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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

Bynow, the existence of at least two nonvanishing neutrino
masses is well established by means of the observation of
neutrino oscillations [1–3]. Nevertheless, the StandardModel
(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 darkmatter (DM) in theUniverse, 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 globalUð1ÞB−L, 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.

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 Uð1ÞL symmetry to a residual Z3, while SSB at the
seesaw scale breaks the Uð1ÞL symmetry to a residual Z2,
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 σ with a vacuum expectation value
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(VEV) f and three right-handed neutrinos NR, transform-
ing as

σ ∼ ð1; 1; 0Þ−2; NR ∼ ð1; 1; 0Þ1; ð2:1Þ

under ðSUð3ÞC × SUð2ÞL ×Uð1ÞYÞL, where the index L
denotes the lepton number. The Uð1ÞL invariant
Lagrangian coupling NR to σ and the Higgs doublet H,

H ¼
�
ϕþ

ϕ0

�
; ð2:2Þ

is given by

Lnew
yuk ¼ −yνHij

LLi
H̃ NRj

−
1

2
gNij

Nc
Ri
NRj

σ þ H:c: ð2:3Þ

Moreover, the existence of the scalar σ gives rise to new
terms in the Uð1ÞL invariant scalar potential:

VðH; σÞ ¼ −μ2σjσj2 þ λ2σjσj4 − μ2HjHj2 þ λ2HjHj4
þ 2λmixjσj2jHj2: ð2:4Þ

The Uð1ÞL symmetry is spontaneously broken at the
seesaw scale f ∼ 109GeV, and, consequently, σ can be
expanded around its ground state as

σ ¼ 1ffiffiffi
2

p ðf þ σ0 þ iJÞ; ð2:5Þ

where J is the CP-odd Majoron and σ0 is its CP-even
partner. After the electroweak phase transition (EWPT),
H can be written as

H ¼ 1ffiffiffi
2

p
�

0

vþ h0

�
; ð2:6Þ

where h0 is the Higgs boson and v is the VEV.
The subsequent symmetry breakings give rise to a non-
diagonal mass matrix for the neutrinos with a Majorana

massMR¼ fgNffiffi
2

p and a Dirac massmD¼ vyνHffiffi
2

p . Diagonalization

in the seesaw limit MR ≫ mD yields the mass eigenstates
of the heavy Majorana neutrinos, defined as N ≔
NR þ Nc

R, as mh ∝ MR and of the light neutrinos

as ml ∝ − mDmT
D

MR
.

Moreover, we assume that a Majoron mass of the
order of MeV is generated by a radiatively induced
term [10,19]

LH;σ ¼ λhJJ2jHj2 þ H:c:; ð2:7Þ

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 Oðmi
f Þ, where

mi ≲ 10−2 eV. For a seesaw scale f ∼ 109 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 Uð1ÞL

symmetry is broken down to a residual Z2 symmetry which
can be easily seen when σ is written in the radial repre-

sentation: σ ∝ ðf þ σ0ÞeiJf. Before SSB, the Lagrangian is
invariant under Uð1ÞL transformations given by

ðL;NRÞ → ðL;NRÞe−iαL ; ð2:8Þ

ðL̄; NRÞ → ðL;NRÞeiαL ; ð2:9Þ

σ → σe2iαL : ð2:10Þ

After SSB, a Z2 subgroup ofUð1ÞL remains unbroken where

ðL;NRÞ → ðL;NRÞe−ikπ ¼ �ðL;NRÞ; ð2:11Þ

ðL;NRÞ → ðL;NRÞeikπ ¼ �ðL;NRÞ; ð2:12Þ

J → J þ 2πkf; ð2:13Þ

with k ¼ 0; 1. Consequently, the vacuum can be written as

jhσij ∝ feiδe2ikπ; ð2:14Þ

where δ 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 − L asymmetry, where B
denotes baryon number) is generated by L-violating out-of-
equilibrium decays of heavy Majorana neutrinos,
N → lH;lH�. 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, lH;lH� → N, and L ¼ 2 violating
scattering processes Hl ↔ H�l.
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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

L ¼ −ðyνHij
LLi

H̃ N þ H:c:Þ − 1

2
MNN̄N

−
i

2
ffiffiffi
2

p gNN̄γ5NJ −
1

2
ffiffiffi
2

p gNhσ0N̄N

− λ2σfσ0J2 − λmixfσ0jHj2 − λmixfσ03; ð2:15Þ

where the last five terms arise exclusively in the Majoron
model. They result in additional scattering processes,
NN ↔ JJ;HH⋆; σ0σ0. While these processes could result
in a larger washout compared to the conventional lepto-
genesis mechanism, they could also significantly enhance
the final B − L asymmetry [14,16].

