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Leptogenesis in Majoron models without domain walls
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The emergence of domain walls is a well-known problem in Majoron models for neutrino mass
generation. Here, we present extensions of the Majoron model by right-handed doublets and triplets that
prevent domain walls from arising. These extensions are highly interesting in the context of leptogenesis, as
they impact the conversion of a lepton asymmetry to a baryon asymmetry by sphaleron processes.
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I. INTRODUCTION

By now, the existence of at least two nonvanishing neutrino
masses is well established by means of the observation of
neutrino oscillations [ 1-3]. Nevertheless, the Standard Model
(SM) of particle physics does not provide a mechanism
for their generation, let alone an explanation for their
smallness compared to the masses of the other SM particles.
On the cosmological side, the evidence for the existence
of nonbaryonic dark matter (DM) in the Universe, the flatness,
homogeneity, and isotropy of the Universe just as the
observed baryon asymmetry of the Universe indicate the
need for physics models beyond the SM and hint at
the existence of new particles.

The singlet Majoron model [4-7] is a very compelling
extension of the SM, as it requires minimal physics beyond
the SM and, nevertheless, can address all of the previously
stated problems. It is based on the spontaneous symmetry
breaking (SSB) of a global U(1) 5_, an accidental symmetry
of the SM, at the seesaw scale. As a consequence of SSB, a
Goldstone boson, called the Majoron, arises, and small
neutrino masses are generated by the seesaw mechanism.
If the Majoron obtains a mass of the order of MeV due to the
existence of explicit breaking terms and, consequently,
becomes a pseudo-Goldstone boson, a Majoron relic density
in accordance with the DM relic density can be produced via
freeze-in [8—12]. Moreover, lepton-number-violating decays
of right-handed neutrinos can create a lepton asymmetry
which is subsequently transferred to a baryon asymmetry by
sphaleron processes [13—16], thereby accounting for the
baryon asymmetry.
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However, as pointed out in Ref. [17], domain walls [18]
form in the singlet Majoron model due to the interplay of
nonperturbative instanton effects and SSB at the seesaw
scale. More precisely, the instanton processes break the
initial U(1), symmetry to a residual Z;, while SSB at the
seesaw scale breaks the U(1), symmetry to a residual Z,,
implying a mismatch of discrete symmetries and resulting
in the formation of domain walls. The appearance of
domain walls is highly undesired, as such topological
defects typically dominate the energy density of the
Universe, contrary to observations. In this paper, we
discuss several models that avoid the appearance of
domain walls by introducing new particles, right-handed
doublets and triplets.

Besides addressing the problematic formation of domain
walls, the extension of the Majoron model has interesting
consequences for the leptogenesis scenario taking place
in such models. The same mechanism that prevents the
emergence of domain walls changes the amount of lepton
number that is violated by sphaleron processes, thus
affecting the amount of baryon asymmetry that can be
generated from an initial lepton asymmetry. Assuming that
a lepton asymmetry has been generated, for example, by
lepton-number-violating decays of right-handed neutrinos,
we calculate the amount that is transferred to a baryon
asymmetry by sphaleron processes.

This paper is organized as follows: In Sec. II, we revisit
the Majoron model and discuss the leptogenesis mecha-
nism in these models. After that, in Sec. III, we give a brief
introduction to anomalies and instanton processes. Finally,
in Sec. IV, we give examples for models that are safe from
the occurrence of domain walls and discuss their impact on
the leptogenesis mechanism.

II. THE MAJORON MODEL

A. Model setup

In the singlet Majoron model, the SM is extended by a
singlet complex scalar ¢ with a vacuum expectation value
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(VEV) f and three right-handed neutrinos Ny, transform-
ing as

o~ (1,1,0)_,, Nz~ (1,1,0),, (2.1)
under (SU(3)q x SU(2), x U(1)y),, where the index L

denotes the lepton number. The U(1), invariant
Lagrangian coupling Ny to ¢ and the Higgs doublet H,

+
i (%) o
is given by
new VT I 1 NG
‘Cyuk = _yHijLLi HNR‘/_ - EgNi,/NR,‘NR/O- —+ H.c. (23)

