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The electroweak phase transition (EWPT) is considered in the framework of 3-3-1-1 model for dark
matter. The phase structure within three or two periods is approximated for the theory with many
vacuum expectation values (VEVs) at TeV and Electroweak scales. In the mentioned model, there are
two pictures. The first picture containing two periods of EWPT, has a transition SUð3Þ → SUð2Þ at
6 TeV scale and another is SUð2Þ → Uð1Þ transition which is the like-standard model EWPT. The
second picture is an EWPT structure containing three periods, in which two first periods are similar to
those of the first picture and another one is the symmetry breaking process of Uð1ÞN subgroup. Our
study leads to the conclusion that EWPTs are the first order phase transitions when new bosons are
triggers and their masses are within range of some TeVs. Especially, in two pictures, the maximum
strength of the SUð2Þ → Uð1Þ phase transition is equal to 2.12 so this EWPT is not strong. Moreover,
neutral fermions, which are candidates for dark matter and obey the Fermi-Dirac distribution, can be a
negative trigger for EWPT. However, they do not make lose the first-order EWPT at TeV scale.
Furthermore, in order to be the strong first-order EWPT at TeV scale, the symmetry breaking processes
must produce more bosons than fermions or the mass of bosons must be much larger than that of
fermions.

DOI: 10.1103/PhysRevD.99.015035

I. INTRODUCTION

The EWPT is another view of spontaneous symmetry
breaking in theoretical particle physics. The latter is a
transition of the Higgs field with vanishing VEV to a
nonzero one. The EWPT plays an important role at early
stage of expanding universe; and its issue is also related to
hot topics such as dark matter (DM) or dark energy. From a
micro viewpoint and within the current limits, candidate for
DM may be a heavy particle. If we accept the symmetry-
breaking mechanism as an universal mechanism, then mass
of the DM candidate must also be generated through a

phase transition process. Moreover, if the mass of the DM
candidate is very large so the phase transition process must
take place before the EWPT of the standard model (SM)
and must also follow the gradually decreasing temperature
structure of the universe.
As in the SM, the EWPT process has only one phase at

the energy level around 200 GeV. This process is accom-
panied by mass generation of particles. However, at
present, the existence of heavy particles is possible only
at energy scale larger than 200 GeV. Therefore, the
production of these heavy particles interacting with the
SM ones must also be considered.
At present, the mechanism of symmetry-breaking is

believed to be accurate, but the Higgs potential is not
exactly determined because its form is model dependent.
The EWPT consists of an important question of phase

transition which must be a strongly first-order phase one.
This is the third Sakharov condition being deviation from
thermal equilibrium Ref. [1]. The mentioned condition
together with B, C, CP violations leads to solution of the
baryon asymmetry of universe (BAU). The B, C, and CP
violations can be seen throughout the sphaleron rate and the
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CKM-matrix in models Ref. [2] or other CP violation
sources as neutrino mixing or heavy extra neutrinos via
adding see-saw mechanism Ref. [3].
At present, the EWPT is considered at a one-loop level,

particularly, in beyond the standard model. A new trend
nowadays is multiphase calculations in multi-Higgs scalar
potential.
In order to consider the EWPT, we must build the high-

temperature effective potential which is usually in the
following form

Veff ¼ D:ðT2 − T2
0Þv2 − E:Tv3 þ λT

4
v4; ð1Þ

where v is the VEVof Higgs boson. The first order EWPT
binds that the strength of phase transition should be larger
than the unit (S ¼ vc

Tc
≥ 1, where vc is VEVof Higgs field at

a critical temperature Tc).
The effective potential Veff in Eq. (1) is a function of

temperature and VEVs. It can have one or two minimums
when the temperature goes down. At Tc, the two minimums
are separated by a potential barrier, the VEVof Higgs field
crosses over from vanishing VEV to a nonzero VEV. This
transition is called the first order phase transition and it can
cause large deviations from thermal equilibrium.
The EWPT has been calculated in the SM Ref. [2] and in

some extended models Refs. [4–19]. We recall that DM,
heavy particles, and neutrino oscillations can be triggers of
the EWPT, Ref. [20]. Most studies of the EWPT are
performed in the framework of the Landau gauge.
However gauge also made contributions in EWPT as done
in Ref. [19]. We recall that in some extended models, Higgs
sector consists multivacuum structure of which the classical
example is the two Higgs doublet model and new models
with SUð5Þ and SUð6Þ groups Ref. [21] or the SUð3ÞC ⊗
SUð2ÞL ⊗ Uð1ÞYð⊗ Uð1ÞXÞ model as a symmetry of
division algebraic ladder operators Ref. [22]. This addi-
tional Higgs structure can be a new source to answer the
BAU puzzles.
Another example of multivacuum structure belongs to

the models based on SUð3ÞC ⊗ SUð3ÞL ⊗ Uð1ÞX group
Refs. [23,24] called 3-3-1 models for short. There exist two
main versions of the 3-3-1 models: the minimal, Ref. [23],
and another with right-handed neutrinos, Ref. [24]. To
provide an explanation for the observed pattern of SM
fermion masses and mixings, various 3-3-1 models with
flavor symmetries and radiative seesaw mechanisms have
been proposed in the literature.1 However some of them
involve nonrenormalizable interactions. In addition the
3-3-1 models do not give completely desired answer on
the DM issue. In the recently proposed 3-3-1-1 model

Ref. [27] based on SUð3ÞC ⊗ SUð3ÞL ⊗ Uð1ÞX ⊗ Uð1ÞN
group has a good advantage in explaining DM. Phenomena
of this model such as DM, inflation, leptogenesis, neutrino
mass, kinetic mixing effect, and B − L asymmetry, have
been studied in Refs. [28–32]. The 3-3-1-1 model has three
Higgs triplets to generate masses of fermions and the mass
of new heavy particle with masses around some TeVs. This
model fits with candidates for DM. The presence of the
above mentioned particles might also lead to interesting
consequences such as the baryon asymmetry or EWPT
which is a subject of this study.
This article is organized as follows. In Sec. II, the matter

fields and Higgs bosons in the 3-3-1-1 model are briefly
reviewed. In Sec. III, the effective potential having the
contribution from heavy bosons a function of temperature
and VEVs is derived. In Sec. IV, we analyze in detail the
structure of phase transition, find the first order phase
transition, and show constraints on mass of charged Higgs
boson in the case without neutral fermions. In Sec. V, we
discuss the role of neutral fermions in the EWPT problem.
Finally, we summarize and make outlooks in Sec. VI.

II. BRIEF REVIEW OF THE 3-3-1-1 MODEL

It is well known that the SM must be extended and most
versions of the BSM contain heavy particles. Within the
latter existence, unexplained problems can be caused. The
heavy particles may be a candidate for DM, or just new ones.
The 3-3-1-1 model has many new particles inserting in
the multiplets of the gauge group SUð3ÞC ⊗ SUð3ÞL ⊗
Uð1ÞX ⊗ Uð1ÞN , where the latter is the subgroup associated
with the conservation of B − L number [27–31].
To keep the model being anomaly free, the fermion

content has to have an equal number of the SUð3ÞL triplets
and antitriplets as follows [27]

ψaL ¼ ðνaL; eaL; ðNaRÞcÞT ∼
�
1; 3;−

1

3
;−

2

3

�
;

eaR ∼ ð1; 1;−1;−1Þ; νaR ∼ ð1; 1; 0;−1Þ;
QαL ¼ ðdαL;−uαL;DαLÞT ∼ ð3; 3�; 0; 0Þ;
Q3L ¼ ðu3L; d3L; ULÞT ∼ ð3; 3; 1=3; 2=3Þ;

uaR ∼
�
3; 1;

2

3
;
1

3

�
; daR ∼

�
3; 1;−

1

3
;
1

3

�
;

UR ∼
�
3; 1;

