0

For heavy right-handed neutrinos, we have gy = 2.
7.4: Thermally averaged interaction rates

To calculate the thermal equilibrium density integral for each
decay process, which enters the pertinent Boltzmann equa-
tion, we must sum over the different helicities:

YN — IFh*) = 0 0="D(N — [Fp¥F)

+y @ O=T(N — %) (160)
where, as discussed previously in Appendix VII B, we will
only have the A = —1 case for the process N — [~h™ and
the A = 41 case for the process N — [Th~. The interaction
integral for the process N — [~h™ is given by:

d> p-
(m)2E,

d*py
(2m)32EyN

yrO="U(N — 17ht) =

&3 pp+ 4
@m)2En, VQ)S(En — E- — Ep+)

@ Springer

x 53(,5N — - — ) IMP(N = I"ht a = 1)
/d /dl I/dQ - 1?

8(27‘[)5 2 P ENE;-Ej+

x 8(f(Up-1)IM?

with the equilibrium distribution fy! = 1/(eE¥/T 4 1).
Above, we have integrated over the momentum delta func-
tion, to perform explicitly the integration over d pj,+, which
enforces momentum conservation p,+ = py — p;-. The
quantity f(|p;-|) is given below

SUpi-1) = En(IpNnD) — E-(I1pi-1) — Ep+(IPN — Pi-1)
= Ex+ Bo— 7| = [Ipn I

o, o 172
+ 15 = 21wl cos®)

|pi-1 = [pn|cos(0) ]

VP12 + 1pnI* = 21pn 1 pr- | cos(6)
(161)

FUp-h =—[1+

the root of f(|p;~|) = 0, | plo, is:

lo = (En + Bo)* — | pn|?
-lo = -
2(En + Bo) — 2|pn|cos(0)
m2
N

(162)
2|PN|[1 —cos(0)]’

where we have only considered the leading term in the expan-
sion of the denominator in the appropriate small quantities.
We want to perform the d|p;-| integration in the integral
above,

8(pi-1 = 1pi-lo)

——— (163
|f(pr=l0)] (169

/dlﬁz—lfS(f(lﬁz—l))=/d|151—|

which will force |p;-| — |p;-lo. The density integral
(y¢4-*==D(N — [~h*)) then becomes

Iylzm?v/ .
d
1627y ] ¢ PN
eq 2
B m
X N <1+ _O — _N2>
En|pn]| [pnl 4PNl
= 2
X/dQ[ [Py |o
JIone?

X ———.
Lf(Api=0)]

yeeO="D(N — |7ht) =

+1p1- 15 = 21p8 11710 cos(6)

(164)

We now wish to do the angular integration and change the
variable sin(6)d6 = —d cos(6).
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= 2
- 1
I=/d§21 | |0 _
AN+ 15 = 21 lo cos(@) /(1P 10)

—1 = 2

= —271/ d cos(0) 1P1-To
+ WIPN T2 + 15 B = 215n1171- o cos®) + 7 Io — | 5l cos(®)]

myw 7! du
PR f m3 my (169
+1 N N
(=P 4 21— P
21pnP 8lpn [

where we have expanded the square root for |py| > |p;-|o
which is true for most angles and called cos(f) = u. Note
that the denominator remains always positive. Relabelling
v = | — u, the integral above becomes

/1 du
2 4

+1 My my

[ —uP 4+ ="l —ul? + —
2|pnI? 8|pnI*

— /2 dv (166)

0 U3+£U2+i

2 8

with € = my /| pn|. To simplify this integral we will split it
up into two regimes where different terms in the denominator
are dominant,

/‘2 dv
0 €2 et

3 Z 32 _
v+2v+8

2/“ dv +/2dv
62 0 v2~|—£ o U3

4

(167)

where o ~ €*/3 /2 denotes the point where v> starts to dom-
inate over the other terms in the denominator. We then have

2/“ dv +/2dv
e Jo ) L v
v

1
== — 2783 473 tan_1(61/3) ~ - — 66_8/3,

(168)

since tan~"!(e1/3) ~ €!/3 for |¢!/3| << 1. This implies for
the integral in (165)

mNﬂ[e3—4861/3]:3mN7161/3, e:nf—N.
16 (PN
(169)

I >~ —

Substituting this into the expression for the y? integral we
obtain

o] feq
yeaO==D(N 5 |=pF) = ﬂf d|131vl%|15N|2/3
T Ey
B 2
X 1 + __0 - n:lN 2]
Ipn| 4PN
10/3
3lyPmy
_2Pmy 170
p 16(271)3 (170)

the expression for the inverse of the heavy neutrino energy
is approximated below up to second order, keeping all nec-
essary terms.