Moreover, the existence of the scalar o gives rise to new
terms in the U(1), invariant scalar potential:

V(H.o) = —p3lo* + Zlo|* — uyy|H? + A3 H|*

+ 2o P[HP. (2.4)

The U(1), symmetry is spontaneously broken at the

seesaw scale f ~ 10° GeV, and, consequently, ¢ can be
expanded around its ground state as

1

0 -
\/§<f+0 +1iJ),

c

(2.5)

where J is the CP-odd Majoron and ¢° is its CP-even
partner. After the electroweak phase transition (EWPT),
H can be written as

1= 7w
7\/§v+h0’

where h° is the Higgs boson and » is the VEV.
The subsequent symmetry breakings give rise to a non-
diagonal mass matrix for the neutrinos with a Majorana

(2.6)

mass My :f% and a Dirac mass m :% Diagonalization
in the seesaw limit My > m, yields the mass eigenstates
of the heavy Majorana neutrinos, defined as N :=
Np+N%, as my <M, and of the light neutrinos
momyp
My
Moreover, we assume that a Majoron mass of the
order of MeV is generated by a radiatively induced

term [10,19]

as m; X —

Ly, = yJ?|H|* + He., (2.7)
thereby establishing the Majoron as a DM candidate [8—12].

On tree level, the Majoron couples only to the mass
eigenstates of the neutrinos with a coupling O(%), where

m; <1072 eV. For a seesaw scale f ~ 10° GeV, this tiny
coupling ensures that the Majoron can easily be long lived
enough to make up the DM of the Universe. As the decays
of the Majoron are to neutrino mass eigenstates, the
neutrinos do not oscillate, resulting in a monochromatic
neutrino flux [19].

In the scenario explained above, the global U(1),
symmetry is broken down to a residual Z, symmetry which
can be easily seen when o is written in the radial repre-

sentation: ¢ o (f + ao)ei%. Before SSB, the Lagrangian is
invariant under U(1), transformations given by

(L,Ng) = (L,Ng)e i, (2.8)
(L.Ng) = (L. Ng)e, (2.9)
o — oo, (2.10)

After SSB, a Z, subgroup of U(1) , remains unbroken where

(L,Ng) = (L,Ng)e™** = £(L,Ng),  (2.11)
(L.Ng) > (L.Np)e** = £(L.Ng),  (2.12)
J = J + 2zkf, (2.13)

with k = 0, 1. Consequently, the vacuum can be written as

|(6)| x fel%e?kr, (2.14)
where ¢ is an arbitrary phase. We want to stress that we do
not take effects of gravitational instantons into account; thus,
unlike in, e.g., axion models, the Majoron does not acquire
an effective potential which may also result in the appear-
ance of domain walls [20-24].

B. Leptogenesis

In the conventional leptogenesis scenario, an L
asymmetry (and thereby a B — £ asymmetry, where B
denotes baryon number) is generated by £-violating out-of-
equilibrium decays of heavy Majorana neutrinos,
N — ¢H,/H*. This asymmetry is subsequently transferred
to a B asymmetry by sphaleron processes (see Sec. III).
However, it is possible that the asymmetry is washed out
due to inverse decays, £H, fH* > N,and L =2 violating

scattering processes HZ <> H*Z.
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Because of the presence of heavy Majorana neutrinos,
the Majoron model offers the basic framework for lepto-
genesis models. The relevant terms in the Lagrangian are
given by

VT I 1 N
£ = _(yH,-,LL,- HN +HC) —EMNNN

i _ 1 _

———gyNysNJ — ——gyhe® NN
> \/E ININY 5 7 \/2 9N

- )'zzrfaojz - )*mixf60|H|2 - )'mixfaosv (215)
where the last five terms arise exclusively in the Majoron
model. They result in additional scattering processes,
NN < JJ,HH*,6%6". While these processes could result
in a larger washout compared to the conventional lepto-
genesis mechanism, they could also significantly enhance
the final B — £ asymmetry [14,16].

