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Electroweak phase transition in the reduced minimal 3-3-1 model
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The electroweak phase transition is considered in the framework of the reduced minimal 3-3-1 model.
The structure of the phase transition in this model is divided into two parts. The first part is the phase
transition SU(3) — SU(2) at the TeV scale, and the second is SU(2) — U(1), which is like the standard
model electroweak phase transition. When the mass of the neutral Higgs boson (%) is taken to be equal to
the LHC value, m;, = 125 GeV, these phase transitions are first-order transitions; the mass of Z, is
about 4.8 TeV, and we find the region of parameter space with the first-order phase transition at the
v, = 246 GeV scale, leading to an effective potential where the mass of the charged Higgs boson is in
the range 3.258 TeV < m;,, < 19.549 TeV. Therefore, with this approach new bosons are the triggers of
the first-order electroweak phase transition, which provides significant implications for the viability of

electroweak baryogenesis scenarios.
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I. INTRODUCTION

An electroweak phase transition (EWPT) is a type of
symmetry-breaking phase transition that plays an impor-
tant role at the early stage of an expanding universe.
Particularly, the EWPT is necessary to explain the baryon
asymmetry of our Universe. As proposed by Sakharov
[1], there are three necessary conditions that a baryon-
generating interaction in a theoretical model must satisfy
to produce an excess of baryons over antibaryons: baryon-
number violation, C and CP violations, and a deviation
from thermal equilibrium [1].

If baryon number (B) is conserved and is equal to zero, it
will be equal to zero forever. In contrast, B will vanish in a
state of thermal equilibrium. Therefore we need the third
condition regarding the deviation from thermal equilib-
rium. The second condition is appropriate for ensuring a
different decay rate for particles and antiparticles [1].

The baryon number and C and CP violations can be seen
via the sphaleron rate and the Cabibbo-Kobayashi-Maskawa
(CKM) matrix in various models [2]. The sphaleron rate
tells us about the baryon-number violation, and the nonzero
phases of the CKM matrix tell us about CP violation.

It is well known that in order to ensure that the third
condition is satisfied, deviations from thermal equilibrium
should be large enough, and therefore the EWPT should be
a first-order phase transition. The EWPT is the transition
from a symmetric phase to an asymmetric one that is
needed to generate masses for particles. Therefore, the
EWPT is related to the mass of the Higgs boson [1].
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In the basic model of particles, the first and second
conditions can be satisfied, but any conditions regarding
thermal imbalance are difficult to satisfy. So at present an
analysis of the third condition is the only approach that can
explain the baryon asymmetry.

Why must the EWPT be a first-order phase transition?
The effective potential is a function of temperature and
vacuum expectation values (VEVs). For very large tempera-
tures it only has one minimum at zero, and the symmetry is
restored. As the temperature goes to 7, a nonzero second
minimum appears; this is the sign of symmetry breaking.
When the temperature reaches the critical temperature
(T, <T,), the values of the effective potential at the two
minimums are equal, and the symmetry breaking is turned
on. And at the critical temperature, if the two minimums are
separated by a potential barrier, the phase transition will
occur with bubble nucleations. Inside the bubbles, the scalar
field stores a nonzero expectation value. If the bubble
nucleation rate exceeds the universe’s expansion rate, the
bubbles collide and eventually fill all space [1]. Such a
transition is called a first-order phase transition. It is very
violent and one can expect large deviations from thermal
equilibrium [1]. The other possible scenario takes place if
the two minimums are never separated by a potential barrier.
In this case, the phase transition is a smooth transition,
rather than a violent or second-order phase transition.

To study the EWPT, ones consider the high-temperature
effective potential as follows:

)
Vet = D(T? — T2 )v* — ETV® + ZTU‘*,

where v is the VEV of the Higgs. In order to have a first-
order phase transition, the strength of the phase transition
should be larger than unity, i.e., 7 = 1.
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The EWPT has been investigated in the standard model
(SM) [1,2] and in various extended models [3—10]. Also,
very interesting research has shown that dark matter may
trigger the electroweak phase transition [11]. For the SM,
the strength of the EWPT is larger than unity at the
electroweak scale, but it appears to be too weak for the
experimentally allowed mass of the SM scalar Higgs boson
[1,2]; therefore, it seems that electroweak baryogenesis
requires new physics beyond the SM at the weak scale [3].

