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ABSTRACT: The possibility of generating the baryon asymmetry of the Universe via flavor
oscillation in the early Universe is discussed. After the inflation, leptons are born in some
states, travel in the medium, and are eventually projected onto flavor eigenstates due to
the scattering via the Yukawa interactions. By using the Lagrangian of the Standard
Model with the Majorana neutrino mass terms, [[H H, we follow the time evolution of the
density matrices of the leptons in this very first stage of the Universe and show that the CP
violation in the flavor oscillation can explain the baryon asymmetry of the Universe. In the
scenario where the reheating is caused by the decay of the inflaton into the Higgs bosons,
the baryon asymmetry is generated by the CP phases in the Pontecorvo-Maki-Nakagawa-
Sakata matrix and thus can be tested by the low energy neutrino experiments.
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1 Introduction

The origin of the baryon asymmetry is a long-standing puzzle in the Standard Model and
the Standard Cosmology. The successful generation of the baryon asymmetry requires the
deviation from the thermal equilibrium [1]. In the standard inflationary cosmology with the
Standard Model particles, there are two processes away from equilibrium: the electroweak
phase transition and thermalization. The first process is related to the scenario of the
electroweak baryogenesis [2] although some extension of the model is necessary to explain
the amount of asymmetry. The thermalization era is also an ideal circumstance for the
baryogenesis since by definition the Universe is not in the thermal equilibrium. In general,
after the inflation the Universe has experienced a thermalization era called reheating. The
baryogenesis at this stage is investigated recently [3—6]. (See also refs. [7, 8] for related
recent works.) There are also possibilities of having new particles in addition to the ones
in the Standard Model, and CP-violating non-equilibrium decays of such particles generate
baryon asymmetry such as in the scenario of thermal leptogenesis [9].



The flavor oscillation during the reheating era plays the important role for baryogenesis.
The flavor oscillation of the leptons can happen in the early Universe when the high energy
leptons from the decays of the inflatons go through the medium. If the inflaton directly
produces the left-handed leptons via its decay, the initial quantum state is some vector in
the flavor space, that is generally not an eigenstate of the Hamiltonian in the medium. The
lepton flavors will later be “observed” by some interactions. It has been discussed that the
CP violation in the quantum oscillation phenomena during this process can explain the
baryon asymmetry of the Universe [6].

In this paper, we describe the thermalization process with taking into account the
quantum effects of the flavor oscillation. To this end, we should employ the formulation
in terms of density matrices rather than the classical Boltzmann equation. By solving
the kinetic equation, we show that the baryon asymmetry of the Universe can be created
within the Standard Model with the Majorana neutrino mass term, [/ H H, which explains
the neutrino oscillation experiments. (For recent results, see refs. [10-14].) The baryon
asymmetry is generated after a quite non-trivial evolution of the density matrices. The
shape of the matrices changes during the travel in the medium and eventually settle into
the diagonal form in the flavor basis by the lepton Yukawa interactions at later time. The
CP-violating interactions in the neutrino sector create the difference between the lepton
and anti-lepton density matrices during this evolution.

We investigate scenarios where the leptons, [, are generated by the direct decays of
inflaton, ¢, or through the scattering of the Higgs bosons, H. We find that enough amount
of asymmetry can be produced when the reheating temperature of the Universe is be-
yond 108 GeV (lepton) or 101712 GeV (Higgs). In particular, in the case where the in-
flaton mainly decays into the Higgs boson (for example, through ¢|H|? interactions, see
appendix A.), the CP phase stems from the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
matrix [15, 16] and thus the scenario can be tested in principle by future measurements.
The leptons produced by the scattering through the [[H H operator undergo the flavor
oscillations in the medium, and the flavor dependent lepton asymmetry can be generated
by the CP violation in the oscillation. The flavor dependent asymmetries are converted to
the net asymmetry via the [[H H interactions. The [[H H interactions are in fact more im-
portant than the gauge interactions at temperatures higher than 10'* GeV. For such high
reheating temperatures, the first thermal bath is formed by the [IH H interactions, and
many of Standard Model particles are out of thermal equilibrium. As temperature drops,
the gauge and Yukawa interactions get gradually important. The evolution of the lepton
density matrices during this thermalization era experiences flavor oscillations and multiple
scattering processes before they settle into flavor diagonal forms. The CP-violating effects
in the evolution explain the baryon asymmetry. In this high-temperature regime, the fi-
nal baryon asymmetry does not depend on the detail of the inflaton properties, such as
mass, branching ratio or the reheating temperature, as they are generated by the history
of the medium. The excess of the baryons above anti-baryons indicates that a combination
of Dirac and Majorana phases is constrained to be in a certain range depending on the
neutrino mass hierarchy and the range of reheating temperature. Interestingly, there exist
implications on the effective Majorana neutrino mass, m,.., which determines the rate of
the neutrino-less double beta decay.



This paper is organized as follows. In section 2, we briefly summarize the quantum
equation describing the flavor oscillation. The setup of our scenario is described in section 3.
Our kinetic equation describing the time evolution of the density matrix is presented in
section 4, and it is solved numerically in section 5. The explanation of the behavior of the
solution based on the analytic calculation is given in section 6. The last section is devoted
to conclusions.

2 Quantum equation for lepton flavor

The lepton oscillation and its effect on the lepton asymmetry can be described by the time
evolution of the density matrix in the flavor space [17]. By using the free Hamiltonian of
the left-handed leptons, ;,

3
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the evolution of the density matrices of [; and its anti-particle defined by

pig (P, t) = (al(p, as(p, 1) /V,  pig(p,t) = (Bl (P, )b (P, 1)) /V, (2.2)

are given by

p(p.t) = —i[Q(p), p(p. )], A(p,t) =i [Q(p), AP, )] - (2.3)

Here V is the volume of the system, V = (27)363(0). The expectation values in eq. (2.2)
are taken by the state to describe the Universe. The flavor indices, i and j, are ordered
differently for particles and anti-particles in eq. (2.2). In this definition, p and p transform,
respectively, as UpUT and UpUT under a unitary rotation of flavors. The density matrix
of the lepton asymmetry is naturally defined by

Aij(p) = pij(p) — pij(P)- (2.4)

Due to the notation in eq. (2.2), CP invariance indicates p;; = pj;. Even if CP is conserved,
the off-diagonal components of A;; can be nonzero while the diagonal entries should vanish.

The trace of the matrix, A, describes the total asymmetry for left-handed leptons
(right-handed lepton should be added to get total one) which is independent of the basis.
Note that p and p evolve differently as in eq. (2.3). The difference serves as the “strong
phase” in the CP violation in the flavor oscillation. The asymmetry evolves as

A(p) = =i [2p), p(p) + p(P)] - (2.5)

Even if A(p) = 0 at some time, the non-trivial matrix can be generated at a later time if
p + p does not commute with the Hamiltonian, while the trace is kept vanishing.

The effects of the interaction term in the Hamiltonian, Hi,;, have been discussed in
ref. [17]. By using the perturbative expansion and the approximation of the instantaneous



collisions, the evolution at a time ¢t = 0 is given by
p(p) = =i 12(p), p(p)) +i( [ H5,(0), al (P)as(p)/V] )

_ ;/oo dt< [Hi?ﬂt(t), [H&t(o),a}(p)ai(p)/vﬂ > (2.6)

—00

where H?

ot (t) is the interaction Hamiltonian in the interaction picture, eH Hy (= 0)
770
e—zH t

. One can use this equation for any time t by treating each collision independently.
We use the above formulation for the discussion of the flavor oscillation of the leptons
from the inflaton decay.

3 Basic scenario

As the simplest example for the mechanism, we consider the Standard Model with the
Majorana masses for neutrinos:
/iij -

21 PLl;) HH + hc. (3.1)

L= Lsy — 5

The indices of SU(2); gauge interaction are implicit. One can obtain the model, for
example, by integrating out right-handed neutrinos [18-22]. We assume that right-handed
neutrinos (or any other alternative) are sufficiently heavy, and do not show up in the
history of the Universe. The Lagrangian of the Standard Model (Lgy) contains the Yukawa
interaction of the leptons:

Lyukawa = —Yili H Pre; + h.c., (3.2)

where we take the basis where y; is real and positive. In this basis, the symmetric matrix
k is given by

K(H)? = Ubyinsmw Uy s (3.3)

where m,, = diag (my1,my2, my3) is the real, non-negative and diagonal matrix of the
neutrino masses and (H) ~ 174 GeV. There are three CP phases in the PMNS matrix [23]:
a Dirac phase §, and two Majorana phases ajr = a9 and ape = asgp. If the lightest
neutrino is massless, we will take the redundant parameter aj;o = 0. Throughout this
paper, we use the indices (i, j,...) for the flavor basis while the indices (a, 3, ...) for the
mass basis. Namely, ¢, j =e, pu, Tand o, B =1, 2, 3.

