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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 SU(3) — SU(2) at
6 TeV scale and another is SU(2) — U(1) 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 U(1), 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 SU(2) — U(1) 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
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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

A
Ve = D.(T? = T2)0* — ETv + ZT”4’ (1)
where v is the VEV of Higgs boson. The first order EWPT
binds that the strength of phase transition should be larger
than the unit (S = 1T— > 1, where v, is VEV of Higgs field at

a critical temperature T.).

The effective potential V. in Eq. (1) is a function of
temperature and VEVs. It can have one or two minimums
when the temperature goes down. At 7', the two minimums
are separated by a potential barrier, the VEV of 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 SU(5) and SU(6) groups Ref. [21] or the SU(3), ®

U2), ®U(1)y(® U(l)y) 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 SU(3). ® SU(3), ® U(1)y 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.! 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

'With the help of discrete Zy symmetries, the 3-3-1 model
with f = —= can provide solutions of neutrino mass and mixing,

DM and 1nflat10n Refs. [25,26].

Ref. [27] based on SU(3) ® SU(3), @ U(1)y ® U(1)y
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. VL.

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 SU(3). ® SU(3), ®
U(1)y ® U(1)y, 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 SU(3), triplets
and antitriplets as follows [27]

1 2
YVaL = (UaLveaL’ (NaR)C)T ~ <17 3, __’__),

373

w~(1,1,-1,-1), w~(1,1,0,-1),
Q(IL = (dar, =ttar, Do)’ ~ (3,3%,0,0),
= (uzp,da, Up)" ~(3,3,1/3,2/3),

11
(3’ ’3 3) d (3’ ' 3 3)
2 4 1 2
URN<3a1a§1§>a D(XRN(3?15_§?_§>5 (2)

where @ = 1, 2, 3 and @ = 1, 2 are family indices. N, 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 SU(3)c,
SU(3), assignment, its X and N charges, respectively.
The Higgs sector of the model under consideration
contains three scalar triplets and one singlet as follows
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TABLE 1.
model.

Nonzero lepton number L of fields in the 3-3-1-1

Patticle v e N U D n3 p3s 1 x» ¢

L 1 1 0 -1 1 -1 -1 1 1 -2

n=(nl,nm.n)" ~(1,3,-1/3,1/3),
x=00 7.7 ~(1,3,-1/3,-2/3), (3)

p=(pf phpi) ~(1.3.2/3.1/3), ¢~ (1.1,0.2).

(4)

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 £ [33]. Assuming the
bottom element in lepton triplet (N,r) without lepton
number, ones have [27]

2
B-L \/ng + N. (5)
Note that in this model, not only leptons but also some
scalar fields carry lepton number as seen in Table 1.
From Table I, we see that elements at the bottom of 7 and
p triplets carry lepton number —1, while the elements
standing in two first rows of y triplet have the opposite
one +1.
To generate masses for fermions, it is enough that only
neutral scalars without lepton number develop VEV as
follows

0-(a). (o)
o= (0.75.0)" (©)

For the future presentation, let us remind that in the model
under consideration, the covariant derivative is defined as
D” = aﬂ - igstiGi;A - igTiAi;t - ngXB# - l.gNNC”, (7)
|

where G, A, B,,,C, and g, g,gx,gy correspond
gauge fields and couplings of SU(3)., SU(3),, U(1)y
and U(1), groups, respectively.
The Yukawa couplings are given as
Lyukawa = MopWarpesr + NopWaror + My, VorVord®
+hY 03 xUg + h5Qar" Dyr
+ Ry Q3 nitag + hiQs.pdar
+ W, Qi dpg + hiyQurp upr + Hee. (8)

From Eq. (8), it follows that masses of the top and bottom
quarks as follows

h.u hyv
= ™
while masses of the exotic quarks are determined as
® ) )
my =—hv; mp =——h?: mp, = —h.
U \/§ D, \/E 11 D, \/i 22