2

3
;
4

3

�
; DαR ∼

�
3; 1;−

1

3
;−

2

3

�
; ð2Þ

where a ¼ 1, 2, 3 and α ¼ 1, 2 are family indices. NaR is
neutral fermions playing a role of candidates for DM. In
(2), the numbers in bracket associated with multiplet
correspond to number of members in the SUð3ÞC,
SUð3ÞL assignment, its X and N charges, respectively.
The Higgs sector of the model under consideration

contains three scalar triplets and one singlet as follows

1With the help of discrete ZN symmetries, the 3-3-1 model
with β ¼ 1ffiffi

3
p can provide solutions of neutrino mass and mixing,

DM and inflation Refs. [25,26].
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η ¼ ðη01; η−2 ; η03ÞT ∼ ð1; 3;−1=3; 1=3Þ;
χ ¼ ðχ01; χ−2 ; χ03ÞT ∼ ð1; 3;−1=3;−2=3Þ; ð3Þ

ρ ¼ ðρþ1 ; ρ02; ρþ3 ÞT ∼ ð1; 3; 2=3; 1=3Þ; ϕ ∼ ð1; 1; 0; 2Þ:
ð4Þ

Note that in (2), the lepton and antilepton lie in the same
triplet. Hence, lepton number is not conserved and it should
be replaced with new conserved one L [33]. Assuming the
bottom element in lepton triplet (NaR) without lepton
number, ones have [27]

B − L ¼ −
2ffiffiffi
3

p T8 þ N: ð5Þ

Note that in this model, not only leptons but also some
scalar fields carry lepton number as seen in Table I.
From Table I, we see that elements at the bottom of η and

ρ triplets carry lepton number −1, while the elements
standing in two first rows of χ triplet have the opposite
one þ1.
To generate masses for fermions, it is enough that only

neutral scalars without lepton number develop VEV as
follows

hηi ¼
�

uffiffiffi
2

p ; 0;

�
T
; hχi ¼

�
0; 0;

ωffiffiffi
2

p
�

T
;

hρi ¼
�
0;

vffiffiffi
2

p ; 0

�
T
: ð6Þ

For the future presentation, let us remind that in the model
under consideration, the covariant derivative is defined as

Dμ ¼ ∂μ − igstiGiμ − igTiAiμ − igXXBμ − igNNCμ; ð7Þ

where Giμν; Aiμν; Bμν; Cμν and gs, g; gX; gN correspond
gauge fields and couplings of SUð3ÞC, SUð3ÞL, Uð1ÞX
and Uð1ÞN groups, respectively.
The Yukawa couplings are given as

LYukawa ¼ heabψ̄aLρebR þ hνabψ̄aLηνbR þ h0νabν̄
c
aRνbRϕ

þ hUQ̄3LχUR þ hDαβQ̄αLχ
�DβR

þ huaQ̄3LηuaR þ hdaQ̄3LρdaR

þ hdabQ̄aLη
�dbR þ huabQ̄aLρ

�ubR þ H:c: ð8Þ
From Eq. (8), it follows that masses of the top and bottom
quarks as follows

mt ¼
htuffiffiffi
2

p ; mb ¼
hbvffiffiffi
2

p ;

while masses of the exotic quarks are determined as

mU ¼ ωffiffiffi
2

p hU; mD1
¼ ωffiffiffi

2
p hD11; mD2

¼ ωffiffiffi
2

p hD22:

The Higgs fields are expanded around the VEVs as
follows

η ¼ hηi þ η0; η0 ¼
�
Sη þ iAηffiffiffi

2
p ; η−;

S0η þ iA0
ηffiffiffi

2
p

�
;

ρ ¼ hρi þ ρ0; ρ0 ¼
�
ρþ;

Sρ þ iAρffiffiffi
2

p ; ρ0þ
�
;

χ ¼ hχi þ χ0; χ0 ¼ þ
�
Sχ þ iAχffiffiffi

2
p ; χ−;

S0χ þ iA0
χffiffiffi

2
p

�
;

ϕ ¼ hϕi þ ϕ0 ¼ Λffiffiffi
2

p þ S4 þ iA4ffiffiffi
2

p : ð9Þ

It is mentioned that the values u and v provide masses for
all fermions and gauge bosons in the SM, while ω gives
masses for the extra heavy quarks and gauge bosons. The
value Λ plays the role for the Uð1ÞN breaking at high scale;
and in some cases, it is larger than ω.
The scalar potential for Higgs fields is a function of

eighteen parameters

Vðρ; η; χ;ϕÞ ¼ μ21ρ
†ρþ μ22χ

†χ þ μ23η
†ηþ λ1ðρ†ρÞ2 þ λ2ðχ†χÞ2 þ λ3ðη†ηÞ2

þ λ4ðρ†ρÞðχ†χÞ þ λ5ðρ†ρÞðη†ηÞ þ λ6ðχ†χÞðη†ηÞ
þ λ7ðρ†χÞðχ†ρÞ þ λ8ðρ†ηÞðη†ρÞ þ λ9ðχ†ηÞðη†χÞ þ fεmnpηmρnχp þ H:c:Þ
þ μ2ϕ†ϕþ λðϕ†ϕÞ2 þ λ10ðϕ†ϕÞðρ†ρÞ þ λ11ðϕ†ϕÞðχ†χÞ þ λ12ðϕ†ϕÞðη†ηÞ: ð10Þ

When constructing this Higgs potential, triple scalar self-
interactions needs to be limited because it forces us to
introduce a f parameter (f has a mass dimension the same
as ω) that can like an interrupt factor for these interactions.

In addition, f can be replaced by one Higgs field or another
interaction among three Higgs fields. Thus, the mentioned
interaction will become a fourth- or sixth-order coupling.
We often do not consider high-order interactions (because

TABLE I. Nonzero lepton number L of fields in the 3-3-1-1
model.

Particle ν e N U D η3 ρ3 χ1 χ2 ϕ

L 1 1 0 −1 1 −1 −1 1 1 −2
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these high-order interactions may be difficult to renormal-
ization. However they may be related to other hypothetical
offending processes). Therefore we can ignore f in this
article though it may have a different role in other problems.
For detailed analysis of the Higgs sector in the model under
consideration, the reader is referred to Ref. [27].
In this particular model, the mass of scalar boson

depends on not only VEVs, μ1;2;3 and λi, i ¼
1; 2; 3;…; 12 but also f parameter. Note that f increases
the mass of bosons [27]. Returning to our work, in order to
limit the parameter number, as above mentioned, we will
ignore f hereafter.

A. Higgs boson masses

Substituting Eq. (9) into Eq. (10) yields

Vðρ; η; χ;ϕÞ ¼ V0 þ V1 þ
X

i¼ρ;η;χ

ðVSi þ VAi
þ ViÞ

þ VS4 þ VA4
þ Interaction terms; ð11Þ

where V0 and V1 are the minimum interaction term being
independent of scalar fields and linear dependent on fields,
respectively:

V0 ¼
λ2Λ4

4
þ 1

4
λ11Λ2ω2 þ λ2ω

4

4
þ Λ2μ2

2
þ 1

2
μ22ω

2

þ λ3u4

4
þ 1

4
λ12Λ2u2 þ 1

4
λ6u2ω2

þ 1

2
μ23u

2 þ 1

4
λ5u2v2 þ

λ1v4

4
þ 1

4
λ10Λ2v2

þ 1

4
λ4v2ω2 þ 1

2
μ21v

2; ð12Þ

V1 ¼ Sη

�
uμ23 þ λ3u3 þ

1

2
λ5uv2 þ

1

2
λ6uω2 þ 1

2
λ12uΛ2

�

þ Sρ

�
vμ21 þ λ1v3 þ

1

2
λ4vω2 þ 1

2
λ5u2vþ

1

2
λ10vΛ2

�

þ Sχ

�
ωμ22 þ λ2ω

3 þ 1

2
λ4ωv2 þ

1

2
λ6u2ωþ 1

2
λ11ωΛ2

�

þ S4

�
Λμ2 þ λΛ3 þ 1

2
λ10v2Λþ 1

2
λ11Λω2 þ 1

2
λ12Λu2

�
:

ð13Þ
Hence, the potential minimization conditions are
obtained by

uðλ12Λ2 þ λ6ω
2 þ 2μ23 þ 2λ3u2 þ λ5v2Þ ¼ 0; ð14Þ

ωðλ11Λ2 þ 2λ2ω
2 þ 2μ22 þ λ6u2 þ λ4v2Þ ¼ 0; ð15Þ

vðλ10Λ2 þ λ4ω
2 þ 2μ21 þ λ5u2 þ 2λ1v2Þ ¼ 0; ð16Þ

Λð2λΛ2 þ λ11ω
2 þ 2μ2 þ λ12u2 þ λ10v2Þ ¼ 0: ð17Þ

From (11) we get the part for charged Higgs bosons

Vη ¼ λ3ðηþη−Þ2 þ
�
Λ2λ12
2

þ λ6ω
2

2
þ μ23 þ λ3u2 þ

λ5v2

2
þ λ8v2

2

�
ηþη− þ 1

2
λ8uvη†ρ−

¼ λ3ðηþη−Þ2 þ
�
λ8v2

2

�
ηþη− þ 1

2
λ8uvη†ρ−;

Vχ ¼ λ2ðχþχ−Þ2 þ
�
Λ2λ11
2

þ λ2ω
2 þ μ22 þ

λ6u2

2
þ λ7v2

2
þ λ4v2

2

�
χþχ− þ 1

2
λ7vωχ−ρ0†

¼ λ2ðχþχ−Þ2 þ
�
λ7v2

2

�
χþχ− þ 1

2
λ7vωχ−ρ0†;

Vρ ¼ λ1ðρþρ−Þ2 þ
�
Λ2λ10
2

þ λ4ω
2

2
þ μ21 þ

λ5u2

2
þ λ8u2

2
þ λ1v2

�
ρþρ− þ 1

2
λ8uvη−ρ†

¼ λ1ðρþρ−Þ2 þ
�
λ8u2

2

�
ρþρ− þ 1

2
λ8uvη−ρ†;

Vρ0 ¼ λ1ðρ0þρ0−Þ2 þ
�
Λ2λ10
2

þ λ7ω
2

2
þ λ4ω

2

2
þ μ21 þ

λ5u2

2
þ λ1v2

�
ρ0þρ0− þ 1

2
λ7vωχ†ρ0−

¼ λ1ðρ0þρ0−Þ2 þ
�
λ7ω

2

2

�
ρ0þρ0− þ 1

2
λ7vωχ†ρ0−: ð18Þ
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From the above equations, after some manipulations, the mass terms of charged Higgs bosons are given by

Vmass
Higgs ¼

�
λ8v2

2

�
ηþη− þ 1

2
λ8uvη†ρ− þ

�
λ8u2

2

�
ρþρ− þ 1

2
λ8uvη−ρ† þ

�
λ7v2

2

�
χþχ− þ 1

2
λ7vωχ−ρ0†

þ
�
λ7ω

2

2

�
ρ0þρ0− þ 1

2
λ7vωχ†ρ0−

¼ u2 þ v2

2
λ8

�
vηþ þ uρþffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u2 þ v2
p

��
vη− þ uρ−ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u2 þ v2
p

�
þ ω2 þ v2

2
λ7

�
vηþ þ ωρþffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ω2 þ v2
p

��
vη− þ ωρ−ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ω2 þ v2
p

�

¼ u2 þ v2

2
λ8H

þ
1 H

−
1 þ ω2 þ v2

2
λ7H

þ
2 H

−
2

¼ m2
H1
Hþ

1 H
−
1 þm2

H2
Hþ

2 H
−
2 ;

where

H�
1 ¼ vη� þ uρ�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u2 þ v2
p ; H�

2 ¼ vη� þ ωρ�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2 þ v2

p ; m2
H1

¼ u2 þ v2

2
λ8; m2

H2
¼ ω2 þ v2

2
λ7: ð19Þ

Similarly, the part of neutral Higgs bosons is given by:

VA4
¼ λ

4
A4
4 þ

�
1

2
λΛ2 þ 1

4
ω2λ11 þ

μ2

2
þ λ12u2

4
þ λ10v2

4

�
A2
4 ¼

λ

4
A4
4;

VS4 ¼
λ

4
S44 þ

�
3

2
λΛ2 þ 1

4
ω2λ11 þ

μ2

2
þ λ12u2

4
þ λ10v2

4

�
S24 ¼

λ

4
S44 þ λΛ2S24;

VAη
¼ λ3

4
A4
η þ

�
Λ2λ12
4

þ λ6ω
2

4
þ μ23

2
þ λ3u2

2
þ λ5v2

4

�
A2
η ¼

λ3
4
A4
η;

VA0
η
¼ λ3

4
A0
η
4 þ

�
Λ2λ12
4

þ λ6ω
2

4
þ λ9ω

2

4
þ μ23

2
þ λ3u2

2
þ λ5v2

4

�
A02

η ¼
λ3
4
A0
η
4 þ λ9ω

2

4
A02

η;

VAχ
¼ λ2

4
A4
χ þ

�
Λ2λ11
4

þ λ2ω
2

2
þ μ22

2
þ λ6u2

4
þ λ9u2

4
þ λ4v2

4

�
A2
χ ¼

λ2
4
A4
χ þ

λ9u2

4
A2
χ ;

VA0
χ
¼ λ2

4
A0
χ
4 þ

�
Λ2λ11
4

þ λ2ω
2

2
þ μ22

2
þ λ6u2

4
þ λ4v2

4

�
A02

χ ¼
λ2
4
A0
χ
4;

VAρ
¼ λ1

4
A4
ρ þ

�
Λ2λ10
4

þ λ4ω
2

4
þ μ21

2
þ λ5u2

4
þ λ1v2

2

�
A2
ρ ¼

λ1
4
A4
ρ;¼

λ3
4
S4η þ uλ3S3η þ λ3u2S2η;

VS0χ ¼
λ2
4
S0χ4 þ ωλ2S0χ3 þ

�
Λ2λ11
4

þ 3λ2ω
2

2
þ μ22

2
þ λ6u2

4
þ λ4v2

4

�
S02χ ¼

λ2
4
S0χ4 þ ωλ2S0χ3 þ λ2ω

2S02χ ;

VSρ ¼
λ1
4
S4ρ þ vλ1Sρ3 þ

�
Λ2λ10
4

þ λ4ω
2

4
þ μ21

2
þ λ5u2

4
þ 3

2
λ1v2

�
S2ρ ¼

λ1
4
S4ρ þ vλ1Sρ3 þ λ1v2S2ρ; ð20Þ

VS0η ¼
λ3
4
S0η4 þ

�
Λ2λ12
4

þ λ6ω
2

4
þ λ9ω

2

4
þ μ23

2
þ λ3u2

2
þ λ5v2

4

�
S02η þ

1

2
λ9uωS0ηSχ ¼

λ3
4
S0η4 þ

λ9ω
2

4
S02η þ

1

2
λ9uωS0ηSχ ;

VSχ ¼
λ2
4
S4χ þ

�
Λ2λ11
4

þ λ2ω
2

2
þ μ22

2
þ λ6u2

4
þ λ9u2

4
þ λ4v2

4

�
S2χ ¼

λ2
4
S4χ þ

λ9u2

4
S2χ : ð21Þ
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Combination among Sχ and S0η yields

VmðSχ ; S0ηÞ ¼
λ9ω

2

4
S02η þ

1

2
λ9uωS0ηSχ þ

λ9u2

4
S2χ

¼ λ9
4
ðω2S02η þ 2uωS0ηSχ þ u2S2χÞ

¼ λ9ðu2 þ ω2Þ
4

�
ωS0ηffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ ω2

p þ uSχffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ ω2

p
�

2

¼ λ9ðu2 þ ω2Þ
4

ðH3Þ2 ¼
1

2
m2

H3
ðH3Þ2; ð22Þ

where physical boson H3 is given by

H3¼
ωS0ηffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2þω2

p þ uSχffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2þω2

p ; with m2
H3

¼ λ9ðu2þω2Þ
2

:

ð23Þ
The mass of neutral Higgs bosons is presented in Table II.

