Eur. Phys. J. C (2015) 75:342
DOI 10.1140/epjc/s10052-015-3550-2

THE EUROPEAN

) CrossMark
PHYSICAL JOURNAL C

Regular Article - Theoretical Physics

Electroweak phase transition in the economical 3-3-1 model

Vo Quoc Phong'#, Hoang Ngoc Long?"*, Vo Thanh Van'¢, Le Hoang Minh!¢

! Department of Theoretical Physics, Ho Chi Minh City University of Science, Ho Chi Minh City, Vietnam
2 Institute of Physics, Vietnamese Academy of Science and Technology, 10 Dao Tan, Ba Dinh, Hanoi, Vietnam

Received: 8 April 2015 / Accepted: 30 June 2015

© The Author(s) 2015. This article is published with open access at Springerlink.com

Abstract We consider the EWPT in the economical 3-3-1
(E331) model. Our analysis shows that the EWPT in the
model is a sequence of two first-order phase transitions,
SU@B) — SU(2) at the TeV scale and SU(2) — U(1)
at the 100 GeV scale. The EWPT SU(3) — SU(2) is trig-
gered by the new bosons and the exotic quarks; its strength
is about 1-13 if the mass ranges of these new particles are
10°-10° GeV. The EWPT SU (2) — U (1) is strengthened by
only the new bosons; its strength is about 1-1.15 if the mass
parts of H?, H2i and Y+ are in the ranges 10-10? GeV. The
contributions of H 10 and H2i to the strengths of both EWPTs
may make them sufficiently strong to provide large devia-
tions from thermal equilibrium and B violation necessary for
baryogenesis.

1 Introduction

In the context of electroweak baryogenesis (EWBG), the
EWPT plays an important role in explaining the Baryon
Asymmetry of Universe (BAU) by electroweak physics.
From the three Sakharov conditions, which are B violation,
C and CP violations, and deviation from thermal equilib-
rium [1], the EWPT should be a strongly first-order phase
transition. That not only leads to thermal imbalance [2], but
it also makes a connection between B violation and CP vio-
lation via nonequilibrium physics [3,4].

The EWPT has been investigated in the Standard Model
(SM) [2,5-8] as well as various extension models [9-23].
For the SM, although the EWPT strength is larger than unity
at the electroweak scale, it is still too weak for the mass of the
Higgs boson to be compatible with current experimental lim-
its [2,5-8]; this suggests that EWBG requires new physics
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beyond the SM at the weak scale [9-11]. Many extensions
such as the Two-Higgs-Doublet model or Minimal Super-
symmetric Standard Model have a more strongly first-order
phase transition and the new sources of CP violation, which
are necessary to account for the BAU; triggers for the first-
order phase transition in these models are heavy bosons or
dark matter candidates [15-17,19-23].

Among the extensions beyond the SM, the models based
on SUQB)¢c ® SUB)L ® U(1)x gauge group (called 3-3-1
for short) [24-32] have some interesting features including
the ability to explain the generation problem [24-32] and the
electric charge quantization [33-36]. The structure of such a
gauge group requires the 3-3-1 models to have at least two
Higgs triplets. Thus the structure of symmetry breaking and
the number of bosons are different from those in the SM.

In a previous work [37], we have considered the EWPT in
the reduced minimal 3-3-1 (RM331) model due to its simplic-
ity, and found that our approach can be applied to the more
complicated 3-3-1 models. In the present work, we follow
the same approach for the economical 3-3-1 (E331) model
[38—44], whose lepton sector is more complicated than that
of the RM331 model. The E331 model has the right-handed
neutrino in the leptonic content, the bileptons (two singly
charged gauge bosons W+, Y*, and a neutral gauge bosons
X 0), the heavy neutral boson Z», and the exotic quarks. The
model has two Higgs triplets, and the physical scalar spec-
trum is composed of a singly charged scalar H2i and a neutral
scalars H P [38—44]. We will show in this paper that the new
bosons and the exotic quarks can be triggers for the first-order
phase transition in the model.

This paper is organized as follows. In Sect. 2 we give a
review of the E331 model on the Higgs, gauge boson, and
lepton sectors. In Sect. 3, we find the effective potential in
the model, which has a contribution from heavy bosons and
exotic quarks as well as a contribution similar to that in the
SM. In Sect. 4, we investigate the structure of the EWPT
sequence in the E331 model, we find the parameter ranges
where the EWPTs are strongly first-order to provide B viola-
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tion necessary for baryogenesis, and we show the constraints
on the mass of the charged Higgs boson. Finally, we summa-
rize and describe outlooks in Sect. 5.