III. ANOMALIES AND INSTANTONS IN THE SM

In this section, we review the B and £ anomalies of the
Standard Model and their conjunction with instanton and
sphaleron processes. A more comprehensive introduction
to anomalies can be found in Ref. [25], while instantons are
extensively reviewed in Ref. [26].

A. Anomalies

In the SM, baryon number U(1)z and lepton number
U(1), are accidental global symmetries that are conserved
to all orders of perturbation theory. The corresponding
charges are defined as

Osr /d xJB.C’ (3.1)
where the baryon and lepton current are given by
J = L griq + e dpy*d 32
5 =73 [@r"q + Uky"ug + dry"dgl, (3.2)
= Oy + egyter, (33)

respectively. Moreover, £ and ¢ are the lepton and quark
doublets, respectively, eg, ug, and dp are the lepton and
quark singlets, and generation and color indices are implicit.
However, both symmetries are anomalous symmetries with
respect to SU(2), with anomalies given by [27,28]

FApr
3t = F

EEFL P, (3.4)

Here, F,, is the field strength tensor of the W boson:

Fﬁyzaﬂwl‘f—a,,W,‘j—i—gf“bCijWﬁ, a,b,c=1,2,3, (3.5)

and g is the SU(2), gauge coupling. The anomaly factor A,
for a general [SU(2),]* x U(1), anomaly is given by

A, = ER: [EL:ZqT(R) - zR:qu(R)} .

Above, g is the U(1), charge and T(R) is the index of the
representation under which a left-handed (L) or right-handed
(R) particle transforms. For singlets, doublets, and triplets,
we have T(1) = 0, T(2) =1, and T(3) = 2, respectively.

In the SM, the [SU(2),]* x U(1) - ;5 anomaly factors are
given by

(3.6)

1
AL—ZNL ) X L1(R) X 2T (R) =3 x 1x 25 =3,
(3.7)
AB—ZNL ) X CL(R) x BL(R) x 2T (R)
f3x3x1><2—*3 (3.8)
B 3772 7 '

where N; is the number of generations of left-handed
particles, C; is the color multiplicity, and £; and I5; are the
lepton and baryon numbers of the respective left-handed
particle. As the SM contains only left-handed particles
with nontrivial SU(2), quantum numbers, right-handed
particles do not contribute to the anomalies.

B. Instantons and sphalerons

The electroweak theory possesses a nontrivial vacuum
structure where the gauge-invariant ground state, the so-
called theta vacuum, is given by a superposition of
topological winding sectors n as

— Nzeinﬁ
n

The effect of the theta vacuum can be incorporated in the
theory as an additional term in the action:

0 = [0,2x). (3.9)

Sy = 00, (3.10)

where Q is the topological charge:

2
9 uv
Q—/d4x6MK” :n(oo) —I’l(—OO) _W/FIWFM .

(3.11)

From the equation above, the relation between the topo-
logical charge Q and the anomaly given in Eq. (3.4) is
apparent.
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At zero temperature, instanton processes interpolate
between neighboring winding sectors, i.e., Q=1.
Comparing with Eq. (3.4), we observe that the transitions
between the neighboring sectors violate B and £ by three
units while conserving B — L. Consequently, the U(1), 5
symmetries are broken [29]. However, a residual Z;
symmetry of each continuous symmetry remains unbroken.
This can be seen when the generating functional

Z= / Dy DyrelSelS (3.12)

is considered, where S = f d4xiy7y”()”y/ is the action for a
Dirac fermion and we explicitly included S,. Under a
transformation

v — €%y, (3.13)
the action is invariant. However, the measure Dy Dy is not
invariant, and a term is induced which can be written as a
contribution to the action as

Z- / Dy DyeiSeisiga [ €0
— /Dy/Dq’/eiSeisﬂe‘i“AqQ

= / Dy DipeiSei0-iaA)Q (3.14)

If Eq. (3.13) corresponds to a U(l), transformation,
we have

/ DI//DI/_ICiSCi<9_i3a) , (3 . 15)

and we observe that the U(1), symmetry is explicitly
broken to a residual Z; symmetry generated by a = %kn,
k=0,1,2.