Remember that the massless Goldstones bosons are: X
A4, Aη, A0

χ ; Aρ in neutral scalar sector and two massless
combinations orthogonal to the charged Higgs bosons. It is
noted that at the limit f → 0, the results given in [28–30]
are consistent with those of this study.

B. Gauge boson sector

The gauge bosons obtain masses when the scalar fields
develop the VEVs. Therefore, their mass Lagrangian is
given by

Lgauge
mass ¼

X
Φ
ðDμhΦiÞ†ðDμhΦiÞ:

Substituting the scalar multiplets η, ρ, χ, and ϕ with their
covariant derivative, we obtain

Lmass
gauge ¼

g2u2

8

��
A3μ þ

A8μffiffiffi
3

p −
2

3
tXBμ þ

2

3
tNCμ

�
2

þ 2Wþ
μ W−μ þ 2X0�

μ X0μ

�

þ g2v2

8

��
−A3μ þ

A8μffiffiffi
3

p þ 4

3
tXBμ þ

2

3
tNCμ

�
2

þ 2Wþ
μ W−μ þ 2Yþ

μ Y−μ
�

þ g2ω2

8

��
−
2A8μffiffiffi

3
p −

2

3
tXBμ −

4

3
tNCμ

�
2

þ 2Yþ
μ Y−μ þ 2X0�

μ X0μ

�
þ 2g2NΛ2C2

μ;

where we have denoted tX ≡ gX
g , tN ≡ gN

g , and

W�
μ ¼ A1μ ∓ iA2μffiffiffi

2
p ; X0;0�

μ ¼ A4μ ∓ iA5μffiffiffi
2

p ; Y∓
μ ¼ A6μ ∓ iA7μffiffiffi

2
p : ð24Þ

The mass Lagrangian can be rewritten as [28–31]

Lgauge
mass ¼ g2

4
ðu2 þ v2ÞWþW− þ g2

4
ðv2 þ ω2ÞYþY− þ g2

4
ðu2 þ ω2ÞX0�X0 þ 1

2
ðA3A8BCÞM2

0
BBB@

A3

A8

B

C

1
CCCA;

where the Lorentz indices have been omitted and should be understood. The squared-mass matrix of the neutral gauge
bosons is found to be

M2 ¼ g2

2

0
BBBBBBBB@

1
2
ðu2 þ v2Þ u2−v2

2
ffiffi
3

p − tXðu2þ2v2Þ
3

tNðu2−v2Þ
3

u2−v2
2
ffiffi
3

p 1
6
ðu2 þ v2 þ 4ω2Þ − tXðu2−2ðv2þω2ÞÞ

3
ffiffi
3

p tNðu2þv2þ4ω2Þ
3
ffiffi
3

p

− tXðu2þ2v2Þ
3

− tXðu2−2ðv2þω2ÞÞ
3
ffiffi
3

p 2
9
t2Xðu2 þ 4v2 þ ω2Þ − 2

9
tXtNðu2 − 2ðv2 þ ω2ÞÞ

tNðu2−v2Þ
3

tNðu2þv2þ4ω2Þ
3
ffiffi
3

p − 2
9
tXtNðu2 − 2ðv2 þ ω2ÞÞ 2

9
t2Nðu2 þ v2 þ 4ðω2 þ 9Λ2ÞÞ

1
CCCCCCCCA
:

TABLE II. The neutral Higgs boson masses.

Neutral Higgs boson S4 A0
η Aχ Sη S0χ Sρ H3

Squared mass 2λΛ2 λ9ω
2

2
λ9u2

2
2λ3u2 2λ2ω

2 2λ1v2
λ9ðu2þω2Þ

2
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The non-Hermitian gauge bosonsW�, X0;0�, and Y� are
physical fields with corresponding masses:

m2
W ¼ g2

4
ðu2 þ v2Þ; m2

X ¼ g2

4
ðu2 þ ω2Þ;

m2
Y ¼ g2

4
ðv2 þ ω2Þ:

Because of the constraints u; v ≪ ω, we have
mW ≪ mX ≃mY . The W boson is identified as the SM
W boson. It follows

u2 þ v2 ¼ ð246 GeVÞ2:

The X and Y fields are the new gauge bosons with the large
masses given in the ω scale. The physical charged gauge
bosons and their masses are summarized in Table III.
It is worth mentioning that after diagonalization, in the

obtained masses of gauge bosons, there is no mixing
among the VEVs, i.e., in the expression of squared masses,
there are no terms such as uv; uω; vω, etc. For more details,
the reader is referred to Ref. [9].
From the aforementioned analysis, it follows that the

phenomenological aspects of the 3-3-1-1 model can be
divided into two pictures corresponding to different domain
values of VEVs.

1. Picture (i): Λ ∼ ω ≫ v ∼ u

The physical neutral gauge bosons are derived
through the following transformation ðA3; A8; B; CÞ →
ðA; Z; Z2; Z1Þ:

0
BBB@

A3

A8

B

C

1
CCCA ¼ U1U2U3

0
BBB@

A

Z

Z2

Z1

1
CCCA:

The above diagonalization is realized through three steps
[28–31],

The first step∶M02 ¼UT
1M

2U1;

The second step∶M002 ¼UT
2M

02U2;

The final step∶M0002 ¼UT
3M

002U3 ¼ diagð0;m2
Z;m

2
Z2
;m2

Z1
Þ;

where

U1 ¼

0
BBBBBB@

sW cW 0 0

− sWffiffi
3

p sWtWffiffi
3

p
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − t2W

3

q
0

cW

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − t2W

3

q
−sW

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − t2W

3

q
tWffiffi
3

p 0

0 0 0 1

1
CCCCCCA
;

U2 ≃

0
B@

1 0 0

0 1 E

0 −ET 1

1
CA; U3 ¼

0
BBB@

1 0 0 0

0 1 0 0

0 0 cξ −sξ
0 0 sξ cξ

1
CCCA:

ð25Þ

In Eq. (25), the E is a two-component vector given by
[28–31]

E1 ¼ −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4t2X þ 3

p
f3Λ2½ð2t2X − 3Þu2 þ ð4t2X þ 3Þv2� þ t2Xω

2ðu2 þ v2Þg
4Λ2ðt2X þ 3Þ2ω2

≪ 1;

E2 ¼
t2X

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4t2X þ 3

p
ðu2 þ v2Þ

8Λ2ðt2X þ 3Þ3=2tN
≪ 1;

t2ξ ≃
4

ffiffiffiffiffiffiffiffiffiffiffiffiffi
3þ t2X

p
tNω2

ð3þ t2XÞω2 − 4t2Nðω2 þ 9Λ2Þ ;

sW ¼
ffiffiffi
3

p
tXffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3þ 4t2X
p ≃

ffiffiffiffiffiffiffiffiffiffiffi
0.231

p
:

Finally we obtain the masses of neutral gauge bosons as follows

m2
Z ≃

g2ðu2 þ v2Þ
4c2W

; ð26Þ

TABLE III. The mass of charged gauge bosons.