Let us mention the validity of the effective theory in terms of the [[H H interaction.
The perturbative expansion makes sense when the typical energy, E, of the scattering
process, e.g. the temperature, satisfies

max [m,]

— TV E<L 3.4
1672 (H)* ™~ (34

When there are new particles, such as the right-handed neutrinos, our treatment based on
the effective theory is not accurate when the reheating temperature goes beyond the mass



scale of such particles. Although we do not study those scenarios, the same mechanism we
describe below may still work even in such cases.

We assume that, after the inflation, the decay of inflaton reheats the Universe and the
left-handed leptons are produced as daughter particles. For example, if the production is
directly from the inflaton decay, the lepton state is parametrized as

lg) = Vill. (3.5)

The coefficient V; is a normalized vector. In this setup, the inflaton sector is characterized
by the reheating temperature Tr, the vector V; and the branching fraction to left-handed
leptons B. Even if the inflaton does not directly decay into leptons but decays into Higgs
bosons, the leptons are, in turn, generated by the scattering of the high-energy Higgs bosons
with the medium through the Yukawa or [l H H interactions, and hence the parameterization
above is still useful. Note that from the constraint on the tensor-to-scalar ratio in the curva-
ture fluctuations, r < rmax ~ 0.12 [24], the reheating temperature is bounded from above:

—1/4 1/4
< 16 g*(TR) T'max
Tr < 10 GeV x < o (0_12) . (3.6)

We also assume that the time scale for the thermalization is much faster than the decay
rate of the inflaton, I'y. In that case, I'y ~ Ta/Mp. (This assumption will be justified
later.) The thermalized component of the radiation with temperature T is quickly pro-
duced during the reheating era. Under this assumption, we follow the time evolution of
the density matrices while the thermal plasma with temperature Tr already exists as the
initial condition.

By the interaction with the thermal plasma, the leptons quickly lose their energies by
scattering processes, and eventually they are annihilated by hitting their anti-particles. In
the course of this non-equilibrium process, the leptons undergo the flavor oscillation since
the thermal masses of the leptons are flavor dependent. Working in the “mass” basis, where
the neutrino mass matrix is diagonal in the vacuum, the generation (in the mass basis)
dependent lepton numbers are produced via the CP violation in the oscillation, while net
asymmetry is not created. These flavor dependent lepton asymmetries are partially washed
out by the scattering via [[H H terms. Since the rate of this process is generation depen-
dent, the net asymmetry is produced. Depending on the decay modes and the reheating
temperatures, there are other scenarios which generate flavor or chirality dependent lepton
asymmetries. We will discuss each scenario in detail in section 6.

The ingredients of this baryogenesis are the Yukawa interactions and the [IH H inter-
actions, both of which are measurable at low energy. If both of them are in the thermal
equilibrium, one cannot obtain the baryon asymmetry. Rather, any baryon or lepton asym-
metry would be erased. The important fact is that when I[lH H interaction is effective at
high temperatures, the Yukawa interaction is ineffective due to the cosmic expansion. The
opposite is true at low temperatures. Therefore, as we will see later, baryon asymmetry
can be generated in a wide range of reheating temperatures.



4 Kinetic equation

We perform a numerical computation of the lepton asymmetry by solving the kinetic equa-
tions for the density matrices of leptons and anti-leptons. The oscillation, decoherence
by scattering, annihilation, creation and the lepton number generation are described by
the equations.

Following the formalism in section 2, the kinetic equation used in this paper is presented
below. The starting point is the master equation obtained from eq. (2.6). The kinetic
equation is summarized in the form of

.dp(p) i i

i— = =10(p), p(p)] = 5{T5. p(P)} + 5 {IF, 1 — p(P)}, (4.1)
where flavor indices are implicit [17]. The first term describes the oscillation while the sec-
ond and third terms correspond to the destruction and production processes, respectively.
The Hamiltonian (p) can be parametrized as

Q45(p) = |pPldij + 0 (p), (4.2)

where the thermal correction 6Q2(p) can be written as

T4

il

Here we do not include terms which are proportional to the unit matrix since they do not
contribute to the kinetic equation. The coefficients are evaluated under the assumption
that the left-handed leptons, right-handed leptons and the Higgs bosons are all thermalized.
The second term is evaluated by calculating the two loop thermal diagram with [IHH
interaction. At a high temperature where the Yukawa interactions are not effective, the
right-handed leptons are not in the thermal bath and the coefficient of the first term is
modified. For simplicity, we do not consider the effects of the change of the coefficient in
the numerical analyses.
We focus on the following two components of the density matrices:

_ d&’p pij(p,t)
(px)ij = /leIkl (2m)3 PR (4.4)

3 g o4
Oy = /|P~T (C2Z7rr))3 (p”s(p) B pl]s(p)>’ (4.5)

and those for anti-leptons. Here s is the entropy density. The first component, py, repre-

sents the high energy leptons produced by the inflaton decay with initial typical momentum,

K =mo (7 " (46)

t
where
s 7T2 T]% -1/2
tp = . 5 , (4.7)
30 3Mg



is the time at the inflaton decay. g, is the effective degree of freedom for the thermal
plasma. The high energy leptons lose their energies by redshift and scattering processes.
The second component, dpr, represents leptons with the typical momentum |p| ~ T, with
the temperature T ~ Tg(tr/t)'/%. Here Py = 6:7/(ePl/T 4-1) represents the density matrix
in the thermal equilibrium.

In terms of px and dpr, the kinetic equation becomes

dpk . 1 d

? dt - [Qk’pk] Q{Fkvpk}v (48)
ds |
i=2L = [0,0pr] = 5{U%. dpr} +idLY, (4.9)

where Qi = Q(|p| = |k|) and Q7 = Q(|p| = T'). The destruction and production rates for
leptons are given by

T 9y? 21¢(3)
d ~ 2 . t 2 . 2 . 2 * .3
(rf), ~Co3r 0 Gt L Girdeitf+8udut}) + 35 5 ()i T°, (410)
9y? 21¢(3)
d *
(FT> = CO8T 0+ 5T (Binbe? + b + =55 5 (67 k) T, (4.11)

| T _
(5Fg)ij ~Ca3T m (pk)ij _ClagT(fSPT)z'j

3;;52) (,q*-(pk—3/4pk)t./¢)ijT3_|_38<7(r2) (/‘5*‘(5ﬁT_3/45PT)t'H)ijT3- (4.12)

Here the superscript ¢ denotes the transpose of the matrix. The equations for the anti-

_l’_

leptons can be obtained by exchanging p by p everywhere while changing the sign of ()’s.
The solution of the equations at t — oo is px = px = dpr = dpr = 0 when we ignore the
expansion of the Universe as is always the case. The expansion of the Universe makes the
[lH H interaction ineffective at later time, leaving non-vanishing lepton asymmetry as we
discuss below.

In the above equations, we have used the densities of the Higgs boson and the right-
handed leptons as the one in the thermal equilibrium. In the actual numerical computa-
tion, the kinetic equations of right-handed leptons are taken into account (cf. ref. [25] and
appendix B). The effects of the U(1)y gauge interactions are also included.

The first terms in egs. (4.10) and (4.12) denote the thermalization process through the
SU(2)r gauge interactions where the Landau-Pomeranchuk-Migdal (LPM) effects [26, 27]
are taken into account. The coefficient C' = O(1) represents the theoretical uncertainties in
the rates and also in the energy distributions of the inflaton decay product. This term con-
verts the high energy leptons into low energy ones while the matrix structure is untouched.

The second terms in eqs. (4.10) and (4.11) describes the scattering via the Yukawa
interactions. These terms, if strong, bring the density matrices into the diagonal form in
the flavor basis and thus prevent the oscillation phenomena. (Similar formula can be found
in refs. [25, 28, 29].)*

!The 2 to 2 scattering with gauge boson process and 1 to 2 (inverse) decay process with LPM effect
may contribute to the Yukawa interaction rate and effectively alter the overall factor. (cf. refs. [30, 31].)
However, this would not change our result significantly.