III. ANOMALIES AND INSTANTONS IN THE SM

In this section, we review the B and L 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 Uð1ÞB and lepton number
Uð1ÞL are accidental global symmetries that are conserved
to all orders of perturbation theory. The corresponding
charges are defined as

QB;L ¼
Z

d3xJ0B;L; ð3:1Þ

where the baryon and lepton current are given by

JμB ¼ 1

3
½qγμqþ uRγμuR þ dRγμdR�; ð3:2Þ

JμL ¼ lγμlþ eRγμeR; ð3:3Þ

respectively. Moreover, l and q are the lepton and quark
doublets, respectively, eR, uR, and dR are the lepton and
quark singlets, and generation and color indices are implicit.
However, both symmetries are anomalous symmetries with
respect to SUð2ÞL with anomalies given by [27,28]

∂μJ
μ
B;L ¼ g2AB;L

32π2
FμνF̃μν: ð3:4Þ

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

Fa
μν¼∂μWa

ν−∂νWa
μþgfabcWb

μWc
ν; a;b;c¼1;2;3; ð3:5Þ

and g is the SUð2ÞL gauge coupling. The anomaly factorAq

for a general ½SUð2ÞL�2 ×Uð1Þq anomaly is given by

Aq ¼
X
R

�X
L

2qTðRÞ −
X
R

2qTðRÞ
�
: ð3:6Þ

Above, q is the Uð1Þq charge and TðRÞ 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 Tð1Þ ¼ 0, Tð2Þ ¼ 1

2
, and Tð3Þ ¼ 2, respectively.

In the SM, the ½SUð2ÞL�2 ×Uð1ÞL;B anomaly factors are
given by

AL ¼
X
R

NLðRÞ × LLðRÞ × 2TLðRÞ ¼ 3 × 1 × 2
1

2
¼ 3;

ð3:7Þ

AB ¼
X
R

NLðRÞ × CLðRÞ × BLðRÞ × 2TLðRÞ

¼ 3 × 3 ×
1

3
× 2

1

2
¼ 3; ð3:8Þ

where NL is the number of generations of left-handed
particles,CL is the color multiplicity, andLL and BL are the
lepton and baryon numbers of the respective left-handed
particle. As the SM contains only left-handed particles
with nontrivial SUð2ÞL 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

jθi ¼ N
X
n

einθ; θ ¼ ½0; 2πÞ: ð3:9Þ

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

Sθ ¼ θQ; ð3:10Þ

where Q is the topological charge:

Q ¼
Z

d4x∂μKμ ¼ nð∞Þ − nð−∞Þ ¼ g2

32π2

Z
FμνF̃μν:

ð3:11Þ

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 ¼ 1.
Comparing with Eq. (3.4), we observe that the transitions
between the neighboring sectors violate B and L by three
units while conserving B − L. Consequently, the Uð1ÞL;B
symmetries are broken [29]. However, a residual Z3

symmetry of each continuous symmetry remains unbroken.
This can be seen when the generating functional

Z ¼
Z

DψDψeiSeiSθ ð3:12Þ

is considered, where S ¼ R
d4xiψ̄γμ∂μψ is the action for a

Dirac fermion and we explicitly included Sθ. Under a
transformation

ψ → eiαψ ; ð3:13Þ

the action is invariant. However, the measure DψDψ̄ is not
invariant, and a term is induced which can be written as a
contribution to the action as

Z →
Z

DψDψ̄eiSeiSθe−iα
R

d4x∂μJ
μ
q

¼
Z

DψDψ̄eiSeiSθe−iαAqQ

¼
Z

DψDψ̄eiSeiðθ−iαAqÞQ: ð3:14Þ

If Eq. (3.13) corresponds to a Uð1ÞL transformation,
we have

Z
DψDψ̄eiSeiðθ−i3αÞ; ð3:15Þ

and we observe that the Uð1ÞL symmetry is explicitly
broken to a residual Z3 symmetry generated by α ¼ 2