Before the neutral Higgs was found, the study of phase
transitions in most models focused on two basic issues:
determining the order of the phase transition, and the mass
of the neutral Higgs. For the SM, a first-order phase
transition problem has one variable, which is the mass of
the neutral Higgs boson. However, for the extended mod-
els, this problem has at least two variables: the first one is
the Higgs mass, and the others include the masses of heavy
particles. Recently, the neutral Higgs was discovered at
the LHC [12], so the electroweak phase transition problem
has been reduced by one variable. This provides hope for
the ability of the extended models to examine the EWPT.
The remarkable successes of previous surveys include the
following:

(i) In the SM, the sources of CP violation are smaller
than the baryon asymmetry of the Universe and there
is no first-order phase transition due to the large mass
of the neutral Higgs, i.e., the SM does not have
enough triggers for the first-order phase transition
to be turned on [1].

(i1)) The extended models—such as the two-Higgs-
doublet model or minimal supersymmetric standard
model—can explain the baryon asymmetry because
the sources of CP violation in these models are

stronger than in the SM and they have a first-order
phase transition, with the mass of the neutral Higgs
being about 120 GeV. Triggers for the first-order
phase transition in these models are heavy bosons or
dark matter candidates [7-9,11].

Among the extended models, those based on the
SU@B3)- ® SU(3), ® U(1)y gauge group (called 3-3-1 for
short) [13,14] have some intriguing features, such as the
ability to account for the generation problem [13,14], the
quantization of the electric charge [15], etc. Given these
features, we hope that the 3-3-1 models can also answer the
problem of the baryon asymmetry in our Universe.

The current 3-3-1 models have many different forms, but
they are all based on the above-mentioned gauge group.
The greatest disadvantage of the 3-3-1 models is the com-
plication in the Higgs sector, namely, that these models need
at least three Higgs triplets to generate masses for fermions.
Recently there have been attempts to solve this problem, and
some models with the simplest Higgs sector [with only two
SU(3), Higgs triplets] have been constructed.

With such a group structure, the 3-3-1 models must have
at least two Higgs triplets [16,17]. Therefore, the number
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of bosons in the 3-3-1 models will be much greater than
that in the SM, and the symmetry breaking structure will
different.

In the present paper, we consider the EWPT in the
reduced minimal 3-3-1 (RM331) model [17] because of
its simplicity. This model consists of the minimal leptonic
content (i.e., only the SM leptons) and bileptons: the singly
and a doubly charged gauge bosons V= and U**, the
heavy neutral boson Z,, and exotic quarks. This model
also has two Higgs triplets. Therefore, the physical scalar
spectrum of the RM331 model is composed of a doubly
charged scalar ™" and two neutral scalars i, and h, [17].
These new particles and exotic quarks can be triggers for
the first-order phase transition.

The plan of the paper is as follows. In Sec. II we give a
review of the RM331 model with regards to the boson,
lIepton and Higgs sectors. In Sec. III we find the effective
potential in the RM331 model, which has a contribution
from heavy bosons and a contribution similar to that in the
SM. In Sec. IV we calculate in detail the structure of the
phase transition in the RM331 model, find the first-order
phase transition, and show the constraints on the mass
of the charged Higgs boson. Finally, we summarize and
describe outlooks in Sec. V.

II. A REVIEW OF THE RM331 MODEL

The fermion content of the RM331 model is the same as
that of the minimal 3-3-1 model [13]. The difference is
only in the Higgs sector.

A. Higgs potential
The Higgs potential in the RM331 model [17] is given
by
Vix. p) = miptp + uixtx + ot p)* + A (x T x)?
+ A3(pT )X x) + Al ) (X T ). (1)

The scalar sector contains only two Higgs scalar
triplets [17],

+

p X
P = po -~ (3r l)’ X = X__ -~ (3, _1) (2)
p++ XO

The expansion of p° and x° around their VEVs is
usually

p% X' — \/%(um +R,, +il,)) 3)

This potential immediately gives us two charged

Goldstone bosons p= and y=, which are eaten by the
gauge bosons W= and V*.