The terms with the coefficient C” in eqs. (4.11) and (4.12) represent the pair annihila-
tion and creation of leptons, respectively. This process is important for low energy leptons
(p ~ T'). For high-energy leptons, the rates are suppressed by the Boltzmann factor or
T /mg. A precise estimation of the rate requires the inclusions of the infrared regularization
as well as the LPM effects [32]. We put a parameter C’ = O(1) which represents the the-
oretical uncertainty. This term brings the total density matrix p + p to a one proportional
to the unit matrix. By eq. (2.5), the flavor oscillation stops when this interaction becomes
important as expected.

Finally, the terms with k are the effects of the scattering via [l H H interactions. These
terms become unimportant at low temperatures. This interaction brings the density ma-
trices into the diagonal form in the mass basis and lets the asymmetries flow towards zero.

Before ending this section, let us give the kinetic equations for the trace of the asym-
metry matrices,

Ax = px — px, Ar = bpr — 0pr, (4.13)

for later convenience. That is

dox LA 21¢(3)T3 S
—Tr[Axk+Ar| = ——7—7Tr| (Ak+A
7 r[Ax+A7] 1673 (H) r{( K+ T)my}
9T (o 5 2 9T [ 5 ) <
- 6471'3‘1{’ (yT(Ak)TT+yu(Ak)HH> - 6473 (yT(AT)TT‘FyM(AT)HM) +
(4.14)

The terms in the first and second lows are essentially different. The first term, i.e. the
wash-out term, decreases or increases the asymmetry for the left-handed leptons, while
the terms in the second row transfer the asymmetry into the right-handed leptons without
changing the net lepton asymmetry.

5 Numerical results

The kinetic equations in eqs. (4.8) and (4.9) are solved numerically by setting initial condi-
tions which describe the inflaton decay. For the case where the inflaton decays into a single
linear combination of the flavor eigenstates as in eq. (3.5), the initial density matrices are
given by

Plt=tr = Pxlt=tr = NViV]", 0prlizty = 6pr|i=tp = 0. (5.1)

The normalization factor N is given by

3T
N=""Ep (5.2)
4 me
where B is the branching fraction of the inflaton into high-energy leptons. For the case of
direct decays into leptons, the initial distributions depend on the unspecified main decay

mode. Taking the thermal distribution as the initial condition provides a conservative



estimate of the baryon asymmetry as we will see later. In general, the decay product can
be a weighted sum of different states, i.e., a mixed states, such as -, No(V*)*V?. An
interesting possibility is that the inflaton mainly decays into the Higgs bosons. The high
energy Higgs bosons, in turn, hit the leptons or Higgs bosons in the medium and produce
the high energy leptons through the [[H H interactions. In that case, the density matrices
are given by

21¢(3) (.
(px)ij = (Pr)ij =N~ 3273 (k li)ijTIg%

CO&%TR’ / %

Here N is the same as the previous definition, but B ~ O(1) is the branching ratio

3/2
—2 mg  \1/2 Tr
710 N(1015 GeV> <1013 GeV ) (5:3)

of the inflaton decays to Higgs boson. See appendix C for the parameters used in the
calculation. The factor can be thought of as the branching fraction of the Higgs boson into
leptons in the medium. The denominator represents the inverse of the lifetime of the high
energy Higgs boson in the medium. The contributions from the Yukawa interactions are
always negligible in the temperature range of our interest although they are included in the
numerical calculations. For a very high reheating temperature where the {{H H interaction
is stronger than the gauge interactions, the denominator should be replaced by the trace
of the numerator.

Only for the cases of the inflatons decay into the Higgs bosons, the medium leptons
are set to be zero initially, rather than assuming the thermal distributions in eq. (5.1):

100
6PT’t:tR = 5,5T’t:tR = —0.004 <g(TR)> (52] (5.4)

This deviation from the thermal distributions plays the relevant role for high reheating
temperatures, where the rates of the gauge interactions are slower than the expansion
rate of the Universe and thus the thermalization process can be flavor dependent. By
the strongest interactions in each temperature regime, the thermal components are created
within the time scale tg. The effects of taking eq. (5.4) as initial condition are not important
for Tp < 10'® GeV. The temperature dependences of g, and g, are not included in the
calculation. They depend on the detail of the thermalization histories. In the numerical
calculation, we take g.s = g. = 100.

The kinetic equations are solved numerically and
n ~ ~ ~
L=t (A + Ar+ Ap), (5.5)
s
is evaluated at a low enough temperature, where ny/s is already frozen to a constant.
Here Ap is the asymmetry transferred into the right-handed leptons through the Yukawa
interaction.
The baryon asymmetry of the Universe is measured to be [24]
n
B — (8.67+0.05) x 10711, (5.6)
s
By assuming that the asymmetry is created above the electroweak scale, the chemical
equilibrium of the sphaleron process [2, 33] tells us
nr ~ 9n B

L g, = (2452001) x 1071 (5.7)



1073 1073
1075} 107°
o o
(2 (2]
= 107 & 107}
107° 10-9L
10-M : ; : : : : : : : 10~ — : : : : : : :
8 9 10 11 12 13 14 15 16 8 9 10 11 12 13 14 15 16
Log1o[Tr/GeV] Log1o[Tr/GeV]

Figure 1. The dependence of lepton asymmetry on the reheating temperature with a,; = 0.3,
0=—-m/2,V = \/ig(l, 1,1) with the normal (inverted) mass hierarchy with one massless neutrino,
Mulightest = 0€V, in the left (right) panel. The red and orange bounds represent my/T = 1 and
100, respectively. Each band corresponds to the variance of C' = C’ between 1/3 and 3. The purple

line represents the required lepton asymmetry. The shaded region may be invalid as the effective
theory calculation.
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Figure 2. The dependence of lepton asymmetry on the reheating temperature with degenerate
neutrino mass, Mylightest = 0.07eV. We take aps2 = 0. The neutrino masses are in normal
(inverted) ordering in the left (right) panel. The other parameters are the same as figure 1.

We show in figure 1 the absolute value of the lepton asymmetry by varying T while
fixing the ratio mg/Tr =1 (red) or 100 (orange) with 6 = —m/2, apr = 0.37. The vector
V is set to be V o (1,1,1). The left and right panels, respectively, correspond to the
normal and inverted hierarchies of neutrino masses. The lightest neutrino mass, myightest,
is set to be zero for both cases. The bands represent the uncertainties from the C' and C’
factors in egs. (4.10), (4.11), and (4.12). We took C' = C” and varied the value from 1/3 to
3. The same figures for degenerate neutrino cases are shown in figure 2 where the lightest
neutrino mass is taken to be myjightest = 0.07eV, and apr2 = 0. We note that from the
condition (3.4) by taking F < m, which is the typical energy of scattering between

~10 -
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Figure 3. The dependence of lepton asymmetry on the reheating temperature when the inflation

main decay channel is Higgs boson with several ay; with 6 = —7/2. The normal and inverted mass
hierarchies for neutrinos are shown in left and right panels, respectively. my/Tr = 100, B = 1
and Mylightest = 0V are fixed. The shaded regions denote the uncertainty for § = —7/2,ap =0

for comparison. The solid and dashed lines denote the sign of the asymmetry is minus and plus,
respectively (the required asymmetry is minus). The lines are obtained by taking C' = C’ = 1.

the high-energy leptons and the ambient thermal plasma, we get

100 0.05eV
Tr < 1016 GeV < © ) . (5.8)
mg/Tr \ max [m,]

This is around the bound of eq. (3.6).
One can see that the baryon asymmetry can be explained for T > 108 GeV.? We stress

that the contribution discussed here always exists in any models to explain the neutrino
masses by the effective [lH H terms. Notice that we have assumed the perturbative decay
of the inflaton and thus the reheating temperature is taken to be below the mass of the
inflaton. However, a non-perturbative reheating allows the temperature to be much higher
than the inflaton mass, which may further enhance the asymmetry. (See cf. refs. [36, 37]
for enhancing efficiency for the conversion of the inflaton energy.) We leave the analysis of
lepton asymmetry in this case for the future study.