The instanton processes can be interpreted as a transition
between the winding sectors via tunneling, and, as a
consequence, they are highly suppressed by a factor e ~
10719, where ay :%. At high energies, 10'? GeV >
T > 10? GeV, so-called sphaleron processes can overcome
the barrier, resulting in a sizable B + £ violation and the
explicit breaking of the U(1), 5 to Z; symmetries. If an
initial B — £ asymmetry exists, for example, due to the
lepton-number-violating decays of right-handed neutrinos
at high energies, fast sphaleron processes can transfer the
B — £ asymmetry to a B asymmetry.

The amount of asymmetry that is transferred can be
calculated by considering the relation between the chemical
potentials of SM particles induced by sphaleron processes
being in thermal equilibrium:

g, + puy, +y, = 0. (3.16)
Fast electroweak and Yukawa interactions result in addi-
tional relations between the chemical potentials:

Hw- = Hgo + Mg = Ha, = Huy = He, = Hu,s (3.17)

Heo = Hup = Hu, = Ha, — Hu, = He, —Hep-  (3.18)
The chemical potentials can be related to an asymmetry in a
charge ¢ as

r ng—nm
Yag=4q="¢ |:qu‘gi/"i + 22%‘9#;} =D -

icf jeb iesM
(3.19)

where g; ; are the numbers of degrees of freedom of the
particle. Above the EWPT, charge and hypercharge neutral-
ity result in

Yap = 28 Y
AB = g L AB-L)>

(3.20)

while charge neutrality and the Bose-Einstein condensate
of the Higgs after the EWPT result in

12

Yap = 37 YAB-r)- (3.21)

C. Domain walls in the Majoron model

In this section, we will shortly discuss the appearance
of domain walls in the Majoron model [17]. As has been
discussed in the previous sections, sphaleron transitions
are frequent at high temperatures, 7~ 10'> GeV, and
explicitly break the U(1), to a residual Z3. On the other
hand, ¢ obtains its VEV at a slightly lower temperature
when sphaleron processes are still active and, thereby,
spontaneously breaks the discrete Z;, resulting in the
appearance of stable domain walls." Their energy density

. 2 S
can be approximated as ppw ~ fz—t” o T?, which is bound

to exceed tzhe radiation energy density, py,q = g’—(z)g*T4 at
some time.” For example, domain walls will dominate the
energy density around 7 ~ 15 GeV if we assume a
reasonable seesaw scale of f ~ 10° GeV. This is in stark
contrast to observations and, thus, requires modifications

'Note that the domain walls in the Majoron model could be
rendered unstable by assuming an appropriate effective potential,
as discussed in Ref. [21].

*Here, ¢* is the number of effective degrees of freedom, 7 is the

P _ 1 45 \2 1 .
cosmic time, ¢ = - Mpl(16n3) —\/g_*, and M, is the Planck mass.

096023-4



LEPTOGENESIS IN MAJORON MODELS WITHOUT DOMAIN ...

PHYS. REV. D 107, 096023 (2023)

of the Majoron model in order to stay consistent with
cosmology.3

IV. MAJORON MODELS WITHOUT
DOMAIN WALLS

In this section, we discuss solutions to the domain wall
problem and their impact on leptogenesis. As has been
pointed out in the previous section, the residual symmetry
related to instanton and sphaleron processes is correlated
with the anomaly coefficient A,. Since the anomaly
coefficient depends on the particle content of the model,
we can easily change A, by extending the Majoron model
by additional right-handed particles [17]. If we change the
anomaly coefficient in a way that prevents the mismatch
of the residual discrete symmetries related to instanton
processes and SSB at the seesaw scale, domain walls
never arise. We can envisage two simple domain-wall-free
extensions: If |A,| = 1, sphaleron transitions explicitly
break U(1), completely; i.e., there is no discrete symmetry
left that can be spontaneously broken. If |A,| = 2, both
residual symmetries are equivalent; i.e., no SSB of a
discrete symmetry takes place. Thus, models with an
altered anomaly coefficient |A| =1,2 result in a
Majoron model that is free from the appearance of stable
or unstable domain walls. Moreover, the change in the
[SU(2),]* x U(1), anomaly leaves Ag unaffected, i.e.,
Ap # A, and consequently, instanton and sphaleron proc-
esses no longer conserve 3 — £ but different combinations
of B and £, depending on A,. As a result, the condition
between the chemical potentials of SM particles induced by
sphaleron transitions being in thermal equilibrium changes,
strongly affecting leptogenesis.