We return now to the content of the Higgs sector. The

physical scalar spectrum of the RM331 model is composed

of a doubly charged scalar 2" * and two neutral scalars h,
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and h,. Since the lightest neutral field /; is basically an
SU(2), component, we identify it as the SM Higgs boson.
In the effective limit v, > v, the Higgs content can be
summarized as follows:

Gw+
p=|F+Hm+iGy) |,
\ Bt
/ G “4)
V-
X = Gy-- ,

\% + 715(h2 +iGy)

where the Higgs masses are given by

/\% 2 2 2 A’% 2
M= (A =222 M2 =M+ 5
hy ( 1 4/\2>UP hy 2Uy 4)L2 Up ( )

Ay

M;-- = 7(1}3( + v2). (6)

B. Gauge-boson sector

The masses of the gauge bosons appear in the
Lagrangian part

L= (D, )"(D*x) + (D,p)H(D*p), )

where

M A
D, =0, —igAl, ——igxX—B

" 5 Bu 8)

with Ay = yBdiag(1, 1, 1), so that Tr(Agds) = 2. The
couplings of SU(3), and U(1)y satisfy the relation
8 _ _ 6siy

g’ - 1 —4s3,’
where cy = cosfy, sy = sinfy,
where 6y, is the Weinberg angle.

Substituting the expansion in Eq. (3) into Eq. (7) leads to
the following result:

and ty = tan @y,

—_ . 2.2
Vt=A4iiA5_)m2+=g2v§( 9)
V2 v 47
A6_|_ iA7 2(.U2 +'U2)
xx _ A =1 2 _ 8\ X
U _’mUtz
V2 4

From Eq. (9), it follows that v, = 246 GeV, and we
obtain the relation

2 02— 2
my; my, = myy.

In the neutral gauge-boson sector, with the basis
(A3, A%, B,), the mass matrix is given by
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2
)

S
22 v NG 2kvy,
2 _
M” = 2| A 12 +403) 725(11% +2v3) |
—2kv? %(vf, +20v2) 4k(v3 +v3),

b S

where k = %X. We can easily identify the photon field A,
as well as the massive neutral Z and Z’ bosons [18],

A, = syAl + cw<\/§tWA§L + 41— 3t%l,B#>,
Z, = cyhAl — sw(\/itWAi + 41— 3t%VBM),

and

7, = —y1 = 32,45 + BtyB,,

where the mass-squared matrix for {Z, Z'} is given by

2 2
o
b
mzz Mz

with
1 g
2 1 2
Mz 7% cos 20y Ve
o 1 [ cos?8y , 1 —4sin?y ,
My =38 T "2 Ux 2 Up |
3 1 —4sin“0y 4cos “Oy
1 /1 —4sin?0
2 _ 2 W o
M2z 4\/-3_g cos 20y Ve

Diagonalizing the mass matrix gives the mass eigenstates
Z, and Z,, which can be taken as mixtures,

Z, = Zcos ¢ — Z'sin ¢, Z, = Zsin¢g + Z' cos ¢.

The mixing angle ¢ is given by

2 2
m; —m
4 Z
tan2¢ = 272]
z, — Mz

where m; and my, are the physical mass eigenvalues,

2

my = {m%, + mj — [(m%, — m%)* — 4(m§z,)2]‘/2},

—_ N =

my, = E{mé +mZ + [(m%, — m3)? — 4(m2,)*]"/%.