3
kπ,

k ¼ 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−
4π
αW ∼

10−150, where αW ¼ g2

4π. At high energies, 1012 GeV >
T > 102 GeV, so-called sphaleron processes can overcome
the barrier, resulting in a sizable B þ L violation and the
explicit breaking of the Uð1ÞL;B to Z3 symmetries. If an
initial B − L 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 − L 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:

2μdL þ μuL þ μνL ¼ 0: ð3:16Þ

Fast electroweak and Yukawa interactions result in addi-
tional relations between the chemical potentials:

μW− ¼ μϕ0 þ μϕ− ¼ μdL − μuL ¼ μeL − μνL ; ð3:17Þ

μϕ0 ¼ μuR − μuL ¼ μdL − μur ¼ μeL − μeR : ð3:18Þ

The chemical potentials can be related to an asymmetry in a
charge q as

YΔq ¼ q ¼ T2

6s

�X
i∈f

qigiμi þ 2
X
j∈b

qjgμj

�
¼

X
i∈SM

ni − nī
s

;

ð3:19Þ

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

YΔB ¼ 28

79
YΔðB−LÞ; ð3:20Þ

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

YΔB ¼ 12

37
YΔðB−LÞ: ð3:21Þ

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, T ≈ 1012 GeV, and
explicitly break the Uð1ÞL to a residual Z3. On the other
hand, σ obtains its VEV at a slightly lower temperature
when sphaleron processes are still active and, thereby,
spontaneously breaks the discrete Z3, resulting in the
appearance of stable domain walls.1 Their energy density

can be approximated as ρDW ∼ f2σ
2t ∝ T2, which is bound

to exceed the radiation energy density, ρrad ¼ π2

30
g�T4 at

some time.2 For example, domain walls will dominate the
energy density around T ∼ 15 GeV if we assume a
reasonable seesaw scale of f ≈ 109 GeV. This is in stark
contrast to observations and, thus, requires modifications

1Note that the domain walls in the Majoron model could be
rendered unstable by assuming an appropriate effective potential,
as discussed in Ref. [21].

2Here, g� is the number of effective degrees of freedom, t is the
cosmic time, t ¼ 1

T2 Mplð 45
16π3

Þ2 1ffiffiffiffi
g�

p , and Mpl is the Planck mass.
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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 AL. Since the anomaly
coefficient depends on the particle content of the model,
we can easily change AL 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 jALj ¼ 1, sphaleron transitions explicitly
break Uð1ÞL completely; i.e., there is no discrete symmetry
left that can be spontaneously broken. If jALj ¼ 2, both
residual symmetries are equivalent; i.e., no SSB of a
discrete symmetry takes place. Thus, models with an
altered anomaly coefficient jALj ¼ 1; 2 result in a
Majoron model that is free from the appearance of stable
or unstable domain walls. Moreover, the change in the
½SUð2ÞL�2 ×Uð1ÞL anomaly leaves AB unaffected, i.e.,
AB ≠ AL, and consequently, instanton and sphaleron proc-
esses no longer conserve B − L but different combinations
of B and L, depending on AL. 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 triplets4:

χRi
¼

0
B@

χ0Riffiffi
2

p χþRi

χ−Ri
−

χ0Riffiffi
2

p

1
CA ∼ ð1; 3; 0Þ1; ð4:1Þ

ηRi
¼

�
η0Ri

η−Ri

�
∼
�
1; 2;−

1

2

�
1

; ð4:2Þ

where i ¼ 1;…; NχR;ηR are generation indices for the new
doublets and triplets, respectively. In the models with NηR
doublets, we introduce the same number of left-handed
doublets ξL with vanishing lepton number:

ξLi
¼

�
ξ0Li

ξ−Li

�
∼
�
1; 2;−

1

2

�
0

; ð4:3Þ

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 SUð2ÞL and Uð1ÞY gauge couplings.
The kinetic and Yukawa terms of the Lagrangian are now