The amounts of the lepton asymmetry in the cases where the inflaton decays into the
Higgs bosons are shown in figure 3 for the hierarchical neutrino mass cases. The degenerate
cases are shown in figure 4. One can see that the large enough lepton asymmetry is
generated for Tr > 10712 GeV. In this scenario, the sign of the asymmetry is determined
by the parameters in the PMNS matrix. In the figures, the solid lines represent the good
sign (minus), whereas we draw the dashed lines for the opposite sign. Different lines
correspond to different values of aj; as indicated and apso = 0. For other values, the
dependence can be found in section 6. We take C = C’ = 1 for those lines. The bands
represent the uncertainties from C' and C’ for a reference point § = —7/2 and ap; = 0

2For such low reheating temperatures the Hubble parameter during inflation can be as low as Hiys =
O(10) MeV. Recently, it was shown that with such a low-scale inflation the QCD axion with decay constant
around GUT or string scale can be the dark matter [34, 35].

- 11 -
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Figure 4. Same as figure 3 but the lightest neutrino mass is mylightest = 0.07¢V, and the uncer-
tainty is shown for § = —7/2, aps = 7/2 in the gray bands. We take apso = 0.

(aps = m/2) for figures 5 and 7 (figures 6 and 8). We took the same windows of the
uncertainties as before.

As we will discuss in section 6, the mechanisms of the leptogenesis are qualitatively
different for Tr < 103 GeV and T > 104 GeV. The dependences on the phases in the
PMNS matrices are shown in figures 5 (hierarchical) and 6 (degenerate) for Tg ~ 1012 GeV,
and those for T ~ 10516 GeV are shown in figures 7 (hierarchical) and 8 (degenerate).
Since these phases are the parameters in the low energy Lagrangian, one can check if the
predicted sign or amount is consistent with np once the phases are measured in neutrino
experiments. For example, the sign and amount of the measured np constrain the allowed
region of the effective neutrino mass m,.. for the neutrino-less double beta decay. An
example is shown in the left panel of figure 9, where we require that correct sign of the
baryon asymmetry is generated with T < 10! GeV with a fixed value of § = —37/4. The
requirement reduces the allowed region to the shaded one between solid lines. The case for
Tr 2 10 GeV and § = —7/2 is shown in the right panel. As will be discussed in section 6,
the baryon asymmetry in this case has little dependence on the inflation models, and thus
it is more predictive. We require the asymmetry to be within the 1/2 — 2 of the measured
one, by taking C' = C’ = 1.

6 Underlying mechanisms for leptogenesis

In this section, we discuss how the lepton asymmetries are generated in each domain of the
reheating temperatures and decay modes. We discuss the following situations separately:

e inflatons decay into leptons directly and low Tg,
e inflatons decay into Higgs bosons and low Tg,
e inflatons decay into leptons directly and high T, and

e inflatons decay into Higgs bosons and high Tk,

- 12 —
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Figure 5. Lepton asymmetry dependence on ¢ for inflaton decay dominantly to Higgs boson. The
uncertainty for ap; = 0 case is shown in the gray bands.

where the separation of high and low Tx is around 103714 GeV as will be explained later.
The mechanisms are qualitatively different in those four cases. In section 6.1, we clarify the
necessary conditions for leptogenesis and how the lepton asymmetry depends on parame-
ters in the Lagrangian from the symmetry perspective. In sections 6.2, 6.3, 6.4, and 6.5,
we discuss each scenario and provide qualitative and quantitative understandings of the
numerical results.

6.1 Symmetry argument for CP violation

In order for enough lepton asymmetry to be generated, CP symmetry must be broken
physically, i.e., the CP phase should not be rotated away in the interactions that are
relevant in the process. Analogous to the case of the CP violation in the K-meson system,
this discussion allows one to find the most relevant parameters for the asymmetry.
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Figure 6. Same as figure 5, but myightest = 0.07eV is taken with a0 = 0. The uncertainty for
apy = /2 case is shown in the gray bands.

We have possible sources for CP violation: Yukawa interaction, [[H H interaction, and
the initial condition. The initial condition is regarded as the density matrix of inflaton
decay product, and the medium around the reheating temperature.

First, let us consider T < 10'* GeV where the medium is almost flavor blind since
the gauge interactions are more important than the lepton Yukawa and [[H H interactions.
Suppose the limit of two vanishing neutrino masses. The Yukawa interaction has U(1)3
symmetry while the {{H H interaction has U(2) symmetry. In this limit, one can see that
all the CP phases of the PMNS matrix can be rotated away. Thus, it implies that either

e a CP-odd parameter in the inflaton decay product (in the rotated away basis) or
e the perturbation of the mass of a lighter neutrino

is needed to generate the lepton asymmetry. The lower temperature region of figures 1 and 2
correspond to the former case and the lower temperature region of figure 3 corresponds
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Figure 7. Lepton asymmetry dependence on § with Tr = m, = 10 GeV, B = 1, for inflaton
decay dominantly to Higgs boson. The uncertainty for ap; = 0 case is shown in the gray bands.

to the latter case. In the latter case, y2myom}s (y2m,1m?y) should appear in the lepton
asymmetry for normal (inverted) mass ordering at the leading order, which comes from
the last two terms of eq. (4.12). Thus the asymmetry is suppressed if m,o (m,1) is small.
Also, we can understand that the Majorana phase is important in this case.

For T > 10" GeV, the gauge interactions decouple, and the medium is not necessarily
blind under lepton flavor. The strong [l H H interactions at high temperatures quickly bring
the initial density matrix in the diagonal form in the mass basis. In the limit of vanishing
Yu, Ye and the lighter two neutrino masses while keeping the initial density matrices fixed,
the CP phases of the PMNS matrix can be rotated away by the rephasing of I; by U(1)?
in the mass basis together with the U(2) rotation in the flavor basis without changing the
initial density matrices. This implies the final asymmetry should be proportional to either

2,2
® yry;, or
o y2m,om?s (y2my1m’,) for normal (inverted) mass ordering.

These two effects both contribute in the region of high reheating temperatures of figures 1
and 3. Possible CP phases in the inflaton decay sector do not contribute since the initial
condition is set by the strong I[[H H interactions.
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Figure 9. The value of effective neutrino Majorana mass, mye., compatible with our scenario. The
inflaton decays into Higgs boson. T < 1013 GeV,d = —37/4 and Tg = 105 GeV,§ = —7/2 are
assumed for the left panel and right panel, respectively. The region between upper and lower black

(brown) lines is the general possibility for normal (inverted) hierarchy while the shaded regions are
our prediction.
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When the neutrino masses are degenerate, the [[HH interaction preserves an SO(3)
symmetry. This plays a relevant role as will be seen in sections 6.4 and 6.5.

In the following, we discuss two kinds of scenarios depending on whether the initial
condition is in a general matrix (section 6.2 and latter case of section 6.4) or in the diag-
onal matrix (sections 6.3, 6.5 and former case of section 6.4) in the mass basis. In both
cases, the flavor dependent asymmetries are first generated and converted into net lepton
asymmetry through the lepton-number-violating [[H H interactions. We will see that CP
and lepton number violations are connected through the “observation” by the medium.
Since “observation” in quantum mechanics is a one-way process, it provides the departure
from the thermal equilibrium, and hence the Sakharov conditions [1] are satisfied.

6.2 Inflatons decay into leptons and Ty < 103714 GeV

For Tp < 10714 GeV, the time scale for the thermalization process,

—1
_ T
lth = Fthl ~ (O‘%TR R) ) (6.1)

is faster than the expansion rate of the Universe, H(Tg) ~ 1/tg. Therefore, the high energy
component of leptons is continuously produced by the inflaton decay over the time scale t g,
but each lepton loses the energy very quickly by the time scale ¢y, (< tr). The scattering
processes via gauge interactions do not destroy the structure of the density matrices. After
losing their energies, the pair annihilation and pair creation processes become important.
The mean free time of the low energy lepton is

_ -1
tpair = Upaiy ~ (03TR) (6.2)

which is even shorter than t;,. Therefore, almost instantaneously after the inflaton decay,
the combination of the density matrix pr 4+ pr flows to pr + pr o 1 since (dpr + dpp) ~
e~ t/toair (§pp + 6p7) from eqs. (4.9) and (4.11). By eq. (2.5), the oscillation is cut-off by
the time scale of ¢y, + tpair ~ tn-

We follow the density matrices of the dp7 component. Even though ti, > tpair so that
the decoherence is faster for low energy leptons, the oscillation of §pr is more important
than that of px since 62 is larger for low energy leptons as in eq. (4.3). Since the time
scale of the Hubble expansion, tg, is longer than tp.i or ¢, one can ignore the redshift
of the momentum in the following discussion. The density matrices in the mass basis of
neutrinos, a = 1, 2, 3, evolve as