When diagonalized, the mass of Z; is approximately
proportional to v, (because v, > v,), so Z, is like the
neutral gauge boson Z in the SM. The mass of the
new heavy boson Z, depends on v, and v,; in addition,
my, = 80.39 GeV and v, =246 GeV [19]. Choosing
v, =4 TeV [17,20], we obtain my = 1307.15 GeV and
my = 1309.62 GeV. If we choose s%v = (0.23116 [19], we
derive my =~ myz; = 91.68 GeV and my = 4.821 TeV.
Hence we can approximate mz, = 1.2v,.
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C. Fermion sector

The fermion sector in the model under consideration is
the same as in the minimal 3-3-1 model [13]. The Yukawa
couplings give the exotic quark masses [17],

LS = A Qy xTx + AgQ;L)(*DjR + H.c.
= M@ x~ +dix " + Tx")Tr + A0 x*
— i x"" + Dy x")Djg + He. (10)

When the y field develops its VEV, these couplings lead to
the mass matrix in the basis (T, D,, D3),

AT 00
V2o B D

So the exotic quarks have masses around a few TeV
because their masses are proportional to v,. Therefore
we see that the masses of the exotic quarks are approxi-
mately equal to my,, but they are only involved in the
transition phase SU(3) — SU(2).

The Yukawa couplings give the masses of the usual
quarks through the triplet p. Therefore—as in the SM—
the usual quarks are only involved in the transition phase
SU@2) — U(1).

However, the charged lepton masses arise from the
effective dimension-five operator through the couplings
of both y and p with the following Lagrangian [17]:

Ly =TI 1) + Hee an

From the Lagrangian (11), we obtain m; = lj\—x KV,
and the coupling constant vX/A ~ 1, so that m; = kv,,.
Finally, the masses of the charged leptons depend only
on v,. Therefore, they are only involved in the transition
phase SU(2) — U(1). Taking into account m, = 0.5 MeV,
m,, = 105 MeV, and m, = 1.77 GeV, ones get k, = 2 X
1073, k, =43X 1073, and k, = 7.2 X 1072

III. EFFECTIVE POTENTIAL IN RM331

From the Higgs potential we obtain V) in a form that is
dependent on the VEVs as follows:

Volvy, v,) = uivy + p3vs + Ajv) + vy + Avivs.
Here V|, has a quartic form like in the SM, but it depends
on two variables, v, and v,, and has a mixing between
v, and v,. However, by developing the potential (1)
we obtain two minimum equations. Therefore, we can
transform the mixing between v, and v, to a form that
depends only on v, or v,. Hence, we can write
VO(U)(r vp) = VO(UX) + VO(Up)-

In order to derive an effective potential, we use the
Higgs Lagrangian and the principle of least action to
arrive at the equation of motion for fields. Expanding the
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Higgs fields around the VEVs and averaging over space
for all fields, we obtain the one-loop effective potential
(for details, see Ref. [1]).

The full Higgs Lagrangian in the RM331 model is given
by

L = (D, D x)+ (D,p) (Dp) + V(x. p).
where

Vix.p) = uiptp + uixtx + 1(pTp)* + A (xTx)?
+ 40 )t x) + Lt ) (xtp).

Expanding p and y around v, and v, (which are
considered as variables) [21], we obtain

_1.. 1 s
L—ia UXBMUX+§8 v,0,v, + Vo(v,, v,

+ Z m%oson(v)(’ UP)W# WM’
boson
where W runs over all gauge fields and Higgs bosons.
Through the boson-mass formulations (as in the above
sections) we can split the masses of particles into two parts
as follows:

m%oson(vX’ UP) = m%OSOH(UX) + m%oson(vp)‘

The effective potential is the function that depends on
the VEVs and temperature. The masses of the particles
depend on the VEV of the Higgs bosons. Therefore, when
we consider the effective potential, we must consider
contributions from fermions and bosons. However, for
fermions, we have retained here only the top quark and
exotic quarks, which dominate over the contributions from
the other fermions [1]. And in the RM331 model there are
two VEVs, so we have two motion equations according to
vy and v 0o

V(v om? v
IHv, 0,0, + —8015 o) + Z—b(z;;’jns( v WEW,
X X

n Z amexotic-quarks(v)() QQ =0, (12)

v,

8V0(vp)

va

*v,0,v, +

Img, svy)
WUp + Z 0sons W’U’W’u

p
avp

+ d mtop—quark(vp)

r=0. 13
e 1 (13)

p

The RM331 modle has the following gauge bosons:
two massive bosons like the SM bosons Z;, and W=,
the new heavy neutral boson Z,, the singly and doubly
charged gauge bosons U** and V=, two doubly charged
Higgses h™* and h~ ", one heavy neutral Higgs h,, and
one SM-like Higgs h;. The masses of the gauge bosons
and the Higgses in the RM331 model are presented in
Table I

096009-4



ELECTROWEAK PHASE TRANSITION IN THE REDUCED ... PHYSICAL REVIEW D 88, 096009 (2013)
TABLE I. Mass formulations of bosons in the RM331 model.