The Higgs fields are expanded around the VEVs as
follows

S, +iA S|+ iA!
— () + /’/_<n 1= 2 '7>’
n=u+n'.n 5 T
S, +iA,
p={p)+p.p = (p*,#»p#),
S, +iA S+ iA!
x:<x>+z’,/=+(* e an )
V2 V2
A S, +iA,
=(p)+¢ =—F=+—1—. 9
¢ = (p)+¢ NG NG 9)

It is mentioned that the values u and v provide masses for
all fermions and gauge bosons in the SM, while @ gives
masses for the extra heavy quarks and gauge bosons. The
value A plays the role for the U(1), breaking at high scale;
and in some cases, it is larger than .

The scalar potential for Higgs fields is a function of
eighteen parameters

V(p.n.x.¢) = 10" p + wax'x + 130 n + 4 (p"p)* + 200 x)* + 23(n'n)?
+ 24" p) 0a) 4+ 25 (0 p) (1) + 26 (x20) (')
+ 20 0)Gp) + 25(0"n) (n'p) + 29 (e ') (n ) + fE™ P Nmpuip +Hoc.)
+ 1"+ APTP)* + Aio(d" ) (') + A (@) (T x) + AT D) (). (10)

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 w) 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
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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, u;,3; and 4;, i=
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

Vpnr.d) =Vo+ Vit D (Vs +Va +V)

i=p..x
+ Vs, + V4, + Interaction terms, (11)
where V, and V; are the minimum interaction term being

independent of scalar fields and linear dependent on fields,
respectively:

Vo = # + = Aw? + 4 :)4 Azzﬂz + %H%aﬁ
/13‘:‘ + - 212A2u2—|— /1614 w?
+;ﬂ3u2+4zsu2 2+/“4” +1210A2v2
+%/14v2w2 +%u?vz’ (12)

Azﬂlz ﬂﬁa)

(72
(

+12602 +ﬂ% +

2
e

1 1 1
V] = S,7 Mﬂ% —|—/13u3 +§l5MU2 +—16MC¢)2 +—/1]2MA2:|

2 2

1 1 1
+ 8, vt + A v° + E/lwa)z + 5/151421) + 5/1101]/\2}

[ 1
+5, op3 + Lo’ + 5/14a)v2 +

1 1
5/161/!2(1) + 5/1110)A2:|

1 1 1
—+ S4 A,le +)«A3 +§/1101)2A+—/111A602 +5112AM2:| .

2
(13)

conditions are

Hence, the potential minimization

obtained by

M(ﬂlez + 2.6602 + 2/1% + 2/13142 + 151}2) = O, (14)

oA A? + 20,07 + 2u5 + Agu® + A40*) =0,  (15)

U(/IIOAZ + 14602 + 2/1% + ASMZ + 2)4] 1)2) = 0, (16)

A(QJ,AZ + 1110)2 + 2/42 + 2121/[2 + 1101)2) = 0 (17)

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

ﬂsU /181)
2 2

1
+ +/A3 + Jyu? +—+—) nty” +§/18u1)7fp_

A2 1
=)+ ( 7 >x+)(‘ + 5/171)0))(‘9’*,

2
A2} Ir@w? A
0 AT A

2 2
17 0)2

=h(p" P+ (=

N N
[\

1 .
)p’ﬁl" + o Aqvay’p

1
X+ 34 vay p't

ﬂ’]Uz 1402
2 + 2

Asu?  dgu?

1
+ v >p+p_ + Eﬂguvn‘pT

Agu? 1
8—>p*p‘ + 5 Asuvn '

Asu?