2 A review of the economical 331 model
2.1 Higgs potential

In the E331 model, the 3-3-1 gauge group is spontaneously
broken via two stages. In the first stage, the group SU(3); ®
U (1)x breaks down to the SU (2); ® U(1)y of the SM; and
the second stage takes place as that we have known in the SM.
This sequence of spontaneous symmetry breaking (SSB) is
described by the Higgs potential [38—44]:

VO d) = wix x +u3d'¢ + 107 + ra(g'e)’
+ 230" 0@ ) + ra(xTd) @ X)), ()

in which x and ¢ are the Higgs scalar triplets:

whose VEVs are, respectively, given by

(" 1 (O
= — s = — . 3
=4 g) =15 o 3)

where the VEV w is responsible for the first stage, and the
VEVs u and v are responsible for the second stage of sym-
metry breaking. These VEVs satisfy the constraint [38—44]:

® > V> u. @

The physical scalar spectrum of the model is composed
of a charged scalar H. F. and two neutral scalars H 10 and HO.
In this spectrum, H? is both the lightest neutral field and a
SU (2)1 component, hence it is identified as the SM Higgs
boson. The Higgs content of the model can be summarized
as follows:

\/LEM + Gx()
X = Gy- >
%(w +H)+iGyz)

G+
¢ = \L@(v+H0+iGz) i 5)
Hy

where the Higgs masses are given by
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Ho—lzv + a1 (u? + 0?)

— J220? = 212 + AP + 2202w + o)

4hihg — A2
py A2 T A3 2, (6)
201
m = hav? + 1 + o)
+ \/[szz — W+ oH]? + A%v2(u2 + w?)
2 )‘% 2
~ 2\ —v~, 7
1w +2)\1v @)
§+— - + 07+ o). ®)

We note that in Ref [38—44] the mass formula of H, 0
is approximate as m?> 1o~ ~ 211w>. In the context of EWPT

however, we find that the better approximation should be that

in Eq. (7). Although the additional term 5> 3 v2 is very small
as compared to the first term and we may neglect it in some
other considerations, it gives a very important contribution
of H to the EWPT SU(2) — U(D).

2.2 Gauge boson sector

The masses of the gauge bosons of this model come from the
Lagrangian

Loae = Dux) (D" ) + (Dup)’ (D" ), ©)
where

Dy =8, —igTiWi, —igxToX By, (10)
with 7y = \/lgdiag(l, 1, 1) so that Tr(7;T;) = &;;. The cou-

plings of SU(3), and U (1) satisfy the relation

3V2
gx _ 32w ()
g 3 —dsy,

t

where ¢y = cosOw, sw = sin Oy, tw = tan Oy, and Oy is
the Weinberg angle.
Equations (9) and (3) lead to

Wk = —W‘“EWM, YF = —W6“j£w7“, (12)
2 g 2 2
My = 07 + o). (13)

The combinations W’ and Y’ in (12) are mixed via a mass
matrix:

2 2 2 I+
cG g — o fu v uw w
Lma“:Z(W/ i )< Uw a)2+v2> <Y/_M).
(14)
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Diagonalizing the mass matrix in Eq. (14), we obtain the
physical charged gauge bosons

Wy =cos6 W, —sinf Y, Y, =sind W, —cos6 Y,

15)
and their respective mass eigenvalues
2.2 2
v
mily = Sy = S 402 4 ), (16)
4 4
where 6 is the mixing angle which is defined by
u
tg =tanf = —. a7
1)

The mass my as in (16) suggests that the W bosons of the
model can be identified as those of the SM, and v can be set as
V 2 Uyeak = 246 GeV. From the constraints in (4), 6 should
be very small, thus W, >~ W;/L and Y, >~ Y /L Moreover, the
Michel parameter p in the model connects u# with v by the
expression p ~ 1 + 31}%2 [38—44]; and from the experimental
data, p = 0.9987 £ 0.0016 [45], that expression gives us

Due to the constraints (4), the physical states Z; and Z»
get masses

2.2 2
g cyw
m = g—(v2—3u2), my = W__
b 4c 23— d4s;

w W

(23)
Since the components W, and W5 have the same mass, we
can identify their combination,

x0 =

V2
as a physical neutral non-Hermitian gauge boson which car-
ries the lepton number with two units. The subscript 0 of X,
in Eq. (24) denotes the neutrality of the gauge boson X, but
sometimes this subscript may be dropped.