Gauge boson W Y X

Squared mass g2

4
ðu2 þ v2Þ g2

4
ðω2 þ v2Þ g2

4
ðω2 þ u2Þ
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m2
Z1

≃
g2

18
ðð3þ t2XÞω2 þ 4t2Nðω2 þ 9Λ2Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðð3þ t2XÞω2 − 4t2Nðω2 þ 9Λ2ÞÞ2 þ 16ð3þ t2XÞt2Nω4

q
Þ; ð27Þ

m2
Z2

≃
g2

18
ðð3þ t2XÞω2 þ 4t2Nðω2 þ 9Λ2Þ −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðð3þ t2XÞω2 − 4t2Nðω2 þ 9Λ2ÞÞ2 þ 16ð3þ t2XÞt2Nω4

q
Þ: ð28Þ

From the experimental data Δρ < 0.0007, ones get u=ω <
0.0544 or ω > 3.198 TeV [27] (provided that u ¼
246=

ffiffiffi
2

p
GeV as mentioned). Therefore, the value of ω

results in the TeV scale as expected.
It has been shown that the ordinary 3-3-1 models are

only effective theory, as the B—L charge and the unitarity
are violated [34]. For the case Λ ≫ w, the limit of the 3-3-1
breaking scale followed from flavor changing neutral
currents as well as LEPII searches is w > 3.6 TeV. Due
to an extraUð1ÞN subgroup, the kinetic terms give an effect
on the ρ parameter. It is well known that the radiative
correction of heavy particles groups into Peskin-Takeuchi
S, T, U parameters [35,36]. In the frameworks of the 3-3-1
models, the above parameters were investigated in
Refs. [30,34,37] It was remarked that if Λ ≫ w, the Δρ
relating to the oblique parameter T depends only on w and
β-the parameter appeared in the electric charge operator,
not on Λ; gNg and on δ-the coefficient of mixing between Bμν

and Cμν [30]. In the case of Λ ≫ w, the result is the same as
before, i.e., w > 3.6 TeV. In the case Λ ¼ 2w, the value of
w ranges from 3 to 3.5 TeV.
From LHC searches, it follows that the lower bound on

the Z0 boson mass in 3-3-1 models is around 2.5 TeV [38].
Hence, the 3-3-1 scale ω is about 6.3 TeV. In addition, from
the decays Bs;d → μþμ− and Bd → K�ðKÞμþμ− [39–43] it

follows that the lower limit on the Z0 boson mass ranges
from 1 TeV to 3 TeV. Hence, both ordinary 3-3-1 and
3-3-1-1 models provide the similar bound on ω.

2. Picture (ii): Λ ≫ ω ≫ v ∼ u

If we assume Λ ≫ ω ≫ u ∼ v, three gauge bosons are
derived as [28–31]

m2
Z ≃

g2ðu2 þ v2Þ
4c2W

; ð29Þ

m2
Z1

≃ 4g2t22Λ2; ð30Þ

m2
Z2

≃
g2c2Wω

2

ð3 − 4s2WÞ
: ð31Þ

From the Table III and Eqs. (29)–(31), the W� boson and
the Z boson are recognized as two famous gauge bosons in
the SM. Now we turn to the main object—the effective
potential.

III. EFFECTIVE POTENTIAL

Within the above assumption, the Higgs potential is
given as follows [27–31],

Vðρ;η; χ;ϕÞ ¼ μ21ρ
†ρþ μ22χ

†χþ μ23η
†ηþ λ1ðρ†ρÞ2 þ λ2ðχ†χÞ2 þ λ3ðη†ηÞ2 þ λ4ðρ†ρÞðχ†χÞ þ λ5ðρ†ρÞðη†ηÞ þ λ6ðχ†χÞðη†ηÞ

þ λ7ðρ†χÞðχ†ρÞ þ λ8ðρ†ηÞðη†ρÞ þ λ9ðχ†ηÞðη†χÞ þ μ2ϕ†ϕþ λðϕ†ϕÞ2 þ λ10ðϕ†ϕÞðρ†ρÞ
þ λ11ðϕ†ϕÞðχ†χÞ þ λ12ðϕ†ϕÞðη†ηÞ; ð32Þ

from which, ones obtain V0 depending on VEVs:

V0 ¼
λϕ4

Λ
4

þ 1

4
λ11ϕ

2
Λϕ

2
ω þ λ2ϕ

4
ω

4
þ ϕ2

Λμ
2

2
þ 1

2
μ22ϕ

2
ω þ λ3ϕ

4
u

4
þ 1

4
λ12ϕ

2
Λϕ

2
u þ

1

4
λ6ϕ

2
uϕ

2
ω

þ 1

2
μ23ϕ

2
u þ

1

4
λ5ϕ

2
uϕ

2
v þ

λ1ϕ
4
v

4
þ 1

4
λ10ϕ

2
Λϕ

2
v þ

1

4
λ4ϕ

2
vϕ

2
ω þ 1

2
μ21ϕ

2
v: ð33Þ

Here V0 has quartic form like in the SM, but it depends on
four variables ϕΛ;ϕω;ϕu, ϕv, and has the mixing terms
between them. However, developing the potential (32), we
obtain four minimum equations. Therefore, we can trans-
form the mixing between four variables to the form
depending only on ϕΛ;ϕω;ϕu, and ϕv. Let us explain this
point in detail. The minimum conditions eliminate the
mixing only inside the actual VEV. The above mentioned

mixing is due to couplings between fields of the Higgs
potential. The Higgs masses do not have the mixing of
VEVs when the fields are inside actual VEV. Outside VEV,
the fields do not have masses. Hence the symmetry is
restored; and consequently the EWPT does not exist.
Furthermore, importantly, there are the mixings of VEVs

because of the unwanted terms such as λ4ðρ†ρÞðχ†χÞ,
λ5ðρ†ρÞðη†ηÞ, λ6ðχ†χÞðη†ηÞ, λ7ðρ†χÞðχ†ρÞ, λ8ðρ†ηÞðη†ρÞ,
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λ9ðχ†ηÞðη†χÞ, λ10ðϕ†ϕÞðρ†ρÞ, λ11ðϕ†ϕÞðχ†χÞ, and
λ12ðϕ†ϕÞðη†ηÞ in Eq. (32). To satisfy the generation of
inflation with ϕ-inflaton [28,31], the values λ10;11;12 can be
small, is about 10−10 − 10−6. Thus, λ4;5;6;7;8;9 must be also
small to make the corrections of high order interactions of
the Higgs will not be divergent.
In general, if we did not neglect these mixings, V0 will

have additional components Λv, Λω, ωv, uv. At the
temperature T, for instance, the effective potential depend-
ing on VEV v, will be an example form:

VeffðvÞ ¼ λv4 − Ev3 þDv2 þ λk:ω2v2 þ λj:Λ2v2 þ u2:v2

≈ λv4 − Ev3 þDv2 þ λi:ðω2 þ Λ2 þ u2Þv2 ð34Þ

The contours of the effective potential in (34) at ω2 þ Λ2 þ
u2 ¼ 1 TeV2 as a function of v for some values of λi is
plotted in Fig. 1.
From Fig. 1, we see that at arbitrary temperature T when

λi, i ¼ 4; ::; 9 increases, the second minimum of the
effective potential fades. For a first order phase transition,
the value of λi is not too large, so that the potential still has

two minima. We observe that if λi is enough small to have a
second minimum, at arbitrary temperature, the shape of the
effective potential remains the same in the absence of λi.
Therefore, we have one more reason to assume that λi must
be small and this mixing can be neglected. Hence, we can
write V0ðϕΛ;ϕω;ϕu;ϕvÞ ¼ V0ðϕΛÞ þ V0ðϕωÞ þ V0ðϕuÞþ
V0ðϕvÞ and ignore the mixing of different VEVs, otherwise
our phase transitions will be very complex or distorted.
In order to derive effective potential, we need the mass

spectrum of fields. Starting from the Lagrangian of the
scalars (both kinetic and potential terms) and Yukawa
interactions, and expanding Higgs fields around VEVs,
we obtain the mass terms for all fields in the 3-3-1-1 model.
The gauge sector in the 3-3-1-1 has ten gauge bosons: the

photon and nine massive gauge bosons. The latter includes
two massive like the SM Z and W� bosons, and two new
heavy neutral Z1, Z2 bosons, the charged gauge bosons Y�

and the neutral non-Hermitian bosons: X0;0� . The Higgs
sector contains four charged Higgs bosons H�

1 ; H
�
2 , seven

neutral Higgs bosons S4; A0
η; Aχ ; Sη; S0χ ; Sρ; H3. The model

consists of four heavy quarks U;D1; D2, top quark. Masses
of fields in the 3-3-1-1 model are presented in Table IV.
From the mass spectra, we can split masses of particles

into four parts as follows

m2ðϕΛ;ϕω;ϕu;ϕvÞ ¼ m2ðϕΛÞ þm2ðϕωÞ þm2ðϕuÞ
þm2ðϕvÞ: ð35Þ

Taking into account Eqs. (33) and (35), we can also split
the effective potential into four parts

VeffðϕΛ;ϕω;ϕu;ϕvÞ ¼ VeffðϕΛÞ þ VeffðϕωÞ þ VeffðϕuÞ
þ VeffðϕvÞ:

It is difficult to study the electroweak phase transition with
four VEVs, so we assume ϕΛ ≈ ϕω;ϕu ≈ ϕv over space-
times. Then, the effective potential becomes

i 0

i 0.03

i 0.06

0.2 0.4 0.6 0.8 1.0 1.2 1.4
v TeV

0.05

0.10

0.15

Veff TeV4

FIG. 1. The contours of the effective potential in (34) as a
function of v for some values of λi as λ ¼ 0.3; D ¼ 0.3; E ¼
0.6;Λ2 þ ω2 þ v2 ¼ 1 TeV2.