For simplicity, we will restrict our discussion to exten-
sions using right-handed doublets and triplets®:

)(0
& Xk,
r = Ll ~0s0. @
XR, _\/_é
0
) 1
’7R[ = <]/]§I> ~ (1’2’__> ) (4'2)
MR, 2/,

i

where i = 1,...,N, , are generation indices for the new

doublets and triplets, respectively. In the models with N,
doublets, we introduce the same number of left-handed
doublets &; with vanishing lepton number:

*Possible solutions we will not consider here are inverse
Majoron models in which the spontaneous symmetry breaking
happens when sphaleron transitions cease to be frequent, and,
thus, the previous U(1), is restored [17].

We want to stress that the models considered here do not
exhaust the vast amount of possibilities of domain-wall-free
extensions to the Majoron model.

2)(12)

= )~ L2, -2, 4.3
L (52,. 2/ (4.3)
in order to cancel gauge anomalies. Moreover, we assume
that bare mass terms with the SM leptons are absent and
that the doublets acquire a mass at a higher energy scale in
order to avoid the appearance of Landau poles due to the
running of the SU(2), and U(1), gauge couplings.

The kinetic and Yukawa terms of the Lagrangian are now
given, respectively, by

LY =iNgdNg +ingPng +iE, PE +iTr[ypByr].  (4.4)

- . _ - 1 _
L:;ﬁ‘lf = _yll/‘lijLLf HNR/‘ - )/I{IULL:'ZR./H - EgNi./NIC?iNR./O-

1 "
=597, Tt xr 0] +He., (4.5)

where the covariant derivative is given by

D,=0,-i Z,(T? = sin’6y Q) — ieA, Q

sin Oy, cos Oy,
. 9 S

Here, 77 is the weak isospin of the respective particle,
QO is the electric charge, and 8y is the Weinberg angle.
Considering the model with additional triplets, the second
term in Eq. (4.5) introduces mixing between the triplets
and the SM leptons and, thereby, introduces an additional
channel for £ violation. After SSB at the seesaw scale f
and the electroweak scale v, the light neutrinos obtain
masses via a type I+ III seesaw. Restricting ourselves to
one generations of triplets, the Dirac and Majorana matrices
mp and My are given, respectively, by

[ Wh, Yh, Vh, /MY 0
mp = s MR_ L (47)
VY, UV, UV, 0 M4

resulting in one massless light neutrino, while the other
light neutrinos obtain masses as

(4.6)

2 v 12
U T M=V o — 2 YHVH,
my = —mpVip mp =~

5 + ﬁ”%’f) (4.8)

My Mg

where the mass eigenstates of the heavy neutrinos and the

triplet are given by MY = % and M% = g*TJ; respectively.

Thus, we can easily generate masses for the heavy
neutrinos of the order of the seesaw scale f. Lower limits
of M% ~ O(500 GeV) have been set by ATLAS [30] and
CMS [31]. Moreover, we considered models in which an
additional Z, symmetry is invoked under which the triplets
are odd and all other particles even. In this case, the second
term in Eq. (4.5) is forbidden, and no mixing between SM
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TABLE 1.

Overview of the models discussed in this paper. N

XRMR

are generation indices for the triplet y, and the

doublet 5g, respectively. Az is the [SU(2),]* x U(1), anomaly coefficient of the respective model, and Y55 ) is
the corresponding conserved combination of B and L. In the fifth column, the relation between the chemical
potentials of SM particles induced by sphaleron processes being in thermal equilibrium is given.