1
+2+ 2 llv2>p’+p’_ + 5/171)60)(Tp/_

2

(18)
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From the above equations, after some manipulations, the mass terms of charged Higgs bosons are given by

2

w? 1 .
+ <ﬁ>ﬂ/+[)/_ +§/1711a))('/)’

Agv Agu? 702
Vﬁfgsés:(g—) T+5 /1814“7/) +( 2 )pp +5 ﬂsuvnp +( > ))()( +5 /17vw;(p

2
ur+ 112/1 (vn* + up*) (1117‘ + up‘) n w® + 112/1 (vn* + wp*) <w7‘ + cop‘)
2 s \/u2+1)2 \/uz—i—v2 2 7 Var + v? Vo + v?
u? + v? _ o’ + v?
— 2 /18HTH1 + A7H+H2

— 2 HYH- 2 g+
=my H{ Hj —|—mH2H2H2,
where

o+ wp™ , ur+? , @ +?

+ . +_ . _
=Vare MTmTe T M e )
Similarly, the part of neutral Higgs bosons is given by:
l 1 1 ﬂz llzuz /1101]2 /1
A 3 1 2 dpu? Ayov? A
Vs, =2Si+ <§/1A2+Za)2/111 +”7+ IZ” + 12” )Sz—ZSjH—/szi,
/13 A2/112 1660 ”2 /131/! ﬂsU /13
1% Al S A=A
A~4+<4+4+2+2+4 4
/1'; /4 Azﬂlz /16602 /19602 /4% /131/1 /151) n /13 14 /1960 /2
R R TR A R M R
A I\ ha? 3 Agu*  Agut  Agv A Aou?
Va, = 42A34f+< 4“+22 +22+64 +94 44 )Aﬂ% 42/‘;+94 A%
12 A lll /12602 ﬂ% /161/!2 141) 12
224 At MY MU\ _ M2
Va, =34 <4+2+2+4+4 rT e
A A%A A0? 2 Z 4o A A
Va, = 41Aﬁ+< 41°+ 4:) +%+—5Z +=5 >A2 4‘A;*,: D54 4 udyS3 + uPS2,
A A%A 34 A A A
A A%A A A A
Vs, =5 Sh+ oS, +< 41°+%+”2‘+%+ v ) =78} oS, + L0?S), (20)
A A?2 Ae®® Ao 2 A 1 A3 Aow? 1
Vs, = 43S§,4+< e s s )S’2+2/19uwS’S =28+ ST 4 S douwS S,
/12 4 A2/111 /12(1) ﬂ% /161/!2 /19”2 l47j o /12 4 lgu 0
Vs, = 4Sx+< 1 +T+7+ ) + 1 + ) S, = 4Sl+ 1 Sy (21)
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TABLE II. The neutral Higgs boson masses.
Neutral Higgs boson Sy Ay A, S, s, S, H;
Squared mass 2IA2 Joa? s 2su 207 2,02 Jo(trat)

Combination among S, and §', yields

A Aout?

VulS,.S,) = 9:’ $2 42 /lgua)S’ S, + 7283
A
- 29 (0?87 4 2uwS', S, + u*S3)
_ Ao(u? + w?) ( S, us, )2
4 Vid + o*  Vu? + o?
Ao(u? + w?) 1
D E— (H3)* = 5’"%13 (Hs)*, (22)
where physical boson Hj is given by
Hy=— 2% “S . with my, = F),
Vid+a? Vil o . 2
(23)

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

u

S

£Hld§b —

gauge

v

o *®

8
LG 24y 2
8 NE

where we have denoted ty = gg" Iy = %’V, and

—— Ay, FiAy,
H \/—2—
The mass Lagrangian can be rewritten as [28-31]

gauge g 2 2\ T+ T — 92
Emagg —Z(u + v )W % +Z(

2+ @?) Y'Y~ +7

Remember that the massless Goldstones bosons are: X
Ay Ay, A}’(,Al, 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

camEe = S (D)7 (D, (@)).