given, respectively, by

Lnew
kin ¼ iNR∂NRþ iηRDηRþ iξLDξLþ iTr½χRDχR�; ð4:4Þ

Lnew
yuk ¼ −yνHij

LLi
H̃ NRj

− yχHij
LLi

χRj
H̃ −

1

2
gNij

Nc
Ri
NRj

σ

−
1

2
gχijTr½χcRi

χRj
σ� þ H:c:; ð4:5Þ

where the covariant derivative is given by

Dμ ¼ ∂μ − i
e

sin θW cos θW
ZμðT3 − sin2θWQÞ − ieAμQ

− i
gffiffiffi
2

p ðWþ
μ Tþ þW−

μT−Þ: ð4:6Þ

Here, T3 is the weak isospin of the respective particle,
Q is the electric charge, and θW 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 L violation. After SSB at the seesaw scale f
and the electroweak scale v, the light neutrinos obtain
masses via a type Iþ III seesaw. Restricting ourselves to
one generations of triplets, the Dirac andMajorana matrices
mD and MR are given, respectively, by

mD¼
�vyνH1

vyνH2
vyνH3

vyχH1
vyχH2

vyχH3

�
; MR¼

�
MN

R 0

0 Mχ
R

�
; ð4:7Þ

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

mij
ν ¼ −mT

DM
−1
R mD ≈ −

v2

2

�yνHi
yνHj

MN
R

þ
yχHi

yχHj

Mχ
R

�
; ð4:8Þ

where the mass eigenstates of the heavy neutrinos and the

triplet are given by MN
R ¼ gNfffiffi

2
p and Mχ

R ¼ gχfffiffi
2

p , respectively.

Thus, we can easily generate masses for the heavy
neutrinos of the order of the seesaw scale f. Lower limits
of Mχ

R ∼Oð500 GeVÞ have been set by ATLAS [30] and
CMS [31]. Moreover, we considered models in which an
additional Z2 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

3Possible 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 Uð1ÞL is restored [17].

4We 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.
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leptons and triplets occurs. In this case, the mass of the

triplet is given byMχ
R ¼ gχfffiffi

2
p , and the light neutrinos obtain a

mass via the type I seesaw presented in Sec. II A. If the
second term in Eq. (4.5) is present, it introduces an
additional channel for L 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 I in terms of YB and YL, where YΔB;L 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 YΔB to a previous YΔB;L
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 χR and ηRi

are in thermal equilib-
rium. We assume that the interactions of all generations
of doublets ηRi

are either in thermal equilibrium or out of
thermal equilibrium. If processes involving χR and ηR are in
thermal equilibrium, the following relations between the
chemical potentials are induced:

μW− ¼ μη−R − μη0R ; ð4:9Þ

μW− ¼ μξ−L − μξ0L ; ð4:10Þ

μW− ¼ μ
χ0R
þ μχ−R ¼ μχ0R þ μ

χþR
; ð4:11Þ

μϕ0 ¼ μχ0R − μνL ¼ μχ−R − μeL ; ð4:12Þ

μϕ− ¼ μνL − μχþR ¼ μeL − μχ0R : ð4:13Þ

Note that the conditions (4.12) and (4.13) appear only in the
models with an additional triplet but without Z2 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.

TABLE I. Overview of the models discussed in this paper. NχR;ηR are generation indices for the triplet χR and the
doublet ηR, respectively. AL is the ½SUð2ÞL�2 × Uð1ÞL anomaly coefficient of the respective model, and YΔðB;LÞ 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 NχR NηR AL YΔðB;LÞ Sphaleron

SM 0 0 3 YB − YL 2μdL þ μuL þ μνL ¼ 0

1T 1 0 −1 YB þ 3YL μdR þ 8μdR þ 11μeR − 6μeL − 6μνL ¼ 0

1T þ Z2 1 0 −1 YB þ 3YL μdR þ 8μdR þ 11μeR − 6μeL − 6μνL ¼ 0

1D 0 1 2 2YB − 3YL μdR þ 8μuR þ 8μeR − 3μeL − 3μνL ¼ 0

2D 0 2 1 YB − 3YL μdR þ 8μuR þ 9μeR − 4μeL − 4μνL ¼ 0

4D 0 4 −1 YB þ 3YL μdR þ 8μdR þ 11μeR − 6μeL − 6μνL ¼ 0

5D 0 5 −2 2YB þ 3YL μdR þ 8μdR þ 12μeR − 7μeL − 7μνL ¼ 0

1Dþ 1T 1 1 −2 2YB þ 3YL μdR þ 8μdR þ 12μeR − 7μeL − 7μνL ¼ 0

1Dþ 1T þ Z2 1 1 −2 2YB þ 3YL μdR þ 8μdR þ 12μeR − 7μeL − 7μνL ¼ 0

TABLE II. Relations between YΔB and YΔðB;LÞ if χR and ηRi
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 YΔBjT>TEWPT
YΔBjT<TEWPT