Bosons m*(v,,v,) m?(v,) m*(v,)
m,. &0 0 80.39 (GeV)?
m?. Lith 1307.15 (GeV)? 0

m.. AUARH) 1307.15% (GeV)? 80.39 (GeV)?
m%] ~mZ ! Cof{ew v% 0 91.6822 (GeV)?
m% ~mZ, 18%; j;mﬁzwgw v§ + ‘4;{;5'393w V2] 4.8% (TeV)? 14.53? (GeV)?
m, (A = o3 0 125? (GeV)?
My %(”X + Z’p) 33 /\2; vy

m%z )\zv}( + 4)‘7‘7 v%, szi 4/\/\37 v%,

Using Egs. (12) and (13) and averaging over space by using Bose-Einstein and Fermi-Dirac distributions for bosons and
fermions, respectively, we obtain the following effective potentials:

3 P ( X
Verr(v,) = VO(vX)er(m‘}z(vX)lnmzzQ: — 12m 4( v,)In Q v )

m2.. (v
+— ! (mhz(v )1n Q( )+2mh++(v )1n M)

641 0?
m? o ) mv(v )>
0? 0?

- <2m‘[‘/(vx) In

[ <mh2( )) +2F_ (7’"’”;@*)) + 12F+<%)]
(o (5 )

+ +2my(v,)In

and
3 m% (v,) m2 (v,) m2,(v,) m%(v,)
Veir(v,) = Vo(v,) + ﬁ<m4z1 (v,)In Zle L méz(vp)ln ZzQ2 P4 2my,(v,)In 14 . ply 2my(v,)In UQQP
1 m? (v m? (v 2 T4
—4m}(v,)In mi (v, )) +—— (mi (v,)In h‘(2 2 +mj (v,)In h2(2 ) +2m;y.. I 2t Pe) gvﬂ)> +—
0? 64 ! 0 2 0] 0 41
% [F<mhl(vp)) _ F<mh2(vp)> + 2F<mh++(vp))i| + ﬁ[4F+< t(vp)) +F. (mZ] (Up)>
T T T 472 T T
v R (mzz(v,,)) toF (mw(vp)> top (mu(vp))]’
T T T
f
where IV. ELECTROWEAK PHASE TRANSITION
m g The symmetry breaking in the RM331 model can take
F (T(ﬁ) f aJ(l)(a 0)da place sequentially due to the fact that the two scales of

symmetry breaking are very different, v, > v, (v,
I, 0) =2 [ (2 — a2)1/2 g 4-5 TeV [17,20], v,, = 246 GeV), and that the Universe
er ' is accelerating. The symmetry breaking SU(3) — SU(2)
takes place before the symmetry breaking SU(2) — U(1).

The total effective potential in the RM331 model can be The symmetry breaking SU(3) — SU(2) through x,
rewritten as follows: generates the masses of the heavy gauge bosons—such
as U™, V=, Z,—and the exotic quarks. Therefore, the

VEMS = V(v ) + Vegr(v)). phase transition SU(3) — SU(2) only depends on v,.
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When our Universe has been expanding and cooling due to
the v, scale, the symmetry breaking or phase transition
SU(2) — U(1) is turned on through p,, which generates
the masses of the SM particles and the last part of the mass
of U*~. Therefore the phase transition SU(2) — U(1) only
depends on v,. The current baryon asymmetry of the
Universe must have had its origins in the initial conditions
of the Universe: if the early Universe does not possess the
baryon asymmetry then the current Universe will not pos-
sess it as well [1]. In other words, this asymmetry exists
throughout all periods of the Universe to date. In order
to describe baryogenesis, models must satisfy three
conditions given by Sakharov. In particular, the third
condition—spontaneous symmetry breaking—must be
associated with a first-order phase transition. In the
RM331 model, the spontaneous symmetry breaking takes
place in two different energy scales, i.e., the electroweak
phase transition is a combination of two different phase
transitions. Therefore, if the RM331 model is able to
describe this phenomenon, both phase transitions must be
first-order phase transitions. In contrast, if one of the phase
transitions is not a first-order phase transition, the RM331
model will not fully describe this asymmetry, since this
|

PHYSICAL REVIEW D 88, 096009 (2013)

model does not ensure the continuity of baryogenesis in the
Universe.