P

Substituting the scalar multiplets #, p, y, and ¢ with their
covariant derivative, we obtain

u? Ag, 2 2 2 0 w0
[(A3ﬂ \/_ 3Byt 3 tNC”) +2W, W 42X, X ﬂ}
2 2 2

+ [(—A3M f 3 zXB +3 zNC,,> +2W W 4 2Y;;Y—ﬂ]

4 2
txB, — 3 th,,> +2Y, Y+ + 2X2*X0”] + 294 N*C2,

(24)

Az
2 1 A
I (w2 + )X X0 + S (AsagBe| .

C

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

bosons is found to be

%(uz + v2) usygz tx(u2;21)2) M
22 2 (12t 2P d?
M2 — g B t(u? +v* + 40?) U 32& %) iy :;{4«) )
2| - lx<u23+21‘12) - tx<u2_32\(/1§+w2>) % (M +40° + o ) - % tXtN(uz - 2(1)2 + a)z))
M W —Zrxty(? =20 + @?)) 353 (u? + 0 + 4(0* 4 9A?))
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The non-Hermitian gauge bosons W+, X*% and Y+ are
physical fields with corresponding masses:

g g
m%vzz(u2+vz), m%:z(u2+w2),

&
m} = Z(vz + @?).

Because of the constraints u,v <<®, we have
my <K my ~my. The W boson is identified as the SM
W boson. It follows

u? + v* = (246 GeV)>2.

The X and Y fields are the new gauge bosons with the large
masses given in the w 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, uw, vw, 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): A~o>v~u

The physical neutral gauge bosons are derived
through the following transformation (As,Ag, B,C) —
(A,Z,Zz,Zl):

As A
Ag

=U,U,U; z,
C Z

TABLE III. The mass of charged gauge bosons.

Gauge boson w Y X

f@+r) §@+) G+

Squared mass

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

The first step: M = UTM?U,,
The second step: M"? = UM U,,

The final step: M"'* = UTM"*U; = diag(0,m7, m7 ,m3 ),

where
Sw Cw 0 0
— Sy sty 1-% 0
U — /i i s 0
t%ﬂ/ t%v tw
Cw 1—? —Sw 1_T % 0
0 0 0
1 0 O 0
1 0 0
0O 1 0 0
e O e P
C —S
0 —&" 1 £
0 0 SE Cf

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

P VA% +3{3A%[(215 = 3)u® + (413 + 3)0?] + Z*(u® + v?)}
b AN (1% + 3)%0?

€ = B4 + 3(u® + v?)
8A%(t% +3)3 2ty
e o 4\/@@\,@2 ,
(3 + 13)w? — 413, (w* + 9A?)
\/gfx

sy =YX~ 0231
V3 +An

<1,

<1,

Finally we obtain the masses of neutral gauge bosons as follows

ml o

& (u? +v?)

2
deyy

, (26)
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ml, 2T (3 + R + 45 (0 +9N7) + V(G + B)o? 48 (@2 + 9A))? + 16(3 + ) Ra?). 27)
2
m, :f—((3 + 12)0? + 483, (0* + 9A?) — \/((3 + 1%)w? — 4% (0? + 9A?))? + 16(3 + 13)13w*). (28)

From the experimental data Ap < 0.0007, ones get u/w <
0.0544 or w > 3.198 TeV [27] (provided that u =
246/ V2 GeV as mentioned). Therefore, the value of w
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 A > 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 extra U(1), subgroup, the kinetic terms give an effect
on the p 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 A > w, the Ap
relating to the oblique parameter 7 depends only on w and
p-the parameter appeared in the electric charge operator,
noton A, %’V and on §-the coefficient of mixing between B,

and C,, [30]. In the case of A > w, the result is the same as
before, i.e., w > 3.6 TeV. In the case A = 2w, the value of
w ranges from 3 to 3.5 TeV.

From LHC searches, it follows that the lower bound on
the Z’ boson mass in 3-3-1 models is around 2.5 TeV [38].
Hence, the 3-3-1 scale w is about 6.3 TeV. In addition, from
the decays B, ; — ppu~ and By — K*(K)u"p~ [39-43] it
|

follows that the lower limit on the Z' 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 .