(Wiu —iWsy,), (24)

2.3 Fermion sector

The fermion content in this model, which is anomaly free, is
given by

Vi 1
Yip = 616 ~ (1,3,—3),

% =< 0.01, which leads to u < 2.46 GeV. With w in the Xi) L
range 1-5 TeV, we have eir~,1,=1), i=1,273
fo = 2 ~0.001. (18) ui 1
@ OiL=|d ~(3,3,§),
For the neutral gauge bosons, the mass matrix in the basis vy,
(W3M7 WS[L, Bl,Ly W4[L) is given by
2
M2 =5
4
u? 4?2 ”zjgvz —%g(u2 +20v%) 2uw
u?—v? Log. 2 2 2N V2,2 2 2y _ 2
X 2t \/2§ 2 2? (4w2 " u2 i ; 92t§2a)2 u2 N 2U2) \S/?Mw ’ (19)
—Vg(u +2v7) 5 Qw" —u” + 2v7) — 55 (0" +u” + 4v7) 3754
2uw —%uw —%’ruw u® + w?
The diagonalization of the mass matrix in Eq. (19) leads to dy,
the mass eigenstates of four following neutral gauge bosons: Qur = | ug ~ (3,3%,0), a=2,3,
Ds/,

2
mg =0, m%‘,ﬁ,1 = %(uz + ?), (20)

-1
my, = [2{%/3 - 4s2W] {[e%v(uz + o) +v?
—\/[C%V U2 + @?) + v22 + 3 — 4s2,) Bulw? — u?v? — v20?)t,

2

-1
mZZZ = [Zg_z,/3 — 4S%Vj| {[C%V(u2 + a)2) + 2
+\/[C%V(M2 + @?) + V22 + (3 — 4s2,) Bulw? — u?v? — v20?) .
(22)

2 1
Uir ~ (3119 3)1 d[RN (3119_5)1
2 1
UR ~ 3,1,5 , Dgr ~ 3,1,—5 . (25)

The Yukawa interactions which induce masses for the
fermions can be written as

Lyuk = Linc + Linv (26)

@ Springer
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in which £ ¢ is the Lagrangian part for lepton-number
conservation and Ly is that for lepton-number violation.
These Lagrangian parts are given by

Line =hYQ1LxUr + ho?/s Ourx*Dgr
+ hjWiLge;r + hjeabe (Wip)a (W5 )p(@)e
+hd Q1 1pdig + h"; Qurd*uir + H.c.
Linv =s"01xuir + 5% Ourx*dir
+52011.6Dur +5Y Our¢*Ur + H.c. 27)

where a, b, and ¢ stand for the SU (3);, indices.

During the SSB sequence of this model, the VEV w gives
the masses for the exotic quarks U and Dy, the VEV u which
is the source of lepton-number violations gives the masses
for the quarks u and d,,, the VEV v gives the masses for the
quarks u, and d; as well as all ordinary leptons.

3 Effective potential in the economical 331 model

From the Higgs potential (1), we obtain V{y in a form which
is dependent on the VEVs as follows:

A
Vo(u, w, v)—Ml(u +a)2)—i—M2 2 Zl(u4+w4+2u2a)2)
A
+ sz“ + Z(u V2 + v2e?). (28)

We see that Vj(u, w, v) has a quartic form like in the SM,
but it depends on three variables, u, w and v; it also has mix-
ings between these variables. However, we can transform u
into w by #y as defined in Eq. (17). We note that if the Uni-
verse’s energies allow for the existence of the gauge sym-
metry SU(3); ® U(1)x and the SSB sequence in the E331
model, the VEVs u, w and v must satisfy the constraint (4).
This leads to #g < 1, and we can neglect the contribution
of u. On the other hand, by developing the Higgs potential
(1), we obtain two minimum equations which permit us to
transform the mixing between w and v,

2
v
u%+/\1(u2+w2)+k33 =0,
2 2
u- 4+ w
M%‘I‘)szz—i-)g% =0. (29)

From Eq. (29) we obtain

M? + 0 = 2507 + Ao, (30)
and
2 20
My =55 “1
2.2 3 2 4
A3 2

@ Springer

Substituting Egs. (30) and (31) into Eq. (28) yields

ﬂ% W
Vo(u, w,
o(u, w,v) = 7@ + 4
2 2 _ 2 4
5 M3 MY | 5 AL 4 A2v
+[7+2m}“ T ™
A3 2

Neglecting u and from those relations, we can write Vj in
Eq. (32) as a sum of two parts corresponding to two stages
of SSB:

Vo(w, v) = Vo(w) + Vo(v), (33)

where Vy(w) = a) +7 Mt and Vo(v) =
quartic form. In addmon we have alternative ways to arrive
Eq. (33) which has other forms but Vy(w) and Vy(v) are still
in the quartic form.