Model Ny, Ny, Ag YapB.L) Sphaleron

SM 0 0 3 Yg—Y, 2pq, + py, +py, =0

1T 1 0 -1 YB+3YE dp +8,leR +11ﬂeR—6ﬂe[‘—6ﬂb,‘ =0
1T + Z, 1 0 -1 Yp+3Y, dp + 84a, + 1, —6p, —6p,, =0
1D 0 1 2 2Yp —3Y, dp + 8, + 8pte, — 3up, —3u, =0
2D 0 2 1 Y —-3Y, dp T 8, + e, —4u,, —4u, =0
4D 0 4 -1 Y+ 3Y, Ha, +8ug, + 1y, —6p,, —6u, =0
5D 0 5 -2 ZYB + 3YL Ha, + SlldR + 12/16R - 7,ueL - 7/’le =0
1D+ 1T 1 1 -2 2Yp +3Y, Ha, + 8pa, + 1200, — Tpo, —Tp,, =0
1D+ 1T + Z, 1 1 -2 2Yp +3Y, Ha, + 8ptg, + 120, — Tpe, —Tp,, =0

leptons and triplets occurs. In this case, the mass of the

triplet is given by M% = ‘% and the light neutrinos obtain a

mass via the type I seesaw presented in Sec. Il A. If the
second term in Eq. (4.5) is present, it introduces an
additional channel for £ violation.

A summary of the models discussed in the following can
be found in Table I. As we considered models with no more
than one triplet, the respective generation index will be
dropped from now on. The conserved combinations of B
and L for each model are displayed in the fourth column in
Table Iin terms of Y3 and Y, where Y 5 - is the respective
conserved combination. In the fifth column in Table I, the
altered relation between the chemical potentials due to the
sphaleron processes being in thermal equilibrium is given.
For simplicity, we made the assumption that the right-
handed neutrinos are not in thermal equilibrium as is
common in leptogenesis scenarios. As the Majoron plays
the role of DM, we assume that all processes involving the
Majoron are out of thermal equilibrium as well.

As we did for the SM, we can relate the baryon
asymmetry of the Universe Y,z to a previous Yap,
asymmetry. Besides the changes due to the altered con-
served combination of B and L, the conversion rate is
changed depending on whether the gauge and Yukawa
interactions involving yr and ng, are in thermal equilib-
rium. We assume that the interactions of all generations
of doublets 7, are either in thermal equilibrium or out of
thermal equilibrium. If processes involving yz and 5 are in
thermal equilibrium, the following relations between the
chemical potentials are induced:

Hw= = Hyz = Hyp, (4.9)
Hw- = He — Hg (4.10)
Hw= = Ho e = g (4.11)

Hgo = Hyp = Hy, = Hyz = He, s (4.12)

Ho= =ty — Myt = P, — K0 (4.13)
Note that the conditions (4.12) and (4.13) appear only in the
models with an additional triplet but without Z, symmetry.
Moreover, the chemical potentials for the different gen-
erations of doublets are identical; thus, we dropped the
generation index. For simplicity, we assumed that both the
gauge and Yukawa interactions of the new particles are
either in or out of thermal equilibrium while the sphaleron
processes are active. In a realistic model, it needs to be
thoroughly studied when the respective processes are in
thermal equilibrium. Especially the gauge interactions are
expected to effectively thermalize the new particles at high
temperatures while potentially falling out of thermal
equilibrium at lower temperatures. The details depend
strongly on the masses of the new particles and are beyond
the scope of this paper.

TABLEIL. Relations between Y5 and Yz 5.¢) if y and g, are
not in thermal equilibrium. In the second column, the conversion
rate for temperatures above the EWPT is given, while the third
row displays the conversion rate for temperatures below the
EWPT.