2. Picture (ii): A>w>v~u

If we assume A > w > u ~ v, three gauge bosons are
derived as [28-31]

2 u2 + U2
4ey,
~4g713A2, (30)
2 o gZC%VwZ (31)

"n = (3 as)

From the Table III and Egs. (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],

V(p..s#) = 150 p + wax x +usn'n+21(0"p)* + 220 x) + 23(n"n)> + 24 (p"p) (e '20) + 25 (p*p) (1) + 26 (x20) (")
+ 420070 G p) + 280 ) (17p) + A0 (') (n'a) + 12T+ A7) + Aio(@7 ) (pTp)
+ (@) ) + A2 (D7) (™). (32)
from which, ones obtain V|, depending on VEVs:
Vo= MiA + -4 1¢A¢2 ﬂzjﬁi ¢ > 2 2¢ /13454 G- /16452
2B 215 T L0+ LA+ i (33)

Here V has quartic form like in the SM, but it depends on
four variables ¢y, ¢, ¢,, ¢,, 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 ¢y, ¢,,, ¢,, and ¢,. 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 A4(p'p)(xy),

250 )™ n), A6 x) (' n), 220" x)(xp). As(p™n)(n'p),
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Ve (TeV*)
0.15
0.10 |
A =0.06
0.05 2;=0.03
)(,':0
P R R S T w“x“‘x“‘v(TeV)
02 04 06 08 10 12 14

FIG. 1. The contours of the effective potential in (34) as a
function of » for some values of 1, as 1 =0.3,D =03,E =
0.6, A> + @ + v?2 = 1 TeV2.

WGm'y), Ao @' d)p'p).  n(d'd)(r"x), and
Aa(@*@)(n'n) in Eq. (32). To satisfy the generation of
inflation with ¢-inflaton [28,31], the values 4, ;; 1, can be
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, V will
have additional components Av, Aw, wv, uv. At the
temperature T, for instance, the effective potential depend-
ing on VEV ¢, will be an example form:

Veir(v) = 2t — Ev? 4+ Dv? + A.w®v* 4 1;.A*0* 4+ u? v?
~ vt — Evd + Dv? + 1. (0® + A+ u?)® (34)

The contours of the effective potential in (34) at w* + A? +
u?> =1 TeV? as a function of v for some values of /; is
plotted in Fig. 1.

From Fig. 1, we see that at arbitrary temperature 7 when
Ai, 1=4,..,9 increases, the second minimum of the
effective potential fades. For a first order phase transition,
the value of 4; is not too large, so that the potential still has

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

two minima. We observe that if /; is enough small to have a
second minimum, at arbitrary temperature, the shape of the
effective potential remains the same in the absence of 4.
Therefore, we have one more reason to assume that A; must
be small and this mixing can be neglected. Hence, we can
write V0(¢A’ ¢w’ ¢u’ ¢v) = V0(¢A) + V0(¢a)) + V0(¢u)+
Vo(¢,) 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 Z,, Z, bosons, the charged gauge bosons Y+
and the neutral non-Hermitian bosons: X%Y". The Higgs
sector contains four charged Higgs bosons Hi, Hy, seven
neutral Higgs bosons S4,A{7,AZ, Ay S)’(, S, H3. The model
consists of four heavy quarks U, Dy, D,, 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

m2(¢A7 ¢w7 ¢u’ ¢1}) = m2(¢A) + m2(¢w) + m2(¢u)
+m?(¢,). (35)

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

Vet (Pas P Pus b0) = Verr(Pa) + Verr (o) + Verr (M)
+ Veff (¢L) .
It is difficult to study the electroweak phase transition with

four VEVs, so we assume ¢, =~ ¢, P, = ¢, over space-
times. Then, the effective potential becomes