(6P$ass)aﬂ = UE)MNS (6Pg“avor)ij UPMNS

— NU}tMNse_i(SQ(Iple)t(VV*)ei(SQ(lple)tUpMNs, (6.3)
and

(0p7"F)ap = UIiMNS(@ﬂTaVM)ijUPMNs

= N Uy ng PN (175 o ~0RIPINTI ) pig (6.4)
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The thermal corrections 62 in eq. (4.3) are dominated by the ones from the Yukawa in-
< 103 GeV. In this case, the differences in

~

teractions in the temperature range Tg
the diagonal components appear if there is a phase in Upyng and/or V. By ignoring the
electron Yukawa interaction, one finds

A mass , __ (5pmass — §pmass

ag = \0PT PT )a,g
= 2N [ {(Upmns) o (Upnng) 78 Ve V' — (UpMns ) ro (Upnng ) e Ve Vi } sIn G-t
+{(UpmnS$) 1o (Upnins )75 ViV, = (Upns ) 7o (UpMns ) gV Vr } 80 (007 —682,,,)1
+{(Upmns) e (Upnins) s VeV — (UPMNS)ZQ(UPMNS)eﬁVe*Vu}Sinégyut] . (6.5)
For a = 8 = 3 and 42, = 0, we obtain
Ag},ass = 2N (cos 053 sin 2013Im [e_i‘SVTVe*} + cos? 013 sin 26053Tm [VTV:D sin 6O+t
=2 (0.2 Tm [ Vv | + 1.0 T [V V1] ) sin 80t

=: N &cp sin 0, t. (6.6)

At this stage, the asymmetry A 557 is not physical since it depends on the basis. The trace

indeed vanishes. Nonetheless, in the mass basis, the lepton asymmetry is stored in each
neutrino-mass eigenstate although the net asymmetry is not created.

The finite amount of asymmetry is obtained when we include the effects of the [|HH
interaction term. Due to the scattering by this term, the “observation” of the neutrino
mass basis happens. The 2 to 2 scatterings by this interaction term reduce or increase the
lepton number by two. The effects of the I{lH H interaction can be seen by eq. (4.14). The
neutrino mass differences imply that the right-hand side is non-vanishing even if the trace
of A™a vanishes.

The time scale that is important for this AL = 2 process is either tg or

92Tk 5\
6473 Yr

— (67)
The former is the time scale where the temperature is kept O(Tr), there the dimension
five operators are the most effective, and the latter is the one for the scattering with the
top or bottom quarks through the tau (y,;) and the top (y;) Yukawa interactions. For
Tr > 101 GeV, tyuawa = tr. Beyond tyuiawa, the density matrices get diagonal in the
flavor basis by the second term in eq. (4.11), which means A gets vanishing up to the
asymmetry already created. Therefore, the creation of the net lepton asymmetry happens
with the efficiency of

21¢(3) T3 Am2 ,
Summ ~ W x min [t g, tyukawal » (6.8)
for the normal mass ordering. Here, Amiﬁ = m2, — m?,ﬁ is the neutrino mass square

difference. For inverted, Am3, is replaced by Am?2,. Notice that only the difference of
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the wash-out effects, and thus the neutrino masses, contributes to the net asymmetry
(see eq. (4.14)). The main contribution is, therefore, from the mass difference for the
atmospheric neutrino oscillations, Am2, . ~ (0.05eV)2.
The amount of the asymmetry is now estimated as
nr Tr

— =Tr(A) ~ == B {cp sin 6Qrrtpair - Sumra- (6.9)
S m¢,

Putting altogether, we find

2 ~1
"L~—2x10‘6-§<:p~B-( T )( pe ) TRz 10MGeV),  (6.10)

S 101 GeV 1013 GeV
and
3
nLo 6.¢c. .. Tr my < 101
L~ —2x 107 6cp - B <1011 GeV) (1013 GeV) . (Tr <101 GeV),  (6.11)

for normal mass hierarchy. These well fit the numerical results in figure 1. For other
neutrino mass hierarchies, the results are numerically similar as we can see in figures 1 and 2.

6.3 Inflatons decay into Higgs bosons and Tg < 10'3714 GeV

Even if the initial lepton density matrices are diagonal in the flavor basis or in the mass
basis, the off-diagonal components of A are generated through the flavor oscillations (cf.
eq. (6.5)). The off-diagonal elements can become physical later due to multiple scatterings.
Depending on the basis, the off-diagonal components are actually parts of diagonal compo-
nents. One interaction tends to eliminate the off-diagonal components in one basis, which
may lead to the transferring of the off-diagonal components in the basis into diagonal ones
in another basis. Therefore, enough times of scatterings to pick up CP violation can make
the off-diagonal component of A made by oscillation physical. This transfer of the matrix
elements by multiple scattering or observation generally takes place. The off-diagonal ele-
ments in mass basis can be generated through the Hamiltonian with the Yukawa interaction
and could be identified as diagonal components in the flavor basis. If the [[H H interaction
is too weak to dump all of the off-diagonal elements, some of the off-diagonal elements in
the mass basis would later be observed by the Yukawa interaction as the diagonal elements.
As a result, if there exists physical CP violation, the flavor-dependent lepton asymmetry
is generated through the multiple-observation.

Now consider Tr < 10'3 GeV. After the inflaton decay, the off-diagonal components,
A ap are generated through egs. (2.5) and (5.3). The flowchart for the dominant multiple-
observation process with Tp < 10!3 GeV is as follows:

< last term of eq. (4.12) IMNvuk Tuge ML
mass ukawa mass
mess gy~ = (6.12)

Notice that the last term of eq. (4.12) should enter, as one can see from the symmetry
discussion for physical CP violation. It is important that all of the time scales of the
interaction are slower than the expansion. As a result, each observation is not enough to
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remove all the quantum coherence, and the CP violation becomes physical when enough
times of the scattering takes place.
Let us see the above mechanism by explicit calculation. The kinetic equation is given by

d -~ _
i%AmaSS ~ [Qmass,pmass + ﬁmass] + P(t) . Amass’ (6'13)

where we have defined

[Yukawa . gyngT diag (0. 42 2\ U,
~ 64x3  PMNS iag (0,y,, y7)Upmns,
i 21¢(3) my, o T°
Uypn = diag Cunn,1, Tunne, Turn ), LubH = $(3) Moo

323 ( H>4 ’

X ' N 21¢(3 ~ t
P(t) : Amass = *% {FYukawa + 1—‘llHHa Amass} —1 3575_3) (KmaSS)* . <Amass) . I{mass T3,
(6.14)

and have neglected several terms which are not important for the discussion below. Since
we start from the initial condition AM®S = ( at ¢ = tini, the right-hand side vanishes
except for the first term at the early stage. The nonzero value of Amass jg generated by
the first term. When the pair production/annihilation by the gauge interaction becomes
effective, p™@ss + p™maS gets close to the one proportional to the unit matrix and the first
term vanishes. After that, the second term becomes effective. From this observation, the
equation we should solve is written as

d

iaAmass ~ [Qmass7 pmass + ﬁmass] + P(t) . Amass) (tini 5 t 5 tcut)y (615)
d - _
iaAmaSS ~ P(t) . Amass’ (tcut 5 t 5 75end)a (616)

where ., is the time the oscillation stops, and given by tcut = tini + tpair for this case.
Eq. (6.15) is easily solved by neglecting the second term, and one gets

A(O) ~ —j [Qmass’ pmass + ﬁmass] tpaim (617)

where
AO) . Rmass|,_, (6.18)

~

Note that we can regard Q™2 and p™?% 4 p™** as constants for tini St < tini + tpair, and

that only the off-diagonal components are generated here. Up to this stage, no CP violation

was necessary. As we discussed before, the off-diagonal component of A™2 is not a CP-odd

quantity. The CP phase in the PMNS matrix can bring this off-diagonal component into

the diagonal entries through the Yukawa and I/l H H interactions. The symmetry argument

tells us that the CP phase can be physical when yZm,,QmZ*,3 appears as a perturbation.
The solution of the eq. (6.16) is

t

Amass (tend) =T <e—i fti:?itpair dt’P(t’)) A(O)7 (619)
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where 7 is the time ordered product. The lepton asymmetry can be obtained by taking
the trace of the solution. In the case of the inflaton decay into Higgs bosons and low Ty,
from eq. (6.19), the lepton asymmetry is