1 1
E/(V_) h 5 |[1 n m%\, B mjl\, B By m%,Bo]
N 20pn12 SIpnI* Ihnl o 2IpNI
o1 m%\, 3m‘}V By 3m%vBo
B |ﬁN|[ S 20pn P T 8Ipnl* T Ianl 2|131\é|137])

substituting this into the integral and multiplying out with
the expression in the round brackets we obtain.

o]
yrTTOW > ) = ﬂf dipnllpnI~"
T

ol 3m%V n m;‘V 2By _9m%,Bo eq
4pn? " 20pyl* T Ipnl 4pal? |
(172)
The equilibrium distribution can be expressed as
(=)
E
eq _ _EnN
il =ew| - =]
o0 (=) =)
nkE E
X —D"e [— N ]:e [—L]
;0( )" exp - xp| - —

) )
E E
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2 4 2
mN _ mN m
21pN1?

(=) ~
Ey’ =|pNnl+ == — —
N 21pnl - 8Ipw I

—— By (173)

we consider terms upto second order in the exponential series.
The gamma integral becomes.

oo
p O i = [ dlpwll
T

x[ B 3m%\, m‘}v 2By B 9m%vBo:|
4pn1>  20pnl*  Ipnl 4PN

(e[ - 2] e[ 25
+exp[—3£]>

in order to simplify these integrals we notice that there is a
general expression,

(174)

yerO=DWN > 1) = 1~ L+ 1]

o0 1
1n=/ dlpnllpnl™"
T

[] 3m%, m‘}\, n 2By 9"1%\/3()]
41pn1? - 20pN1* o IpNl AlpwD3
(=) (=)
E E
N N
X € — e —
| —n = Jexe] =]
[1 ( m%\, m‘}v m%vBo )
~|1—n{— - — -
21pnIT  8|pNIPT — 2|pNIPT
2 4 _
n‘m B
i . ][ O]GXp[—n—|pN|] (175)
8|pnI2T? T T

where n = 1,2, 3 and again expanding the exponential to
second order. We thus obtain an expression for the integral
I:

B
1, = 123 exp [n?o].ln

o 2B nm?
_ —1/3 <50 NY.,-1
J, = /; dxx |:1 + ( T 272 )x
n nzm?\, 3m12v B 3nm%\,Bo 2
874 4772 273
nm?'\, B 9m?vBo 3 ﬁ
274 4713 274

(176)

x—“]e—’” (177)

where we have employed a change of variable |py|/T = x.
Substituting in the different values for n, we obtain the solu-
tions for J,, after performing the appropriate integrations:

1 . 2
h= 1120—T4{ ~ 6| 6+ er(3.1)]

@ Springer

+ 1120T3[6Bo + e(—6B + T)F(%, 1)]

_ 30m?vT[6Bo + 14T + e(45B) + 7T)F(§’ 1>”
(178)

1 4 2
b= {mN[462 — 504 E1/3(2) |
+ 560T3[6Bo +e*(=12By + T)E1/3(2) — 15m% T

x [ — 114By + 7T + 4¢*(90By + 7T)E1/3(2)”

J ! 1 78 mt + BoT + 48B)T"
—m
3 8T4 N T TN R0 0

[5103mN +1120(18By — T)T?

486 ]

140

+270m3, T (135By + 7T)]E1/3(3)} (179)

with E,(x) = [ dyy™™e " is the exponential integral
function [68], and we have the values

2
r(g, 1) = E\(1) ~ 0304429, E}/3(2) ~ 0.0602489,

E1/3(3) = 0.015246. (180)

On substituting my /T = z, we obtain

Ji = 0.3044 — 0.1959z% + 0.107z*
By 2
il <0.3807 — 04281z )
my
J, = 0.0603 — 0.0701z2 + 0.05747*
B
2 <0.089 _ 0.1666z2)
my

J3 = 0.0112 — 0.0189z2 + 0.04617*

B
+z—°(0.0971 +0.0676z2>. (181)
my

Therefore to obtain the expression for the y¢? integral we
recall that,

B
I, = m?\,ﬂz_z/3 exp [n—oz] Jn
my

yrO=—D(N 5 7ht) = ﬁ[ll —bLh+ 13]

B
= pin 2P = b+ Sz (D =202+ 303) |
N
(182)
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This implies that the y¢? integral (to linear order in Bp)
becomes

3|Y|2m?\1 —-2/3
16(2m)3

x [0.2553—0.1447z2+0.0957z4

y =N — Iht) ~

+ anj—:, (0.6062 _ 0.3063z2)]
(183)

We next proceed to obtain the expression of the pertinent y “7 -
integral for the reverse process [“ht — N. The steps will
parallel those of the previous calculation, the only difference
is that now one should make the substitution /! — f; f,"f
in (164). We thus have

yrO="Da=pt — N)
= yPm}y /d3[51v ! (l—i- Bo _ i >
16(2m)> En|pn| PNl 41PN

= |2 p€q req
X/dQl 1P |of1— fh+
N
1

+ 1P~ 13 — 21 pn 11 P10 cos ()

X —
| /(1 pi-10)]

. 1
"XP[T] +1

(=) _ o0 (=)
E E
- n -
=exp[——] E (=D exp|:—n :|,
T = T

1
ex [Eh+]—l
Pl
E e E
:exp[—%]z;)exp[—n ;Jr
n=l

where, as in the previous case, in the equilibrium distributions
we keep only the first term in the series, which implies

eq
fh‘*’ =

], (184)