TABLE IV. Mass formulas of particles in 3-3-1-1 model.

Boson W� Y� X Z Z1 Z2

Squared mass g2

4
ðϕ2

u þ ϕ2
vÞ g2

4
ðϕ2

ω þ ϕ2
vÞ g2

4
ðϕ2

ω þ ϕ2
uÞ

Picture (i) Eq. (26) Eq. (27) Eq. (28)
Picture (ii) g2ðϕ2

uþϕ2
vÞ

4c2W
4g2t2Nϕ

2
Λ

g2c2Wϕ2
ω

3−4s2W
Neutral Higgs boson S0χ Sρ S4 A0

η Aχ Sη
Squared mass 2λ2ϕ

2
ω 2λ1ϕ

2
v 2λϕ2

Λ
λ9ϕ

2
ω

2
λ9ϕ

2
u

2
2λ3ϕ

2
u

Charged Higgs boson H1 H2 H3

Complex Higgs boson Complex Higgs boson
Squared mass ϕ2

uþϕ2
v

2
λ8

ϕ2
ωþϕ2

v
2

λ7
λ9ðϕ2

uþϕ2
ωÞ

2

Quark U D1 D2 Top
Squared mass 1

2
hU2ϕ2

ω
1
2
hD

2

11 ϕ
2
ω

1
2
hD

2

22 ϕ
2
ω

1
2
h2tϕ2

u
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VeffðϕΛ;ϕω;ϕu;ϕvÞ ¼ VeffðϕωÞ þ VeffðϕuÞ:

From Table IV, it follows that the squared masses of
gauge and Higgs bosons are split into three separated parts
corresponding to three SSB stages. It is consistent with the
analysis given in Ref. [9].
It is interesting to note that the way of splitting into two

or three phases performed in this paper is similar to that in
Ref. [44]. However, in this paper, the multiperiodicity of
phase transition is shown more transparently both in its title
and as well as in content.

IV. ELECTROWEAK PHASE TRANSITION
WITHOUT NEUTRAL FERMION

Taking phase transitions in this model into account, it is
important to find the activity domain of ω, Λ, u and v.
Looking at data in Ref. [45,46], we arrive to assumption:
mZ2

≥ 2.2 TeV. In addition, from Ref. [27], we also
assume mZ2

< 2.5 TeV. Hence

2.2 TeV ≤ mZ2
≤ 2.5 TeV: ð36Þ

From the constraint in (36), we will infer the domain values
of ω and Λ. It is worth mentioning that in the 3-3-1-1
model, the structure of symmetry breaking which can be
divided into two or three periods depending on scale of
VEVs as suggesting in the above two pictures.

A. Two periods EWPT in picture (i)

In picture (i), we have assumed Λ ∼ ω ≫ u ∼ v meaning
that the symmetry breaking or phase transition has two
periods. The first transition is SUð3Þ → SUð2Þ through
ω ∼ Λ, which generates masses of the heavy gauge bosons
X�, Y�, Z1, Z2, Higgs bosonsH2,H3, A0

η; S0χ; S4, and three
exotic quarks. The phase transition SUð3Þ → SUð2Þ only
depends on ϕω ∼ ϕΛ.
When our universe has been expanding and cooling due

to u scale, the symmetry breaking SUð2Þ → Uð1Þ is turned
on, which generates masses of the SM particles and the last
part of masses of H2, H3, X�, Y�. Therefore, phase
transition SUð2Þ → Uð1Þ only depends on ϕu ∼ ϕv.

1. Phase transition SU(3) → SU(2)

This phase transition involves exotic quarks, heavy
bosons, but excludes the SM particles. As a consequence,
the effective potential of the EWPT SUð3Þ → Uð1Þ
is VeffðϕωÞ.
Applying the Coleman-Weinberg’s method, the effective

potential VeffðϕωÞ is given as

VeffðϕωÞ ¼ DωðT2 − T2
0ωÞϕ2

ω − EωTϕ3
ω þ λωðTÞ

4
ϕ4
ω; ð37Þ

where

λωðTÞ ¼ −
m4

A0
η
log

�m2

A0η
T2ab

�
16π2ω4

−
m4

H2
log

�
m2

H2

T2ab

�
8π2ω4

−
m4

H3
log

�
m2

H3

T2ab

�
16π2ω4

−
m4

S0χ
log

�m2

S0χ
T2ab

�
16π2ω4

−
m4

S4
log

�m2
S4

T2ab

�
16π2ω4

−
3m4

X log
�

m2
X

T2ab

�
8π2ω4

−
3m4

Y log
�

m2
Y

T2ab

�
8π2ω4

−
3m4

Z1
log

�
m2

Z1
T2ab

�
16π2ω4

−
3m4

Z2
log

�
m2

Z2
T2ab

�
16π2ω4

þ
3M4

D1
log

�
M2

D1

T2af

�
4π2ω4

þ
3M4

D2
log

�
M2

D2

T2af

�
4π2ω4

þ
3M4

U log
�

M2
U

T2af

�
4π2ω4

þ
m2

A0
η

2ω2
þm2

H3

2ω2
þ

m2
S0χ

2ω2
þ m2

S4

2ω2
; ð38Þ

Eω ¼
m3

A0
η

12πω3
þ m3

H2

6πω3
þ m3

H3

12πω3
þ

m3
S0χ

12πω3
þ m3

S4

12πω3
þ m3

X

2πω3
þ m3

Y

2πω3
ð39Þ

þ
mZ3

1

4πω3
þ m3

Z2

4πω3
; ð40Þ

Dω ¼
m2

A0
η

24ω2
þM2

D1

4ω2
þM2

D2

4ω2
þ m2

H2

12ω2
þ m2

H3

24ω2
þ

m2
S0χ

24ω2
þ m2

S4

24ω2
þ m2

X

4ω2
þ m2

Y

4ω2
þm2

Z1

8ω2
þm2

Z2

8ω2
þ M2

U

4ω2
; ð41Þ

Fω ¼
m4

A0
η

32π2ω2
−
m2

A0
η

4
−

3M4
D1

8π2ω2
−

3M4
D2

8π2ω2
þ m4

H2

16π2ω2
þ m4

H3

32π2ω2
−
m2

H3

4
þ

m4
S0χ

32π2ω2
−
m2

S0χ

4

þ m4
S4

32π2ω2
−
m2

S4

4
þ 3m4

X

16π2ω2
þ 3m4

Y

16π2ω2
þ 3m4

Z1

32π2ω2
þ 3m4

Z2

32π2ω2
−

3M4
U

8π2ω2
; ð42Þ
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and

T2
0ω ≡ −

Fω

Dω
: ð43Þ

The minimum conditions are

Veffð0Þ ¼
∂VeffðϕωÞ

∂ϕω

				
ω

¼ 0;