~ 21¢(3) /tend /t1 /152
Tr(A) ~—
r( ) 6 |, dn | dz | dts

ini +tpair ini+tpair ini +tpair

T | Furn(1)R { D12 (027 (30 s rea)®. (0:20)

Here ti,; corresponds to tiyi = min(tg, tyakawa), and £ := (Upyns ) kUpnns. One can

check that O(P?) and O(P) contributions vanish as indicated from the symmetry argument.
By observing that I'jjgr oc T2 and I'yykawa o T, the integration is dominated by the earlier
time, and then one gets

~ 21¢(3 * [ A t mass
Tr (A) ~— 1g£3)t3T3Tr {FHHH%{FYM% (m255) (A<°>) K H (6.21)
t=tin;
For normal mass hierarchy, A©) is given by
A (0 O OSEE mass | =mass
AgS) = (A§1)> ~ =i (P 4 P g
pair
(0 O\ * §Qmass . .
Ag3) —_ (A:(Q)) ~ —j F23. (P ass+p aSS)SS’ (6.22)
pair

and other components are almost zero, see eq. (5.3). The resultant lepton asymmetry is
calculated as

1/2 3
n 9 Tr/mg Tr 1
— ~4x107°B - —_—r —_— Tr = 10" GeV 6.23
s X Sop ( 0.01 oGGev ) © (TrZ ev), (6.23)
and
1/2 6
ng —20 Tr/me TR 11
— ~1x107“"B - —_ Tr <10 GeV 6.24
s X gCP< 0.01 > (1010 GeV ) ( R € )7 ( )
where
Ecp ~ (sinap 4+ 0.2sin(aps + 60))  (normal hierarchy). (6.25)

The calculations for inverted and degenerate cases are straightforward, and the results are
given by egs. (6.23) and (6.24) except for the replacement of {cp:

&op ~0.01sinays cosd—0.04cosaps sind—0.05sinayy, (inverted hierarchy),
4

—pole
Eop ~ <0ﬂ8;ev> (22sin(aps —ape) —10sin(aps2) +4.4sin(an —ape+0) +4.5sin(apn2—9)),

(degenerate case with normal ordering),
4

—=pole
€cp ~ — ((ﬁ);ev) (22sin (s — aara) —9.7sin(anrz) +4.58in(ans — anra+6) +4.3sin(anr2—9)),

(degenerate case with inverted ordering). (6.26)
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ol .
Here mbp”° means the average of the measured neutrino mass. Here and hereafter the

superscript “pole” is put in order to distinguish mB"le from the neutrino mass param-
eter at the high energy scale, see appendix C. These fit the numerical results well in
figures 3, 4, 5, and 6.

Unlike eq. (6.8), the lepton number is not proportional to the mass differences of the
neutrinos. Even with the equal neutrino masses, asymmetry is generated through the
CP violation in the PMNS matrix as one can see in eq. (6.20). The CP-violating I/HH
interactions together with the lepton Yukawa interactions distribute the lepton number
into left and right-handed leptons while net asymmetry vanishing. The asymmetry stored
in the left-handed leptons are partially washed out by the first term in eq. (4.14), and the
net asymmetry is generated.

6.4 Inflatons decay into leptons and high Tr

At a high-temperature range, the lepton asymmetry is generated through multiple “obser-
vations” of leptons in the medium as in the previous subsection. Contrary to the previous
subsection, the leptons are observed at different temperatures and thus in different basis.
As a result, non-observable off-diagonal components in one basis can later be observed as
diagonal components in another basis.

Case with hierarchical neutrino masses. Here we consider the high-temperature
regime where Tr 2 10'® GeV for the normal and inverted hierarchy with one massless
neutrino.® In this region, the numerical calculation shows an interesting feature that the
asymmetry gets almost independent of the reheating temperature.

For simplicity, we consider |k| ~ T, in which case ty, ~ tpair. It is useful to define the
following density matrix,

d®p Pag (P, 1)
(pness) = / . (6.27)
T g 202 s

At Tg > 10'° GeV, the time scale of tpair, tth and tyykawa are slower than the expansion
rate T, while the [lHH interactions are faster than tg, and these are the interactions
to bring the momentum distribution to the thermal one. The discussion is, therefore,
qualitatively different from the case with lower reheating temperatures. The density matrix
is diagonal in the mass basis due to the fast [[H H interactions.

Because of the hierarchy, the thermalization is effective only for two of the neutrino
generations. The density matrices for the leptons has the following form for 7' > 10' GeV:

pr*> ~ diag (p1(T), p2(T), p3(T)), (6.28)

where p; # po ~ ps for the normal hierarchy and p; ~ p2 # p3 for the inverted one. The
off-diagonal components are highly suppressed due to the decoherence effect via the {[HH

3 Although eq. (3.4) is satisfied in the effective theory at Tr < 10'° GeV, the UV physics might contribute
to the following mechanism. As we will see, these contributions do not change our prediction much, if we
assume that the lepton number for the massless neutrino is not violated in the UV physics at the vanishing
limit of the Yukawa couplings.
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interaction (see egs. (4.8) and (4.9)). The density matrices are kept in this form until
the IIHH interaction for the second heaviest neutrino gets ineffective at Tin~ 10" GeV
(1013 GeV) for the normal (inverted) hierarchy. Here Tiy; is the temperature Iy H2=H(T)
(Cupaa = H(T)) for normal (inverted) mass hierarchy.

Below the temperature, Ti,;, the off-diagonal components are started to be generated
by flavor oscillation (see eq. (2.5)). The differences among p1, p2, and p3 are important for
this to happen. Since the [[H H interaction for the heaviest neutrino is still effective, the
oscillation can only generate the A1 (A1) component for the normal (inverted) mass
hierarchy. The oscillation continues until the time scale that the pair annihilation by the
gauge interactions becomes as fast as the expansion rate. Even after the gauge interaction
rate becomes faster than the expansion rate, the generated off-diagonal element is kept
unerased in the medium due to the flavor blindness of the gauge interactions. Finally,

when the Yukawa interaction becomes effective, tyvuxawa ~ Mp / 3TT2 with T ~ 10! GeV
yiyz
6iﬂ3
The generation of the asymmetry stops at this time.

which is the time

T, = H(T;), the density matrix gets diagonal in the flavor basis.

For normal mass hierarchy case, there exist the contributions which depend on yZyi
and ygmygm;ﬁ?), respectively. Flowcharts to describe the dominant processes for leptogenesis
can be drawn as

A mass | Yuk Iyuk Xmass Lumm, TL
mass ukawa ukawa mass
AT Azg™ —— = (6.29)
for yZyi contribution, and
~ T Vukaws last term of eq. (4.12) T vukaws ~ T nr,
mass Yukawa Yukawa mass IITHH
A12 A33 ?7 (630)

for y2m,om?, contribution.

From the above discussion, we can take ti,; ~ Mp/ 3Ti%1i7 teut = fpair and fend = tyukawa,
where %, is the time scale at which the gauge interactions are imporant, a3T ~ H(T).
The form of the density matrix at t = tiy,; is

mass =mass

pp*> = pp** = diag (p1, p2, p3), p1 # p2 = p3, (6.31)

for the normal mass hierarchy. Since the strong [[H H interactions bring the densities to
the thermal ones except for pq,

100
3 x
pr—p2~ BV (Upnins)ar | (6.33)
Then, we obtain by solving eq. (6.15)
A0 _ (AOY _ o 5
A = (Asy) ) =2i(p1 — '02)I‘7~’ (6.34)
pair

and vanishing other components at ¢ = #,;. Here Ag%) = (Ag))*, and Ag%) = (Agg))*

are negligible because the fast decoherence at the rate %F” HH,3- A 1588 = (Ag}ass)* ~ Ag%)
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does not change much until ¢ = tyykawa. From eq. (6.19), the lepton asymmetry is

~ tend t1 to
Tr (A) ~ — / dtl / dtQ / dt3
y%yﬁ tini+tpair tini+tpair tini +tpair

x Tr [FllHH(tl)% {FYukawa(tQ)A(O)FYukawa(t?))} +.. } ;

(6.35)
for yTyu contribution, and is
Tr (A)
Yyrmy2m,,g
21¢(3 lend t1 2 t3
~ g(s)/ dtl/ dtg/ dtg/ dt4 (636)
167T tini+tpair tini“"tpair tini+tpair tini“"tpair

< T | (00 Prn(12) (%) (Fontana (0BAO) w4 (202,

for y2m,om?, contribution. ... are the subdominant terms for the normal mass hierarchy
from the anti-commutation in P. One can see that eq. (6.35) is dominated by the large
t region while all range of ¢ equally contributes to the integral in eq. (6.36). As a result,

we obtain
nr ~ FllHHS % %[FYukawaAgg)FYukawa] ’ i
§ ygyu t=tyukawa
T 2
~—6x10"8%sind x (M) X (p1 — ,02), (637)

for yTyu contribution, and

nr 21¢(3) myamys
e ~ I‘llHH,3 X 1é‘7(['3)1—I4T3 X §R[ YukawaA§2)FYukawa] )
ygmyzm;B < > t=tyukawa

~ —4x 1077 (sinays +0.2cos (6 + anr)) (1 — 0.4cosd) x (p1 — p2), (6.38)

S

for y2m?*ym,3 contribution. These formulas well fit the numerical results in the left panel
of figure 1.