Boson w+ Y* X z Z Z,
Squared mass Wi+ S+ Gl + 00
Picture (i) Eq. (26) Eq. (27) Eq. (28)
Picture (ii) E(pi+en) 463,93 R
4c3, 3-4s3,

Neutral Higgs boson S, S, Sy A, A)C Sy
Squared mass 20,¢2, 2,2 203 % by 203>
Charged Higgs boson H, H, H;
Complex Higgs boson Complex Higgs boson
Squared mass bitdi ) butdi ) Ao (it

2 8 2 7 2
Quark U D, D, Top
Squared mass ThY2¢7, Ll 42, LhY#?, shidn
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Veff<¢Av ¢w’ ¢uv ¢v> = Veff (¢w) + Veff(¢u)'

From Table 1V, 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 w, A, u and v.
Looking at data in Ref. [45,46], we arrive to assumption:
mz, > 2.2 TeV. In addition, from Ref. [27], we also
assume myz, < 2.5 TeV. Hence

22 TeV <my <25 TeV. (36)
From the constraint in (36), we will infer the domain values
of w and A. It is worth mentioning that in the 3-3-1-1

A. Two periods EWPT in picture (i)

In picture (i), we have assumed A ~ @ > u ~ v meaning
that the symmetry breaking or phase transition has two
periods. The first transition is SU(3) — SU(2) through
o ~ A, which generates masses of the heavy gauge bosons
X*,Y*,Z,, Z,, Higgs bosons H,, H3, A, S'y, 4, and three
exotic quarks. The phase transition SU(3) — SU(2) only
depends on ¢, ~ ¢p,.

When our universe has been expanding and cooling due
to u scale, the symmetry breaking SU(2) — U(1) is turned
on, which generates masses of the SM particles and the last
part of masses of H,, Hj, X*, Y*. Therefore, phase
transition SU(2) — U(1) only depends on ¢, ~ ¢,.

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 SU(3) — U(1)
is Veff (¢w>

Applying the Coleman-Weinberg’s method, the effective
potential V (¢,,) is given as

_ 2 _ T2 \42 _ 3 4
model, the structure of symmetry breaking which can be Veir(ba) = Do(T" = To, )i = ES Ty + 4 T (37)
divided into two or three periods depending on scale of
VEVs as suggesting in the above two pictures. where
4 " 4 my 4 my 4 g 4 mg 4 my
Ao(T) = _mA,” log (Tza”b) ~ my;, log (Tz—azh) my, log (TQ;) _ g, log (TQ—:b) ~ m, log (TZ—;,) ~ 3mY log (Tz—[);b)
RN 167%w* 82wt 167%w* 167%w* 167%w* 822wt
3mblog(2L)  3md log () 3md log(4) 33 log (M) 3md log (e
_ my 108 T’a, mz, 108 ’a, _ mz, 108 T’ay, D, 108 T?a; D, 108 T?as
82wt 167%w* 1672 w* 47’ w* Az’ w?
2
3MY log (TA;[U) mi o omd omy om2
! s
o A T Tt s (38)
4w 2w 2w 20° 2w
3 3
E = mA"I m?'lz m?‘ls mS;/r m§4 m;( m;’ (39)
Y 12z0®  6n0’ 12700 1270° 122007  270° 2700
3
mz? mz,
, 40
dr’  dne’ (40)
2 2 2 2 2 2 2 2 2 2 2 2
My, D D, My my g msg m m my 2
D = n 1 L 2 3 4 4 X Y, T4 2 _U’ 41
Y 2402 + 4? + 4 1202 + 24w* + 24@? + 24@? + 4 + 4 + 8w? + 8w?  4w? (41)
4 2 4 2
b M My 3Mp, My, omy, o omy, g My
“ 30’ 4 87%® 8nfe?  167°0” 327w’ 4 RiPe? 4
+ m§4 m~294 3m§( 3m411/ 3m421 3m4Zz 3M‘£/ (42)
272w 4 167°0?  167%w* 3277w N2r’w*  Srte?’
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and
F
T2 =__2 . 43
Ow Dw ( )
The minimum conditions are
aveff (d)a))
Vg (0) = ———= =0;
cff( ) a¢w "
0V ot (¢,,
7822"’ N, vy . (44)

The values of V (¢,,) at the two minima become equal
at the critical temperature and the phase transition strength
are

From Egs. (26)—(28), with the limit of m , given in
Eq. (36), it follows: 5.856 TeV < @ ~ A < 6.654 TeV.