Model Y a5l T>Tewpr Y a5l T <Tgwpr
SM % YA(B~E) % YA(B,E)
1T &Y as.0) o5 YaB.)
IT + 2, S YaB.c) 5 Y aB.)
1D Ym0 %Yanse)
2D 53‘5 Y Paao 25 Ya.0)
4D 5 Y a(B.0) 365 YAB.L)
5D zlm AB.L) 193 YaB.L)
1D+ 1T 871 A(B.L) % Yai.e)
1D+ 1T+ Z, H8Y A 5.c) EYaB.e)
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TABLEIIL.  Relations between Yy and Y 55 1) if g and p, are in thermal equilibrium. In the second column, the conversion rate for
temperatures above the EWPT is given, while the third row displays the conversion rate for temperatures below the EWPT.
Model Y AB|T>TEWr Y AB|T<TEWW

SM 2 YaB.0) FYam.e)

I & Yawe) 55 Y a0

IT + Z, a5 (19Y,, . — 288YA1%) 2 (Yay, — 9YA1%)

1D 55 (22Y,, + 405 Ya, + 9Y, 52,) —525(4Y s, — 1269Y s, + 1197YA§(Z)

2D % (Ya,, +81 YA'?‘); + 45YA§?) —% (24, — 549YA5; + 477YA5?)

4D 25 (38Y,,, — 2385YAn% + 351 YA&‘Z) =522 (2¥a,, + 1107, — 963YA52)

5D %(SSYAM _4455YA'7% +765YA42) —%(4YAM +2043YA5; - 1683YA5‘Z)

1D+ 1T %(YAM - 1368YA5E + 1386YA¢‘}.) 5—72 (2Yp,, + 837YA<‘E - 801YA¢‘£)

ID+ 1T + Z, o1 (58Y as.c) +891Y 0 + 10647 5 — 10494Y 5 0) — 135 (4Y Aoy — 108Y 50 + 1755Y 5z — 16837 0 )

Using the conditions given above and those given in
Eqs. (3.17) and (3.18), relations between Y ap, Yap 2, Yoy
and Y0 can be found for each model. The results are given

in Tables II and III. We observe that the change in the
anomaly coefficient can have significant effects on the
amount of £ asymmetry that is transferred to a B asym-
metry. Given that the additional particles are not in thermal
equilibrium, the amount of asymmetry that is transferred is
depleted compared to the SM scenario. If the additional
triplet or doublets are in thermal equilibrium, Yy, and

Ya appear as free parameters in the conversion rate.

Consequently, the final B asymmetry depends significantly
on the details of the specific model. In both cases, a
thorough study is necessary to determine whether the new
processes result in a washout of the £ asymmetry or
enhance it. Especially the 17 model is expected to be
interesting in this regard due to the additional £ violating
interactions compared to the other models.

V. SUMMARY

In this work, we showed that the domain wall problem in the
Majoron model can be avoided by introducing new particles
with nontrivial [SU(2),]?> x U(1), quantum numbers.

In general, instanton processes break the U(1) , symmetry
of the SM to a residual Z5, while, in the Majoron model, the
VEV of a complex scalar ¢ breaks the U(1) symmetry to a
residual Z,. The mismatch of discrete symmetries results in
the appearance of highly undesired cosmological domain
walls. We considered extensions of the Majoron model that
avoid the domain wall problem, in particular, extensions by

right-handed doublets 7z and triplets y that result in a
domain-wall-free model. These new particles have an
interesting impact on leptogenesis, as they change the
anomaly factor 4, and, thereby, the residual discrete
symmetry related to the instanton processes.

Since the extensions leave the anomaly factor Ap
unchanged while changing 4., the sphaleron processes
that convert an initial £ asymmetry to a B asymmetry
conserve different combinations of £ and 3 compared to the
standard scenario. Consequently, the £ to 13 conversion rate
is changed. If the doublets and triplets are not in thermal
equilibrium, we find that the conversion rate can be in a
range from slightly smaller to significantly larger compared
to the conventional leptogenesis mechanism, depending on
which specific model is considered. If the new particles are
in thermal equilibrium, the asymmetries in the particle
number densities Y, and Yx‘} appear as free parameters.

Consequently, the conversion rate depends on the details of
the model that govern the evolution of y, and 77z. Besides
changing the conversion rate, the additional particles can
also have an impact on the initial £ asymmetry due to
additional processes that may enhance the asymmetry or
increase the washout. These details depend on the specifics
of the model and will be the subject of future works.
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