Now let us comment on the cases for this mechanism with inverted mass hierarchy.

The same discussion applies by making exchanges between the indices «, 5 = 1,2,3 and

a, B = 3,1,2 in the previous discussion. However, since two of the [lH H interactions are
strong, Agl = (A%)* is soon destroyed by the [lH H interaction, and the final asymmetry
is suppressed. On the other hand, we will see soon that if the reheating temperature is
slightly smaller than 10'® GeV, an approximate symmetry preserves A?Q and a sufficient
amount of the lepton asymmetry can be generated.

One of the essences of this region is the fact, pr + pp is not proportional to the unit
matrix and does not commute with Qp at T > Ti,. The mechanism here works in general:
e.g. the thermal decoupling of right-handed neutrinos at 1" > Ti;, would lead to pr + pr
not proportional to 1.
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Case with degenerate neutrino masses. Let us consider the degenerate case, m?2, ~
me > ‘Amiﬂ‘, and the time scales of the [IH H interaction are faster than tg. Naively,
it is expected that the lepton number generated is soon washed out. However, one finds
that the imaginary part of the A™3 ig not affected during the scattering via the {[HH
interaction in egs. (4.11) and (4.12). This can be understood from an approximate SO(3)
lepton flavor symmetry in the [[H H interaction. The generators are ieam(agaﬁ + bng).
Thus the combination of the density matrices,

SAmE] = <aTBaa — blbs — afag + blba ) /2, (6.39)

conserves. Since the [[HH interaction rate is faster than the expansion rate, a non-
vanishing A™# quickly flows to the following form

ALES o (S[ADES], (6.40)

Notice that this symmetry property would be missed in the ordinary Boltzmann equation.
The finite mass differences break the SO(3) symmetry, and from eq. (6.16) the deco-
herence of the imaginary part happens at a rate

+ mass

~ mass _ 21C(3) (mVO‘ — mVﬁ)2T3S[AaB ] (6'41)

SBap 1~ = (H)*

4
dt

When the coefficient in the r.h.s. becomes faster than the cosmic expansion, the imaginary
part becomes almost zero.

Now, for simplicity let us consider the normal mass ordering with m, ~ O(0.1)eV
and 10" GeV <« Tr < 10'6GeV as an example. In this case, Ag}ags, A 35 and %[Agﬂass]
quickly go to zero while the SO(2) symmetry preserves %[Alﬁa“]. The high energy leptons
from the inflaton decays are scattered into medium and go on oscillating at a time scale

< m2 21¢(3)T3\ ! R - . .
tuHH = H;4 Epre . The oscillation stops at t;zg because the [IHH interaction

with degenerate neutrino masses also brings pr + py to be proportional to the unit matrix.
The relevant component from the oscillation is given by

) Tx - (Ir Ams
B~ B 612005 (T) = 004 (Tw)) (Burerr) ~ 2 (%) -Bfw( — )

with
&12 := (Upmns )it (Upnins) j2Vi V' (6.43)

Notice that we have used the oscillation term at |p| ~ Tx which is dominant as in eq. (4.3).
The off-diagonal element is produced with a strong phase but the real part quickly ap-
proaches to zero due to the decoherence, which results

A = (AD) = is(Am, (6.44)

and almost vanishing other components in A(0), AMass — (AZass)* i almost frozen until
t = tvukawa due to the symmetry protection.
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As noted, although A(®) has vanishing diagonal components in the mass basis, diagonal
components in the flavor basis can be non-zero. This implies A(©) is distributed by Yukawa
interaction into the left-handed and right-handed leptons from eq. (4.14):

Tr(A7) — Tr(Ar) — Tr(6A), Tr(ARr) — Tr(Ag) + Tr(6A) (6.45)

where

Tr(5A) = 24t [Agg)} S[(Pyutawa(t))12] (6.46)

for a very short time range dt. However, —Tr(6A) = —R[§A] in the left-handed leptons is
quickly washed out, while the one in the right-handed leptons remains:

Tr(Ar) = Tr(A7), Tr(Ag) — Tr(AR) 4+ Tr(6A). (6.47)

Therefore the net asymmetry is generated and stored in the right-handed leptons. The net
asymmetry can be obtained from the integration,

tend -
"L / 123 [ A | ST yotawn (1))12], (6.48)

$ tuan

where tepq = tympg is the time Fupag ~ Tyurm2 ~ H(T), up to when the net asymmetry
is efficiently produced due to the wash-out effect. We obtain
ny,

TN 2%[&@} %[(Fyukawa)u]t‘

S t=tumH

Am2 pole
~—5x 107 (sin O‘TM +0.3cos QTM sin 5) BR[E12] <TR/m¢> <( m3) ) . (6.49)

0.01 (0.009 eV)?

The result does not depend much on 77,,. A same discussion can be applied to the inverted
ordering case at the same range of reheating temperature. In particular, the approximate
SO(2) symmetry even works with the lightest neutrino massless. The behavior can be
found in figure 2 and the right panel of figure 1.

6.5 Inflatons decay into Higgs bosons and Tgr > 104 GeV

When Tx > 10 GeV, the gauge interaction decouples and the scattering and thermaliza-
tion are made by some/all of the [l H H interactions. One can see the asymmetry approaches
to UV insensitive values for all the cases. Two kinds of mechanisms are operating for these
UV insensitive values depending on the neutrino mass hierarchies. The dominant asymme-
try is not from py and py in the kinetic equation. This is because the dominant oscillation
frequency is o« T, but it is cutoff by I[[H H interactions whose time scales are proportional
to Ty 3. In total, together with the yield of the high energy leptons, o« BTx /mg, the gen-
erated asymmetry is proportional to T, and thus it is suppressed at large Tr. Therefore
the dominant asymmetry comes from the thermalization process in the medium.
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Normal mass hierarchy. For the normal mass hierarchy with one massless neutrino, at
Tgr > 10'° GeV the asymmetry becomes UV insensitive as in section 6.4. Since the leptons
in the medium are thermalized through the I[IH H interaction, the lepton density of the
medium has the form

PSS (T3) ~ diag (0, 0.04 (gl(lTR)) 0.0 <91(1TR)>) (6.50)

Notice that at this reheating temperature, only Higgs boson and two of the left-handed
leptons are thermalized. From eq. (6.37), one obtains the dominant asymmetry

2
nr -9 11 . TT
— ~2x10 —_— 0| ————— . 6.51
s X <g*S(TR)> S <1011 GeV (6:51)
The observed asymmetry favors 6 < 0. This formula fits well the results of normal ordering
cases in figure 3 and 7. Notice that in the numerical calculation we have conservatively

taken g.s = 100. More realistic treatment of g, and g.s may give larger asymmetry than
the numerical one.