∂2VeffðϕωÞ
∂ϕ2

ω

				
ω

¼ m2
A0
η
þm2

H3
þm2

S0χ
þm2

S4
: ð44Þ

The values of VeffðϕωÞ at the two minima become equal
at the critical temperature and the phase transition strength
are

Tcω ¼ T0ωffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − E2

ω=DωλTcω

q ;

Sω ¼ 2Eω

λTcω

:

From Eqs. (26)–(28), with the limit of mZ2
given in

Eq. (36), it follows: 5.856 TeV ≤ ω ∼ Λ ≤ 6.654 TeV.
In this work, we assume ω ¼ 6 TeV, so that mZ1

¼
8.304 TeV andmZ2

¼ 2.254 TeV. The problem here is that
there are nine variables: the masses of U;D1; D2; H2; H3

and A0
η; S0χ ; S4; Z1. However, for simplicity, we assume

mU¼mD1
¼mD2

¼mH2
≡O, mA0

η
¼mS0χ ¼mH3

¼mS4 ≡P.
Consequently, the critical temperature and the phase
transition strength are the function of O and P; therefore
we can rewrite the phase transition strength as follows

Sω ¼ 2Eω

λTcω

≡ SωðO;P; SωÞ: ð45Þ

In Figs. 2 and 3, we have plotted the relation between
masses of the charged particles O and neutral particles P
with some values of the phase transition strength
at ω ¼ 6 TeV.
The mass region of particles is the largest at Sω ¼ 1, the

mass region of charged particles and neutral particles are

0 ≤ mExoticQuark=ChargedHiggsboson ≤ 7000 GeV;

0 ≤ mH3
≤ 2600 GeV:

From Eq. (45) it follows that the maximum of Sω is
around 70.

2. Phase transition SUð2Þ → Uð1Þ
In this period, the symmetry breaking scale equals to

u ¼ 246=
ffiffiffi
2

p
and the masses of the SM particles and apart

of masses of X; Y;H1; H2; H3; Aχ ; Sη are generated.
There are six variables corresponding to the masses

of bosons H1, H2, Aχ , Aη, H3, Sρ. For simplicity,
we assume: mH1

¼ mH2
≡ K, mAχ

¼ mSη ¼ mH3
≡ L,

and mSρ ¼ 125 GeV.
The effective potential of EWPT SUð2Þ → Uð1Þ is given

as

VeffðϕuÞ ¼
λuðTÞ
4

ϕ4
u − EuTϕ3

u þDuT2ϕ2
u þ Fuϕ

2
u:

The minimum conditions are

Veffð0Þ ¼
∂VeffðϕuÞ

∂ϕu

				
u
¼ 0;

∂2VeffðϕuÞ
∂ϕ2

u

				
u
¼ m2

Aχ
þm2

H3
þm2

Sη
þm2

Sρ
; ð46Þ

where

S=1
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S
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FIG. 2. The mass area corresponds to Sω > 1.
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FIG. 3. The mass area corresponds to Sω > 1 with real TC
condition. The gaps on the lines (S ¼ 1, 2, 3) correspond to
values making TC to be complex.
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Du ¼
m2

Aχ

24u2
þ m2

H1

12u2
þ m2

H2

12u2
þ m2

H3

24u2
þ

m2
Sη

24u2
þ

m2
Sρ

24u2
þm2

W

4u2
þm2

X

4u2
þ m2

Y

4u2
þ m2

Z

8u2
þM2

t

4u2
;

Fu ¼
m4

Aχ

32π2u2
−
m2

Aχ

4
þ m4

H1

16π2u2
þ m4

H2

16π2u2
þ m4

H3

32π2u2
−
m2

H3

4
−
m2

Sη

4
−
m2

Sρ

4

þ
m4

Sη

32π2u2
þ

m4
Sρ

32π2u2
þ 3m4

W

16π2u2
þ 3m4

X

16π2u2
þ 3m4

Y

16π2u2
þ 3m4

Z

32π2u2
−

3M4
t

8π2u2
;

Eu ¼
m3

Aχ

12πu3
þ m3

H1

6πu3
þ m3

H2

6πu3
þ m3

H3

12πu3
þ

m3
Sη

12πu3
þ

m3
Sρ

12πu3
þ m3

W

2πu3
þ m3

X

2πu3
þ m3

Y

2πu3
þ m3

Z

4πu3
;

λuðTÞ ¼−
m4

Aχ
log

�m2
Aχ

T2ab

�
16π2u4

−
m4

H1
log

�
m2

H1

T2ab

�
8π2u4

−
m4

H2
log

�
m2

H2

T2ab

�
8π2u4

−
m4

H3
log

�
m2

H3

T2ab

�
16π2u4

−
m4

Sη
log

�m2
Sη

T2ab

�
16π2u4

−
m4

Sρ
log

�m2
Sρ

T2ab

�
16π2u4

−
3m4

W log
�

m2
W

T2ab

�
8π2u4

−
3m4

X log
�

m2
X

T2ab

�
8π2u4

−
3m4

Y log
�

m2
Y

T2ab

�
8π2u4

−
3m4

Z log
�

m2
Z

T2ab

�
16π2u4

þ
3M4

t log
�

M2
t

T2af

�
4π2u4

þ
m2

Aχ

2u2
þm2

H3

2u2
þ
m2

Sη

2u2
þ
m2

Sρ

2u2
:

The critical temperature and the phase transition strength
are given by

Tc ¼
T0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − E2

DλTc

q ; S ¼ 2E
λTc

: ð47Þ

Like the phase transition SUð3Þ → SUð2Þ, in Fig. 5 we
have plotted the relation between masses of the charged
particles K and neutral particles L with some values of the
phase transition strength.
However, we can fit the mass of heavy particle one again

when considering the condition of Tc to be real, so that
Fig. 4 is redrew to Fig. 5 and the maximum of strength is
reduced from 3 to 2.12.
The mass region of neutral and charged particles given in

Table V leads the maximum phase transition strength which
must be 2.12. This is larger than 1 but the EWPT is not
strong.

B. Three period EWPT in picture (ii)

In picture (ii),m2
Z2

≃ g2c2Wω
2

ð3−4s2WÞ
with the limit ofmZ2

given in

Eq. (36), we obtain 5.53 TeV ≤ ω ≤ 6.3 TeV. Therefore,
we also assume ω ¼ 6 TeV in this picture.
Because Λ ≫ ω ¼ 6 TeV and ω ≫ u ∼ v, therefore

there are three periods. The first process is SUð3ÞL ⊗
Uð1ÞX ⊗ Uð1ÞN → SUð3ÞL ⊗ Uð1ÞX. The second one is
SUð3ÞL ⊗ Uð1ÞX → SUð2ÞL ⊗ Uð1ÞX. The third process
is SUð2ÞL → Uð1ÞQ. The third process is like SUð2Þ →
Uð1Þ in the picture (i).
The first process is a transition of the symmetry breaking

of Uð1ÞN group. It generates mass for Z1 through Λ or
Higgs boson S4. The third process is like the SUð2Þ →
Uð1Þ EWPT in picture (i). The second process is like the
SUð3Þ → SUð2Þ in picture (i) but it does not involve Z1

and S4.
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FIG. 4. The strength S ¼ 2Eu
λTc
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FIG. 5. The strength EWPT S ¼ 2Eu
λTc

with Tc must be real.

TABLE V. Mass limits of particles with TC > 0.

Strength S K½GeV� L½GeV�
1.0–2.12 195 ≤ K ≤ 484.5 0 ≤ L ≤ 209.8
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The second process has the effective potential is like
Eq. (37). In addition, parameters and the minimum con-
ditions are like Eqs. (38), (40)–(44) without Z1 and S4.
In our numbering process, when we import real TC, the

mass region of charged and neutral particles are

0 ≤ mExoticquark=ChargedHiggsboson ≤ 4000 GeV;

0 ≤ mH3
≤ 1000 GeV:

The mass region of charged bosons is narrower than that in
the Fig. 6. From Eq. (45), the maximum of S has been
estimated to be around 100.