Through the boson-mass formulations in the above
sections, we saw that the boson V= is only involved in
the first phase transition, SU(3) — SU(2). The gauge bo-
sons Z;, W*, and h, are only involved in the second phase
transition, SU(2) — U(1). However, U=, Z,, and h~
involved in both phase transitions.

With this structure for the phase transition, we see that
the mass of U™~ is generated by both phase transitions.
When the universe is at the v, scale, the symmetry break-
ing SU(3) — SU(2) generates masses for the exotic quarks
and a part of U™*, i.e., it is eaten by one of the Goldstone
bosons y** of the triplet y. When the universe cools to the
v, scale, the symmetry breaking SU(2) — U(1) is turned
on, which generates masses for the SM particles and the
last part of U**, i.e., U™~ is eaten by the other Goldstone
boson p** of the triplet p.

A. Phase transition SU(3) — SU(2)

This phase transition involves exotic quarks and heavy
bosons, without the involvement of the SM particles: the
effective potential of the EWPT SU(3) — SU(2) is

Veir(vy) = Vo(vy) +%<m2(vx)lnm2Q(v ) — 12mbw,)n Q(v ))
+6 177- ("%( )1 (v )+2mi++(v)()l h;( x)>
" ean @%(WWA“mé(nm@ﬁ
gl (o) () e )]
+ g[F_ (mzz;vx)) +2F_ (W) LoF (M)]

The symmetry breaking scale is v,
mgp. Therefore, the effective potential can be rewritten as

which is chosen to be 4 TeV [17,20], and the masses of the three exotic quarks are

)\
Veteosu = D/(T° — Ty, — E'Tvy, + Tv)(
The minimum conditions are
_ Weir(v,) _ O Verr(v ) o,
Veff(UXO) =0, Tv/\/(v)(o) = (), a—‘ui(v’\/o) = mhz(vX)lvx:vxo’
where
1
I — 07 {om} (v,) + 3m%2(v)() + 6my(v,) + 18m2Q(vX) + Zm%Z(vX) + mel: (v}
0
12 = 2 (1) = (Gl (v,) + 3 (v,) + 6m(v,) — Imb(v,) + md (v,) + 2 (v)
0 = planVx 0270} my\vy mz,\Vx my vy Mmo\Vy) T my Uy M=y
0
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E= 12703 (6m3(v,) + 3’"%2(”/\’) + 6my(v,) + mzz(v)() + 2m- (v),
Xo
2 2 2 2
mhz(vx) 1 mé(v,) mzz(vX) mg(v,)
( ) ( ) mzt (v
— 36mQ(v )In Q Y T2 +m X)l 2m2:(v;() ln%]}.

The values of V (v, ) at the two minima become equal at
the critical temperature,

B
JI-E? /D'AY,

The problem here is that there are three variables: the
masses of 1,, h~ ~, and Q. However, for simplicity, follow-
ing the ansatz in Ref. [9], we assume m;, = X, m;—- =
mgy = K, and mz,(v,) = 4.821 TeV. Note that the contri-
butions from h,, A~ ~, and Z, in this phase transition are X
or K, which is different from their contributions in the
phase transition SU(2) — U(1). In order to have the first

T, = (14)

phase transition, the phase transition strength must be
larger than unity, i.e., TX, = 1.

In Fig. 1 we plot K as a function of my,(v,), with
my, (v,) > 1 TeV.

According to Fig. 1, if X is larger than 1 TeV, the heavy
particle masses must be in the range of a few TeV in order
to have a first-order phase transition. In addition, this phase
transition can be a strong first-order transition.