In order to derive the effective potential, we start from the
full Higgs Lagrangian:

L=LSE +Vx. 9. (34)

where ngss and V (x, ¢) are respectively given by Eq. (9)
and Eq. (1).

In order to see the effective potential of this model can
be split into two separated parts, we analyze the processes
which generate the masses for all particles. The first, we want
to mention the masses of the gauge fields which come from
Eq. (9), we can rewrite this equation as form:

L& = (Dut0)" (P"00)+(Pule) (D" (8)) = A+ B,

35)

Note that the gauge fields (Wl.“ , B*) inside the covariant
derivatives of the A and B are the same. So after diago-
nalizing, the gauge fields in the A and B are the same, and
we obtain gauge bosons: v, Z1, Z», Xo, WE, Y+,

Neglecting u and from the term A, one obtains the mass
components of the physical gauge bosons only depend on w
and u (for details see, the second paper in [38—44]):

Mlﬁ)sons = m%/vi (o, M)W;Wﬂ}“ + m?/j: (w, u)YJYﬁM
+ myo (0, u) X5 20

+m (@, W) Z, 2 + moy (0, u)Z, 2. (36)
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From the term B, one obtains the mass components of the
physical gauge bosons only depend on v:

Mtﬁ)sons = m%/vi (U)W:W_“ + m?/i (U)Y:Y_M
+m2 XS Z% +md )z} Z'"

+m, ()2, 2 (37)

Looking carefully at Eq. (14) and (19), this is eas-
ily checked. So we obtain mj,. (w,u) = m3,@) = 0,
m%l (w, u) = mzZ2 (v) = 0.

Through this analysis we see that when we combine A
with B to make the diagonalization of the matrix in the above
section, this leads to a mixing between the gauge bosons in
the A and B. However, we note that although the fields of
the A and B are the same, the fields in the A or Eq. (36) only
go with w and u, the fields in the B or Eq. (37) only go with
v. Because the A and B are not mix together. Therefore we
found that the physical gauge bosons are like “break™, this
problem is due to the initial assumptions of the model about
the covariant derivative.

The second, we want to mention the masses of the Higgs
fields. The Higgs potential, Eq. (1), has two last components,
)Lg(XTx)(q&T(l)) and )L4(XT¢)(¢T)(), so we have a mixing
among VEVs. In the calculation in the above section, we
perform an approximation in Egs. (6)—(8). These approxi-
mations did lose the mixing between VEVs, so they did lose
M) (@ p) and A4(x T ) (@7 x) or these two last compo-
nents are absorbed into the other components of the Higgs
potential.

Therefore the masses of the gauge bosons and the Higgses
presented in Table 1, from which we can split the boson
masses into two parts for two SSB stages:

th)OSOH(a)’ U) = m%OSOH(a)) + m%OSOH(v)' (38)

However, note that the Higgs fields are like the gauge
bosons. A field function multiplies by the square of the mass
that contains a VEV, so that the field only effects on the VEV,
but it does not effect on all of VEVs.

The last, expanding the Higgs fields x and ¢ around their
VEVs which are u, w and v, we obtain

1 1
L= EB”wauw—i- Ea/*uanJr Vo(w, v)+ME +ME

+ Z Mexotic quarks (@)Q Q + myop quark(v)tt_v (39)

In the E331 model, we have two massive bosons like the
SM bosons Z; and W*, two new heavy neutral bosons X
and Z», the singly charged gauge bosons Y+, one singly
charged Higgs H2i, one heavy neutral Higgs H P and one
SM-like Higgs H". We must consider contributions from all
fermions and bosons. But for fermions, we retain only the

top and exotic quarks because their contributions dominate
over those from the other fermions [2]. Therefore, from the
Lagrangain (39) we obtain two motion equations according
tow and v,

Vo (w) + Z 8m%osons (@)