V. THE ROLE OF NEUTRAL FERMIONS IN EWPT

The masses of NR can be generated by the scalar
content by itself via an effective operator invariant under
the 3-3-1-1 symmetry and W-parity [27]:

λab
M

ψ̄C
aLψbLðχ†χÞ: ð48Þ

The mass scale of NR is unknown, but it can be taken in
TeV scale. However, the analysis of the scattering of NR
with distributions of X; Y; Z2 bosons given in [27] leads to a
consequence that the mass ofNR is equal or less than that of
the Z2 boson as follows

mNR
¼ m2

Z2

2.557 TeV
≤ mZ2

: ð49Þ

In the SUð3Þ → SUð2Þ, if we add the contribution of
neutral fermions, then the maximum of S would decrease.
However, the neutral fermions do not lose the first-order
EWPT as shown in Table VI.
In Table VI, we have only estimated the maximum

strengths and showed that these maximum values are
significantly reduced. However, it is very difficult to
calculate these values accurately because of the existence
of many parameters (the masses of heavy particles); and
these values can change slightly (but not too much) with
different approximations. Looking at the Table VI, the
following remarks are in order:
(1) In case of the neutral fermion absence. In the picture

(i), if Z1 boson is involved in the SUð3Þ → SUð2Þ
EWPT; the contribution of Z1 makes increasing E
and λ, but λ increases stronger than E. The strength
S ¼ 2E

λTc
gets the value equals 70. For the picture (ii),

the mentioned value equals 100.
(2) In case of the neutral fermion existence. When the

neutral fermions are involved in both pictures, Smax
in picture (ii) decreases faster than Smax in picture (i).
The strength gets values equal to 50 and 30 for the
picture (i) and (ii), respectively.

If the neutral fermions follow the Fermi-Dirac distribu-
tion (i.e., they act as a real fermion but without lepton
number), they increase the value of the λ andD parameters.
Thus, they reduce the value of strength EWPT S, because
S ¼ E

2λTc
and E do not depend on the neutral fermions.

This suggests that DM candidates are neutral fermions
(or fermions in general) which reduce the maximum value
of the EWPT strength.
However, the EWPT process depends on bosons and

fermions. The boson gives a positive contribution (obey the
Bose-Einstein distribution) but the fermion gives a negative
contribution (obey the Fermi-Dirac distribution). In order to
have the first order transition, the symmetry breaking
process must generate mass for more bosons than fermions.
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FIG. 7. The strength EWPT Sω¼ 2Eu
λTc

with ω ¼ 6 TeV.
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FIG. 6. The strength EWPT Sω¼ 2Eω
λTc

with ω ¼ 6 TeV.
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In addition, in this model, the neutral fermion mass is
generated from an effective operator. This operator which
demonstrates an interaction between neutral fermions
and two Higgs fields. The above neutral fermion is very
different from usual fermions. TheM parameter in (48) has
an energy dimension, and it may be an unknown dark
interaction. Thus, the neutral fermions only are effective
fermions, according to the Fermi-Dirac distribution, but
their statistical nature needs to be further analyzed with
other data.

VI. CONCLUSION AND OUTLOOKS

In this paper, we have considered the EWPT in the 3-3-1-1
model where the SSB can be separated into two or three
scales. Hence, in the model under consideration, the EWPT
consists of two pictures. The first picture containing two
periods of EWPT, has a transition SUð3Þ → SUð2Þ at 6 TeV
scale and another is SUð2Þ → Uð1Þ transition which is the
like-standard model EWPT. The second picture is an
EWPT structure containing three periods, in which two first
periods are similar to those of the first picture and another
one is the symmetry breaking process of Uð1ÞN subgroup.
The EWPT is the first order phase transition if new bosons
with mass within range of some TeVs are triggers for the
purpose. The maximum strength of the SUð2Þ → Uð1Þ
phase transition is equal to 2.12 so the EWPT is not strong.
We have focused on the neutral fermions without

lepton number being candidates for DM and obey the
Fermi-Dirac distribution, and have shown that the men-
tioned fermions can be a negative trigger for EWPT.
Furthermore, in order to be the strong first-order EWPT
at TeV scale, the symmetry breaking processes must
produce more bosons than fermions or the mass of bosons
must be much larger than that of fermions.
It is known that the mass of Goldstone boson is very

small [46] and the physical quantities are gauge indepen-
dent so the critical temperature and the strength is gauge
independent [19]. Consequently, the survey of effective
potential in Landau gauge is also sufficient, or other word
speaking, it is just consider in determined gauge. Thus, it
is a reason why the Landau gauge is used in this work. In
this paper, the structure of EWPT in the 3-3-1-1 model
with the effective potential at finite temperature has been
drawn at the 1-loop level; and this potential has two or
three phases.
We have analyzed the processes which generate the

masses for all gauge bosons inside the covariant

derivatives. After diagonalization, the masses of gauge
bosons do not have mixing among VEVs. Therefore, the
EWPT stages are independent of each other [9].
To avoid higher (six) order Higgs self-interaction in the

effective potential, the f parameter associated with triple
scalar antisymmetric coupling is ignored. Thus calculating
the corrections with f can reveal many new physical
phenomena. In addition, from the phase transitions, we
can get some bounds on the Higgs self-couplings.
In conclusion, the model has many bosons which will be

good triggers for first-order EWPT. The situation is that as
less heavy fermion as the result will be better. However,
strength of EWPT can be reduced by many bosons (such as
Z; Z1; Z2 in the 3-3-1-1 model).
The new scalar particles playing a role in generation

mass for exotic particles, increase the value of EWPT
strength. Because these scalar fields follow the Bose-
Einstein distribution, so that they contribute positively to
the effective potential. With the help of such particles, the
strength of phase transition will be strong. As mentioned
above, their masses depend just on one VEV, so they only
participate in one phase transition. Moreover, among the
neutral fermions, they may be candidates for DM. From the
point of view of the early universe, the above particles can
be an inflaton or some product of the inflaton decay.
Although we only work on the 3-3-1-1 model, this

manipulation can still apply to other models with multi-
period EWPT. We find that the results about bosons in
Ref. [22] or new models (with SUð5Þ or SUð6Þ groups) in
Ref. [21], can be a benchmark or may contain new material
for the problem considered here-triggers for EWPT.
The heavy neutrinos or quarks mixing, in Ref. [3], are an

interesting issue, and they may be the source for CP
violations. In order to analysis in detail baryogenesis, our
next works will consider CP violations and correction of
neutral fermion-dark matter.
The model under consideration is an extension of the SM

symmetry group, so it is renormalizable and there are no
Landau poles when choosing the appropriate parameters.
Inflation and kineticmixing effect via ρ parameter have been
performed in Refs. [27–29]. We will also perform one UV
completion of this model without the f term in the Higgs
potential.
It is interesting to note that the bound (w > 3.2 TeV)

obtained here from the EWPT is consistent with those
followed from the oblique corrections in Ref. [30].
The largest cutoff of this model is Λ, may not be option.

In addition, energy scale of the model goes from high to

TABLE VI. Values of the maximum of EWPT strength with ω ¼ 6 TeV.

Period Picture mZ2
[TeV] mN−R[TeV] SMax without NR SMax with NR

SUð3Þ → SUð2Þ (i) 2.386 2.227 70 50
SUð3Þ → SUð2Þ ðiiÞ 2.254 1.986 100 30
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low (Λ → ω → u ∼ v) so that the model has two cutoff
scales which larger than 246 GeV. This is a common thing
of all beyond SM.
We see that this model is correct for the 246 GeV

energy scale; the model has materials for the first order
EWPT. However, this does not confirm that the model
is correct at arbitrary energy level which requires further
study/experimentation.
We also recognize that phases occur at different energy

scales. The UV completion from the low to high scale, has
been not clearly linked. In order to construct model, we

need to consider EWPT, because the EWPT will make the
appearance of UV completion. Therefore, in the next work
with 3-3-1-1 model revisited, we will correct the model in
combining with the UV completion for the Higgs potential
as in Ref. [47].
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