B. Phase transition SU(2) — U(1)

This phase transition dose not involve the exotic quarks
or the boson V=, and the contribution from U** is equal to
that from W=*. The effective potential of the EWPT
SU(2) — U(1) is

2 2 2 2
Veff(vp) = Vo(vp) + %(m%] (Up)ln mZ]Q(;JP) + m4ZZ(vp) In mZZQ(;)P) + 2m4W(Up) In mva(;JP) + 2m%](vp) lnmlg‘;ﬂ)
(U ) 1 ms, (U ) ( ) 2++(U )
— 4mt(v,)In )+647T ( 1 (v,)In hQ i} (v,) I +2m?.. In th ”)

I ()
+ F«%v’)) + 2F_(M) + 2F_(M

4000 F T T Z- T >

3500 o
.- .

30001 /

25001 % !

K[Gev]

2000 : ;

1500 : !

1000

L L L L L 1]
1500 2000 2500 3000 3500 4000
mpa|Gev]

FIG. 1. Here, X > 1 TeV. Solid contour: 2E'/A’, = 1; dash-
dotted contour: 2E'/ A}, = 2; dotted contour: 2E'/ }t = 3; and

dashed contour: 2E'/ /\T

mh++T(vp)>] 43177;4 [4F+(

)]

) (224

The minimum conditions are
aVeff

Vv, ) =0 v,) =0,
eff( Po) aUp ( po)
82Veff 2 2
dv? po) - mhl + mhz(vP)lvp:“Po'
p

From the above minimum conditions, we see that in this
EWPT m%z(vp) generates the masses of the last heavy
particles and m%] generates the masses of the SM particles.

With the symmetry-breaking scale equal to Q = v,
vy = 246 GeV, the high-temperature expansion of this

potential has the form
A
RM331 _— 2 2 12 3 T 4
VYR = D(T* — T§).v, — ET|v,| 2 U

where
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1
D = W[@n%‘,(vl)) + 6my(v,) + 3m%l (v,) +3m7, (v,) + 6mi(v,) + mj (v,) + mj (v,) + 2m;-(v,)],

T§=l{ (2 (v,) + m2.(v,)) —

D |4 322

+ i (v,) + 2mi (v p»},

2 (6mW(v ) + 6mU(v ) + 3mZ (v ) + 3mZ (v ) — 12m? (vp) + mil(vp)

E= 121 (6mw(v)+6mU(v)+3m%l(vp)+3m%2(vp)+m?ll(vp)+m22(vp)+2m2i(vp)),
Aszhl(vp)zzémi(vp){ S L S o

+3m}, (v,) In 22; 2 4 6m 4(v,)In mEJ(Tz) 12m(v,) In F(;) mi (v,)In mh( 2

+ mﬁz(vp)ln% +2m}. (vp)ln%]}. (15)

The effective potential has two minimum points: the first
minimum is at v, = 0 and the second is at v, = ZETT" .In
the limit E — 0, we have a second-order phase transition.
In order to have a first-order phase transition, the phase-
transition strength has to be larger than unity, i.e., ”f = 1.
The critical temperature 7. is given by

T
T.=—-0 (16)

w/l — E?/DAr,

Equation (16) is self-consistent with the critical tempera-
ture because Ay is a function of 7. According to the
results at the LHC we take m;, = 125 GeV, and put
my,(v,) = Z, my--(v,) =Y and mzz(v ) = 14.53 GeV.
In Fig. 2 we show the mass regions of h1 and h,, where
the necessary condition for the first-order phase transition
is imposed. According to Fig. 2 and the results of numeri-
cal evaluation, the strength of the EWPT is in the range
1 =2E/Ap <5. Therefore, in the RM331 model we

700 FT

600

500

400 -

mp[Gev]

300

200

200 ‘ 4(30 660 860 1(;06 ‘ 121()0
my,—_[Gev]
FIG. 2. Solid contour: 2E/A7_= 1; dashed contour: 2E/ Ay =

1.1; dotted contour: 2E/ Ar, = 1.15; and dash-dotted contour:
ZE/)‘T[. = 1.2.

always have a first-order phase transition, but it is weak
(i.e., at the v, scale).