Inverted mass hierarchy and degenerate masses. At Tp > 10' GeV for the de-
generate cases or the inverted mass hierarchy case, the UV insensitivity also appears. The
key fact is the departure from the thermal equilibrium of the right-handed leptons with
T > 10'* GeV, where the pair creation rate of U(1)y is smaller than the expansion rate of
the Universe. Just above T ~ 10'* GeV, there are three (two) generations of left-handed
leptons, the Higgs bosons and tops are thermalized for degenerate (inverted mass hierar-
chy) case due to the [IHH and top Yukawa interactions.? The Yukawa interaction, whose
rate is much slower than the expansion rate of the Universe, tends to thermalize the right-
handed leptons through, for example, [,-top scattering into right-handed tau lepton and
top. However, the inverse-process is suppressed due to the absence of thermalized right-
handed leptons. In total, the amount of the left-handed leptons are decreased from the
thermal equilibrium due to the scattering. This implies that at ¢t < tin; + ty (fy is the time
at o2 T = H(T)), the deviation from thermal equilibrium, §p™3 + §p™2S is produced at
a rate (see also eq. (4.9) and appendix B):

d
%(&Omass + 5ﬁmaSS) ~ *2pthFYukawa (652)
where 20,95
ptn = 0.01 ( - > x 1 (6.53)
Jxs

is the yield of the thermalized left-handed leptons. However, the deviation, dp™a% + §p™ass,
approaches to zero at the time scale Aty g (t) ~ FﬁéH’l(t) o~ I‘lfl}{HQ(t). Thus the amount
of deviation at time ¢ < tiy; + ty can be estimated by the integration of eq. (6.52) over the
time scale At;gy,

t

6pmass<t> + 5ﬁmass(t) ~ —/ dt12pthFYukawa(t1)- (654)
t—Atunn

4Depending on the uncertainty of the gauge interaction rates, there could also be other particles.
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Taking tini = tgr, teut = tini + ty and substituting (6.54), one can solve eq. (6.15) and
obtains

< (0) ~(0)\* ' . teut t1+AtygH mass
A = (A1) Nz%<z /t it /t dto[O (tl),QFYukawa(tg)]pth> . (6.55)
12

ini 1

while other components of A are nearly zero due to the wash-out effect. Here we have
used the fact that only the imaginary part of Ag%) = (Agi))* conserves due to the approx-
imate SO(2) symmetry. Since the second term in eq. (4.3) is important for Q7% in the
commutation relation, the ¢; integration dominates at around t; ~ t¢y. For the normal
mass ordering, one obtains

A ~ —2iAm3 R(Tyvukawa) 1ol pn Dur ], 7 (6.56)
Am3, )pole 1eV)? 2

~ 4 x 10 8 cos 1 (( ) 2) <(02€V? ) : (30 5> . (6.57)
2 \(0.009¢V) (my, )pete Gxs

By employing eq. (6.49), the net asymmetry is obtained as

BL (=2 x 107 sin oy + 107 sin (aps — 6) + 4 x 107 sin (aps + 6))

(e ()

As indicated from the parameter dependence, the formula can also apply to the inverted
mass ordering with m, = O(0—0.1) eV. This can be seen from the fact that it fits well with
the numerical results in figures 4, 8, and the inverted mass hierarchy cases in figures 3 and 7.

In fact, A1 and A produced at t ~ fy would not be destroyed with 7, >
0(0.1)eV (see eq. (6.41)).> The corresponding asymmetry can be calculated from the
same procedure and we do not discuss this further.

Notice that with high reheating temperature, the asymmetry is dominantly generated
from the departure of the thermal equilibrium of the left or right-handed leptons, which
results from the decoupling of the gauge interactions. This does not depend much on
the precise information for the inflaton decay products. In particular, the amount of
the asymmetry is independent of the B, mg and Tgr. The UV insensitive amount is,
interestingly, around the order of the observed one for O(1) CP phases in the PMNS matrix.
This indicates, by taking into account the quantum mechanics, a general thermalization
process can lead to a good opportunity for baryogenesis.

7 Summary

The neutrino oscillation has been understood as the macroscopic quantum interference phe-
nomena. The neutrinos traveling in the sun, atmosphere and also terrestrial baselines are
superpositions of the waves with different frequencies and thus the probability of observing
some flavor becomes dependent on the travel distances.

5 Although, it is disfavored from the Planck data and baryon acoustic oscillation measurement [24].
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In the early Universe, the whole Universe can be thought of as a high-temperature
medium. The neutrinos (and also charged leptons) traveling through the medium undergo
the flavor oscillation of the cosmic size. Even though the neutrino masses are tiny enough
to be ignored in the high-temperature medium, the Universe is in fact opaque and the
matter effects are important for leptons/neutrinos due to various interactions such as the
gauge interactions, the lepton Yukawa interactions as well as the lepton number violating
[lH H interaction if the neutrinos are Majorana particles.

At the very first stage of the Universe, the leptons are produced through the decays of
inflatons. The quantum states of these leptons can be described by density matrices. The
scattering with the medium reduces the matrix into a diagonal form in some basis. For
example, the pair annihilation process brings the sum of the density matrices of the leptons
and anti-leptons into the one proportional to the unit matrix, which stops the oscillation
effects. Also, the scatterings through the lepton Yukawa and the [[H H interactions bring
the density matrices into diagonal forms in the flavor and the mass basis, respectively. One
can think of these scattering processes as “observations.” Through these observations,
the density matrices evolve non-trivially and settle into a form deviated from the thermal
equilibrium due to the cosmic expansion.

We find through the numerical analyses the lepton number is indeed generated by these
quantum effects. In particular, if the inflaton decays into the Higgs boson dominantly, the
high energy leptons are generated as secondary products via the scattering through the
[lH H interactions. In this case, the leptons are in the neutrino “mass” eigenstates. Since
the effective Hamiltonian is “flavor” diagonal due to the thermal masses from Yukawa
interactions, the oscillation takes place. The net lepton asymmetry is produced by the
subsequent scattering processes. The source of the CP violation is the Dirac and Majorana
phases in the PMNS matrix, and enough amount of asymmetry can be produced for high
enough reheating temperatures.

There is always a contribution to the baryon asymmetry of the Universe from the flavor
oscillations of the leptons in the inflationary scenario. Our numerical results have shown
that the successful baryogenesis is possible in any models to explain the neutrino masses
by the [lHH terms at low energy. At least, it works if the UV scale to generate the [IHH
terms is higher than 10® GeV.
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A Inflaton decay
If the inflaton ¢ is gauge singlet, the decay is described by
Laccay = ymodHTH + (%qﬁEHE n h.c.) + %2¢FWF’“’ + %Mwﬁw Yo, (A

where ... represents other decay channel which is not relevant in the following discussion.
Unless the first term is small, the main decay channel is Higgs boson, and the reheating
temperature is given by

Traimt =3 % 109 GeV (5 (firaer) (A.2)

On the other hand, if the dimension 4 term is somehow suppressed, the decay to the gauge
bosons is important, and the decay to leptons is suppressed due to the three body decay.
The reheating temperature and branching fraction to the leptons are

m 3/2 (107 GeV
Thaims =2 x 102 GeV (e ) (= B~ 1072 A3
R,dim5 X € 1014 GoV A ) ) (A.3)
assuming that c; 23 = O(1).

If the ¢ has the gauge charge same as Standard Model Higgs boson, we can write the
dimension 4 coupling

L~y LoE + h.c. (A.4)

In this case, the reheating temperature is same as eq. (A.2) except for the replacement
y—y.

Therefore, we can obtain the reheating temperature and branching fraction which
realize the successful baryogenesis.

B Kinetic equation for right-handed leptons

For completeness, here the kinetic equation including the right-handed leptons is presented
although the numerical impacr is small. The right-handed neutrino gives rise the addition
term to (6T%) ;» which is given by

%

3yzT

39,3 Vi (- (6pR)" + 25PR)U Yj (B.1)

The kinetic equation for the leptons is

dé ) air
i#:[QR,apR]_%{rdR,apR}Hrgﬂ'rg : (B2)
2 2
Y 3y; T k| _ |kl
( R)z] 8 ] ( R)l] 647T3 |k‘ Yy < PT T +pk ij y] 4 Pr T +pk ]Zy]
(B.3)
9y2 ; CY _
d _ t 2¢ alr _ 2
(FR>ij_—327r3Tyi5¢], (% )ij_——Q ot (5pr-+0pR);; - (B.4)
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where Cy represents the uncertainty where we have taken to be Cy = C in the numerical
calculation. In the inflaton decay to lepton case,

0pTli=tr = 0p7|t=ty =0, (B.5)

is added to eq. (5.1) as an initial condition. When the inflaton dominantly decays to Higgs
bosons, the initial condition is changed to be

_ 100
(SpT’t:tR = 5pT‘t:tR = —0.002 <g(m> . (BG)

C Couplings used in numerical calculation
We have used the SM couplings evolved to the scale 1012 GeV-10? GeV [38-40]:

gy =042, go=055 13 =047, y,=58x10"" ., =98x107°  (C.1)
The [lH H interaction has an overall factor [41]

My = 1.27TmPok (C.2)

va
where the right hand side is the experimental value given in [23].
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