In this work, we assume o = 6 TeV, so that mz =
8.304 TeV and m,, = 2.254 TeV. The problem here is that
there are nine variables: the masses of U, D, D,, H,, H3
and A;,S,.Ss.Z,. However, for simplicity, we assume
my=mp =mp, =myg, =0, My =Mg =My, = Mg, =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

2E,
Sw :/1_5 Sm(O’PvSm)' (45)
Ty
3500 :x L B L B B T B xj
3000 F ]
5 2000 * A
FIS00F_ - TThs=2 1
1000 T e O ]
; DS ]
00 f B R ;
0 51 P - U I S S S IS ST ST S S S—'S :A 1 A: PSR N S TS 15
0 1000 2000 3000 4000 5000 6000 7000

Mexotic—quark/Charged Higgs[GeV]

FIG. 2. The mass area corresponds to S, > 1.

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 w = 6 TeV.

The mass region of particles is the largest at S, = 1, the
mass region of charged particles and neutral particles are

0 < MExotic Quark/Charged Higgsboson < 7000 GeV,
0 < my, <2600 GeV.

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

2. Phase transition SU(2) - U(1)

In this period, the symmetry breaking scale equals to
u = 246/+/2 and the masses of the SM particles and apart
of masses of X, Y,Hl,Hz,H3,A)(,S,7 are generated.

There are six variables corresponding to the masses
of bosons H;, H,, AZ, A,,, H;, S,,. For simplicity,
we assume: my, = mpy, =K, My, =mg = mpy, = L,
and mg = 125 GeV.

The effective potential of EWPT SU(2) — U(1) is given
as

Veff<¢u) = AML(‘_T)

ﬁ - Equlﬁ + DuTzqsi + Fu¢5

The minimum conditions are

1% (O) o aveff(¢u) —0:
eff - a5 | — Y
8¢M u
azveff(¢Lt)
) 2 2 2
o), = s (46)
where
2500 f
,_/
2000 f
= —
3 1500
= o
£ 1000 f
500 F
OELAAAxlAAAAlxAAALAAAALAAAALAAAALAAAAI:
0 1000 2000 3000 4000 5000 6000 7000
my, [GeV]
FIG. 3. The mass area corresponds to S, > 1 with real T,

condition. The gaps on the lines (S =1, 2, 3) correspond to
values making T to be complex.
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mi 2 2 2 2 m2 2

My, My, My, Mg s, my myx my my M?
St St st st st st ot ate st
Y24u% 124 12u% 2442 244 24u?  4u  4u? 4u® 8u?  4u
4 2 2 2
MA, MG, omyomy, o omyomp o Mg
“T 022 4 16n%k® T 16x% 2722 4 4 4
n mé,, m‘s‘,, 3my, 3m% 3m} 3my,  3M?}
327%u? 3272242 167%u?  167%u?  167%u*  327%u?  8xtu?’
3 3 3
O N T N L N N T S A
“T12rud 6mud 6mud 1274 12xud 2xud 27 2nud 2nud dmud’
m? m?2 m? m? m m}
()= i Jog (72 ) il log (7} mfylog () milog () mi og () mi log(722)

167%u* 872u* 872ut

3m log (25)  3mdlog (%) 3mtlog(25) 3mblog(2Z)  3MAlog (2L C R S
v e\ 724, . e\ 724, oy e\ 77, Tz e\ 724, 1108\ 77, my, my, Mg Mg

167%u* 167%u* 167%u*

n 4

8r2u* 8r2u* 8m2u?