The contributions from new particles (at the first sym-
metry breaking) generate the first-order phase transition,
which is absent in the standard model. However, there is
special feature: the heavy particles—such as U**, h,,
h~~, and Z,—contribute only a small part from their total
masses.

As can be seen in Fig. 3, when the temperature ap-
proaches 7. the second minimum slowly forms, i.e., the
phase-transition nucleation appears. When the temperature
goes to T, the symmetry-breaking phase is turned on, and
when temperature goes below T the system switches to the
symmetry-breaking phase.

To finish this section, we conclude that the effective
potential of this model is different from that of the
SM, and that the contributions from the heavy bosons
act as triggers for the first-order phase transition, with
my, = 125 GeV.

V_eff
20x10"F

1.5x107F
10X 107+

5.0x10°F ’

-5.0x10°F

FIG. 3 (color online). The effective potential for 2E/A; = 1,
with ¥ = 342 GeV and Z = 120.109 GeV. The critical point is
at T. = 149.549 GeV. Dashed line: T = T,; lines above the
dashed line: T > T,; and lines under the line: 7 < T..
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C. Constraint on the mass of the charged Higgs boson

In this section, from the phase transition SU(2) — U(1),
we have derived

200 GeV <Y =my,, (v,) <1200 GeV
and
0<Z=my,(v,) <624 GeV.

Therefore, we get

A
(200 GeV)? < 741;50 < (1200 GeV)?,

) (17)

A
(0 GeV)* < —31;% < (624 GeV)>.
41, 0
Taking into account the recent Higgs boson mass
(125 GeV) and combining the above with Eq. (5), we
also obtain

)\2
()\1 - —3)U§U = (125 GeV)>. (18)
4h,

Combining Eqgs. (17) and (18) leads to

2
0<A;<6.692, 0 <4/\T3< 6.434, 1.321 <A, <47.59.
2

From Eq. (19), we see that Ay, A,, and A, must be
positive in order to satisfy the above boundary conditions
and 3.258 TeV <m,, <19.549 TeV. Thus, since the
mass of the heavy Higgs must be a few TeV, the electro-
weak phase transition in this model is a first-order phase
transition. We hope that the heavy particles will uncover
many more examples of new physics.

V. CONCLUSION AND OUTLOOKS

We have used the effective potential at finite temperature
to study the structure of the electroweak phase transition in
the RM331 model. This phase transition is separated into
two phases. The first transition period is SU(3) — SU(2),
i.e., the symmetry breaking at the energy scale v, (in order

PHYSICAL REVIEW D 88, 096009 (2013)

to generate masses for the heavy particles and the exotic
quarks). The second phase transition is SU(2) — U(1) at
v,,,» which generates masses for all of the usual fermions
and the SM gauge bosons. The electroweak phase transition
in this model (at the scale v,) may be a weak first-order
electroweak phase transition with m;, = 125 GeV if the
heavy boson masses are a few TeV. Therefore, this is strong
enough to study the baryon asymmetry.

If Z, exists, its mass is a few TeV, so its contribution to
the electroweak phase transition is very large. Therefore,
the electroweak phase transition in this model is com-
pletely turned on. In other words, the baryon asymmetry
problem in this model is directly related to the mass of Z,.

The self-interactions of the Higgs in this model are more
complicated than in the SM because heavy particles are
involved in both phase transitions. Thus calculating the
quantum corrections can reveal many new physical phe-
nomena and open up new relations between cosmology and
particle physics. In addition, from the phase transitions we
can get some bounds on the Higgs self-couplings.

Although we only worked with the RM331 model, this
calculation can still apply to other 3-3-1 models, such as
the recent supersymmetric reduced minimal 3-3-1 model
[22] and the 3-3-1-1 model [23]. Furthermore, the 3-3-1
models can have specific advantages over the SM in
explaining the baryon asymmetry problem.

Our next works will calculate the sphaleron rate and CP
violations in 3-3-1 models in order to analyze electroweak
baryogenesis in greater detail. In addition, by using the
electroweak phase transition or baryogenesis problem, we
can predict the masses of the heavy particles beyond the
SM with these 3-3-1 models.
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