0" wd
WO+ dow

wWHwW
w I3
i Z 0Mexotic quarks(w) QQ -0, (40)

dw

Vo (v) N Z am (V)

av
T 8””ltopa<luark(v) =0, (41)
v

3" vd, v + WHW,

where W runs over all gauge fields and Higgs bosons. From
Eq. (42), averaging over space we obtain

Vo () + Z 8’ngosons(a))

*wd
WO + Jw w

(WHEW,,)
T Z 0Mexotic quarks ()

5 (Q0) =0, (42)
w

IV om.
R N
9 ,
MW —0. @)
v

Note that (W#* W, ) in Eq. (42) only effect on w, so it only
depends on mposons (). Similarly, (W#W,,) in Eq. (43) only
effect on v, so it only depends on mpogons (V).

Using Bose-Einstein and Fermi-Dirac distributions
respectively for bosons and fermions to average over space,
we obtain the one-loop effective potential Vegr(w) for the
electroweak phase transition SU(3) — SU (2) at high tem-
peratures:

Vet () = Vp(w)

1 m2 (w) m> (w)
+ ) |:6m§/ (w) In # + 6m§( (w) In ﬁ

2 m2 (w)
m>_ (w 0

22 + m:o (w)In ———
i

Q/Z Q/Z

+ 3m‘é2 (w)1In

m? ()

m ()
4 4 Y
—i—2mHzJr (@) 1In ? — 36m'(w) In

Q/2
rt my (@) mx (@)
o Jor (M) or ()
mz, (o) m o (@)
+3F< T >+F< T

m (@) mg(w)
+2F_ (T) +36F, < T ) . (44)
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Table 1 Mass formulations of bosons in the E331 model

Bosons m2(w, v) m?(w) m2(v) m2(vy = 246 GeV)
2 2

2 ® 2 2 2 2

miy,s g 0 fv 80.39% (GeV)
02 2

mk. £ (@? + ) L o? L2 80.39% (GeV)?

2 g 2 2 2
My T T 0 0

2 2 &2 2 g 2 2 2
mz ~mz 463‘/1) 0 46%/1) 91.68~ (GeV)

2.2 2

2 o2 8Cw 2 8 Cy
Mz, ~ Mz 3453, @ 4, @ 0 0

2 2y — 23 )42 0 2y — 1) 2 1252 (GeV)2
Mho e 273y )Y (GeV)

2 2 2

2 2, A2 23,2 A2
mHlo 2h 0 + v 20w T 2A1 v

2 Ay, 2 2 ra 2 Ay o2 Ay o2
mHzi 7 (0 +v7) S S St

in whichm ¢ indicates the masses of three exotic quarks. Sim-
ilarly, from Eq. (43), we obtain the high-temperature effective
potential Vg (v) for the electroweak phase transition SU (2)—
U():

Vetr (v) = Vo(v)

1 m?, (v) m? (v)
+ a2 |:6m“tv(v) In W—2 + 6m§1,(v) In 52
m? (v) mo(v)
+3mY, () In —25— + m () In HQ"2
2
m’ (V)
H
+m‘;{?(v) In le
. m? +(v) A t2(v)
+2mH2+(v) In 52 —12m}(v)1 5

T4 myy (v)
+m|:6F_< T >+
m o (v) mH]o(v)
o (ma0) o (20)

(45)

in which m; indicates the mass of the top quark. Fx (%)
come from (W#* W) and describe the thermal contributions
of particles with masses m. These terms are given by

my [T
FJF(T) _/O @ (@, 0)da, (46)
where
00 (12 2\1)2
IV (@, 0) =2 / Sl (47)
p e* F1

@ Springer

As the above analyze, F¢ (%) in Eq. (44) only depend on
w and F¢ ( ) in Eq. (45) only depend on v.

Equations (39)—(44) and (45) do not consist of any mixing
between w and v. Therefore, we can write the total effective
potential in the E331 model as
Vet = Verr (@) + Verr (v). (48)

The effective potentials Vegr(w) and Vegr(v) seem to
depend on the arbitrary scales Q' and Q respectively. How-
ever, by the same reasoning as in [2], we can show that
the structure of these potentials remain unchanged for the
changes in scales. At zero temperature, all thermal contribu-

tions vanish, and due to the quartic form of Vj(w) and Vp(v),
we can rewrite Eqs. (44) and (45) as