The critical temperature and the phase transition strength
are given by

T 2F

TL‘: OEZ’ S:/,{_ (47)
- T,

600 T T T T T T T

500 |

200 400 600 800 1000 1200
my,[GeV]
FIG. 4. The strength S = 3.
200 1
150 + 1
S
3
— 100 | k!
) L
8 [
50 : m
O : 1 n n n n 1 n n n n l/A n n n 1 n n n n 1 n n n n 1 n n n :
200 250 300 350 400 450
my, [GeV]
FIG. 5. The strength EWPT S = 2£ with T, must be real.

7

-

+

+

1672u* 4yt 2u®  2u® 2u® o 2u*

|
Like the phase transition SU(3) — SU(2), 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 T, 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)
ng%,V(Uz
(3—4sy)
Eq. (36), we obtain 5.53 TeV < w < 6.3 TeV. Therefore,
we also assume w = 6 TeV in this picture.

Because A>w =6TeV and o> u~ v, therefore
there are three periods. The first process is SU(3), ®
U(l)y ® U(1)y = SU(3), ® U(1)y. The second one is
SU(3), @ U(1)y » SU(2); ® U(1)y. The third process
is SU(2), — U(1),. The third process is like SU(2) —
U(1) in the picture (i).

The first process is a transition of the symmetry breaking
of U(1), group. It generates mass for Z; through A or
Higgs boson S4. The third process is like the SU(2) —
U(1) EWPT in picture (i). The second process is like the
SU(3) — SU(2) in picture (i) but it does not involve Z,
and Sy.

In picture (ii), m7 =~ with the limit of m, given in

TABLE V. Mass limits of particles with 7 > 0.

Strength S
1.0-2.12

K[GeV]
195 < K <£484.5

L[GeV]
0<L <2098
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FIG. 6. The strength EWPT Sw:% with @ = 6 TeV.

The second process has the effective potential is like
Eq. (37). In addition, parameters and the minimum con-
ditions are like Egs. (38), (40)—(44) without Z; and Sj.

In our numbering process, when we import real T'¢, the
mass region of charged and neutral particles are

0< MExoticquark/Charged Higgsboson <4000 GeV,
0 < mpy, <1000 GeV.

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

1000 |
800 |

600 |

mp,[GeV]

O :1 1 1 1 1 1 1 1 1 1 1 1 1 EA 1 1 ! " " " " 1 L " :
0 1000 2000 3000 4000

MExotic Quark/Charged Higgs[GeV]

FIG. 7. The strength EWPT S, =3 with @ = 6 TeV.

V. THE ROLE OF NEUTRAL FERMIONS IN EWPT

The masses of Np 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]:

/lah

m v w0 x). (48)

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

2

ko 2.557 TeV 2

In the SU(3) — SU(2), 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 Z, boson is involved in the SU(3) — SU(2)
EWPT; the contribution of Z; makes increasing E
and 4, but 4 increases stronger than E. The strength
S = % 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, S,
in picture (ii) decreases faster than S, 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 4 and D parameters.
Thus, they reduce the value of strength EWPT S, because

S = sz 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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TABLE VI. Values of the maximum of EWPT strength with @ = 6 TeV.

Period Picture myz,[TeV] my_g[TeV] Syax Without Np Smax With Ny
SU(3) - SU(2) (@) 2.386 2.227 70 50
SU(3) - SU(2) (if) 2.254 1.986 100 30

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. The M 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 SU(3) — SU(2) at 6 TeV
scale and another is SU(2) — U(1) 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 U(1), 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 SU(2) — U(1)
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,7,,7Z, 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 VEYV, 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 SU(5) or SU(6) 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 kinetic mixing effect via p 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 A, may not be option.
In addition, energy scale of the model goes from high to
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low (A - @ — 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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