ED + Ep
£ fheff >~ exp [ - ITH]
On using energy and helicity (A = —1) conservation in the
reaction ["hT — N, we observe that the numerator of the
fraction in the exponentin (185) can be replaced by the energy

of the RHN E](\;\:_l). Then, upon approximating (in the high
(O=—1
N

T

(185)

. ) :
temperature regime) exp [— ] ~ f Ii,q , We may write

i =
=Sy = ,
which, upon substitution in (184) and comparison with (164),
implies the reciprocity (chemical equilibrium) relation for the

(186)

thermally averaged decay rates,
y =Dt — Ny =y =DV - 1hh), (187)

in the presence of CPTV background By # 0.

The results for the decay and reverse processes N 5
[*h~ will be analogous to those of the previous calculations
but with a change in the sign of By, due to the opposite
helicity A = 41 involved in those processes. The results for
all thermally averaged decay rates are summarized below:

yeq,(k:—l)(N N l_h+) — yeq,(A:—l)(l—h+ N N)

3y 2
_ 1|6Y(|2m)1\3/ 23 <O.2553 —0.14477% + 0.0957z4>
7

Bo 0.6062 — 0.3063z2
X |14+z—
my 0.2553 — 0.1447z2 + 0.0957z4

7/eq.,(k:-l—l)(l\] N l+h_) — yeq,(l:-l—l)(l-i-h— N N)

3lyIPmy -2/3 2 4
— TN 0.2553 — 0.14477% + 0.0957
16(271)32 "+ z
i Bo 0.6062 — 0.3063z2
SN 0.2553 — 0.144722 + 0.09572% |
(188)

Equation (188) implies the generation of a lepton asym-
metry between the decay channels (9) of Fig. 1 at tree level
only when By # 0, due to the difference in the respective
decay rates.

8. Padé approximants method

It is often possible to increase our knowledge of a function
f(2) beyond the region of convergence of its Taylor series
using the method of Padé approximants. The Padé approxi-
mation [54] can be considered as follows: given a function
f(z) (with a Taylor expansion around z = 0), and two non-
negative integers m, n > 0, the Padé approximant [m/n] z ;)
is provided by the function

Y aid

Pr(z) = =0Tt

(189)

If the Taylor expansion of f(z) is truncated at power z" ™",
the resulting polynomial 7,4, (z) can be written as

m+tn

Tin (D) = ) cj2. (190)
j=0
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We can Taylor expand P’ (z) to order "™ and equate the
expression to Ty, 4y (2). (Asn, m — oooften P}, (z) — f(2)
even when the Taylor series for f(z) is divergent.) Let us
consider a m x m matrix A defined by A;; = ¢,4i—; (1 <
i, j < m). From the matching of the series the b; satisfy the
matrix equation

by Cntl
by Cnt2

A S (191)
by, Cn+m

The coefficients a;, b; in (189) are uniquely determined,
provided we normalise the zeroth order term in the denomi-
nator to one. The coefficients a; are determined by the set of
equations

i
A,’ = Z Ci—jbj-
j=0

A common procedure is to examine the convergence of the
sequence 73({,7311+J,7322+J,P33+J, ...withn = m + J.
We shall use the / = 0 sequence known as the diagonal
sequence.

This method will be applied to our system of Boltzmann
equations to extrapolate their solution from z < 1, where
the equations are derived analytically, to the z ~ 1 case. It
is understood that although above we considered a Taylor
expansion about z = 0 (which was assumed to be in the
region of analyticity of f(z)), the discussion can be straight-
forwardly extended for Taylor expansions about any other
point inside the region of analyticity of f(z). The application
of Padé approximants and justification of Padé approximants
are well described in [70].

We will conclude with an example which is related to the
calculation of lepton asymmetry. Consider

(192)

9= (0'0001129/ 3 40.00042%/3 — 0.00157%/3

+0.00882'%/3 4+ 0.0001z%/3 — 0.0381z) (193)

and Taylor expand f(z) about z = .7. The corresponding
P1(z) is

u7(z)

194
d7(2) (59

Pl(z) =
where

u7(z) = —0.0253701 + 0.00655229(z — 0.7)’
+0.00566604(z — 0.7)° + 0.00709687(z — 0.7)°
+0.020408(z — 0.7)* + 0.0213818(z — 0.7)3
+0.0358012(z — 0.7)> — 0.0161927(z — 0.7)

@ Springer

and

d7(z) = 0.0242858(z — 0.7)7 — 0.0453282(z — 0.7)¢
+0.0524747(z — 0.7)°
—0.0733029(z — 0.7)* — 0.0319164(z — 0.7)°
+0.232236(z — 0.7)°
—0.502196(z — 0.7)
+ 1.0000000000000000.

The convergence of the diagonal sequence can be seen from
P§(1.44) = 0.000465789, ’P77(1.44) = 0.000463733 and
PE(1.44) = 0.000449957.
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