SM 28
79
YΔðB;LÞ 12

37
YΔðB;LÞ

1T 76
679

YΔðB;LÞ 20
269

YΔðB;LÞ
1T þ Z2

76
679

YΔðB;LÞ 20
269

YΔðB;LÞ
1D 4

53
YΔðB;LÞ 2

25
YΔðB;LÞ

2D 4
535

YΔðB;LÞ 8
246

YΔðB;LÞ
4D 76

679
YΔðB;LÞ 20

269
YΔðB;LÞ

5D 116
871

YΔðB;LÞ 2
192

YΔðB;LÞ
1Dþ 1T 116

871
YΔðB;LÞ 2

19
YΔðB;LÞ

1Dþ 1T þ Z2
116
871

YΔðB;LÞ 2
19
YΔðB;LÞ
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Using the conditions given above and those given in
Eqs. (3.17) and (3.18), relations between YΔB, YΔB;L, YΔη−R ,
and YΔχ0R

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 L 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, YΔη−R and
YΔχ0R

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 L asymmetry or
enhance it. Especially the 1T model is expected to be
interesting in this regard due to the additional L violating
interactions compared to the other models.

V. SUMMARY

In thiswork,we showed that the domainwall problem in the
Majoron model can be avoided by introducing new particles
with nontrivial ½SUð2ÞL�2×Uð1ÞL quantum numbers.
In general, instanton processes break theUð1ÞL symmetry

of the SM to a residual Z3, while, in the Majoron model, the
VEVof a complex scalar σ breaks the Uð1ÞL symmetry to a
residual Z2. 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 ηR and triplets χR that result in a
domain-wall-free model. These new particles have an
interesting impact on leptogenesis, as they change the
anomaly factor AL and, thereby, the residual discrete
symmetry related to the instanton processes.
Since the extensions leave the anomaly factor AB

unchanged while changing AL, the sphaleron processes
that convert an initial L asymmetry to a B asymmetry
conserve different combinations of L and B compared to the
standard scenario. Consequently, the L to B 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 Yη−R

and Yχ0R
appear as free parameters.

Consequently, the conversion rate depends on the details of
the model that govern the evolution of χR and ηR. Besides
changing the conversion rate, the additional particles can
also have an impact on the initial L 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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TABLE III. Relations between YΔB and YΔðB;LÞ if χR and ηRi
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 YΔBjT>TEWPT
YΔBjT<TEWPT

SM 28
79
YΔðB;LÞ 12

37
YΔðB;LÞ

1T 4
67
YΔðB;LÞ 5

92
YΔðB;LÞ

1T þ Z2
4

679
ð19YΔB;L

− 288YΔ
χ0
R

Þ 20
269

ðYΔB;L
− 9YΔ

χ0
R

Þ
1D 2

258
ð22YΔB;L

þ 405YΔ
η0
R

þ 9YΔ
ξ0
L

Þ − 2
299

ð4YΔB;L
− 1269YΔξ−

R
þ 1197YΔ

ξ0
L

Þ
2D 4

535
ðYΔB;L

þ 81YΔ
η0
R

þ 45YΔ
ξ0
L

Þ − 2
275

ð2YΔB;L
− 549YΔξ−

R
þ 477YΔ

ξ0
L

Þ
4D 2

679
ð38YΔBL

− 2385YΔ
η0
R

þ 351YΔ
ξ0
L

Þ − 2
203

ð2YΔB;L
þ 1107YΔξ−

R
− 963YΔ

ξ0
L

Þ
5D 2

871
ð58YΔB;L

− 4455YΔ
η0
R

þ 765YΔ
ξ0
L

Þ − 2
155

ð4YΔB;L
þ 2043YΔξ−

R
− 1683YΔ

ξ0
L

Þ
1Dþ 1T 1

92
ðYΔB;L

− 1368YΔξ−
R
þ 1386YΔ

ξ0
L

Þ −2
37
ð2YΔB;L

þ 837YΔξ−
R
− 801YΔ

ξ0
L

Þ
1Dþ 1T þ Z2

2
871

ð58YΔðB;LÞ þ 891YΔη0R
þ 10647YΔξ−R − 10494YΔξ0R

Þ − 2
155

ð4YΔðB;LÞ − 108YΔχ0R
þ 1755YΔξ−R − 1683YΔξ0R

Þ
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