1K () = Vot + MPo? + Al +

6472
2
x [6m‘;(w) "X 4 6 () 10 X2 X(w)
4 mz, (@) 4 M (@)
+3my, () In —25— + Mo (w)In ?
m? +(CU) 2
+2m1 (@) In Q— 36my(w)In—=—— | (49)
and
Ver® @) = Arv* + Mjo® + Ag + o —
m2, (v ) m2 (v)
X [6m‘¢v(v) In gz m3 (v) In (YQ
2 2
(v) )
+3m% (v)In mZlev +m()In m*’Q"z(v
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o(v)
(v)ln Q2
m? +(U) (v)
+2m (v) In ——— 12m (v) In IQ , (50)

where A, My, Ay, Ag, Mg, and Ag are the renormalized
constants. The changes such as Q' — «’Q’ (or Q — « Q)
induce the terms which contain «” (or «) and are proportional
to mﬁoson (w) ~ w* (or mﬁoson(v) ~ v*). Those terms can be
absorbed by A’y (or Ag). This makes the physics remain the
same.

For this reason, we can put Q' = €’wg and Q = €vy into
Egs. (49) and (50), respectively. Combining the terms which
contain €’ and € with the renormalized constants, we have

O"K /
= M A
(w) = 4+ w® + 0+642

+ 6mX(a)) ln

|:6m y (@) ln
0

2
3
s @ Lmt @y
+3mzz(a))ln 2+mHO(a))ln 3
@o : @0

2 2
+2m% (@) In 25 — 36m} (@) In w—z} (51)
2 0)0 a)o

and

VK ()—Zv +M§v2+Ao+647
2 2
+6mY(v)ln—2
0 0
2

|:6mW(v) In —

+3mzl(v)1n +mH0(v)]n

v
v} (vo)?
2
v
+ mz? (v)In 3
0
v2 v?
+2m% (v)In — — 12m} (V) In = |, (52)
2 UO vo

where 4, Méz, Afs 2o, Mg, Ay are the parameters those can
be specified from the conditions (61) and (67). We obtain

o [mhetew
A= ;Tg e s (6m} o) + om (w0)

4 4 o a4
+ 3mzz(wo)+mH{)(wo)+ mH;(wo) 36m ; (wo)

(53)

2= oh o+ — (6m3 (@0) + 6m (@)
47 Hi 3272w]

+ 3m, (@0) 0 (w0) + 2y (wo)—36m“Q(wo)> } :

(54)

(6m‘; (o) + 6mk (wo)

w2 [m30@o) 1
A6 — 0 1 _
4 2 32720]

+ 3m, (o) + mjt,:) (@0) + 2m‘,‘,2+ (@0) — 36mY, (wo)> } ;

(55)

M (0) +mie(o) 3

Ao = -
‘ 203 3272

x (6mly (v0) + 6m (v0) + 3m, (vo)

o (10) + g (o) + 2mi (vo) — 12m] (v0)) 1.

(56)

2
2 _mH(Uo)+mH|0(vo) 1
0 4 32720}

x (6mrly (vo) + 6mr (vo) + 3m, (v0)

o (10) + Mg (v0) + 2mS . (v0) — 12} (v0)) } ,

(57)
w2 [ 0 @o) +mi o (vo) |

4 2

B 327121)(%

X (6mﬁ, (vo) + 6m3‘,(vo) + 3’"%1 (vo)

+ Mo (V) + g (v) + 2 (v0) — 120} (v0) )
(58)

In the special case, when Mg = 0, the potential (52) reduces
to the Coleman—Weinberg potential.

4 Electroweak phase transition

In sequence of SSB of the E331 model, the SSB which breaks
the gauge symmetry SU (3);, QU (1)x downtothe SU(2);, ®
U (1)y through Xé) generates the masses for the exotic quarks,
the heavy gauge bosons X and Z,, and gives the first part of
mass for Y. The SSB which breaks the symmetry SU (2); ®
U(1)y down to the U(1)¢ through x? and ¢g generates the
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masses for the SM particles and gives the last part of mass
for Y*. Because wg ~ O(1) TeV, ug ~ O(1) GeV, and
vg = 246 GeV [38-44,46], the breaking SU (3) — SU(2)
occurs before the breaking SU (2) — U(1).

Associated with this sequence of SSB, a sequence of
EWPT takes place with the transition SU(3) — SU(2) at
the scale of wg and the transition SU (2) — U(1) at the scale
of vy as the Universe cools down from the hot big bang.
Our analysis so far shows that the former is the first transi-
tion which depends only on w, while the latter is the second
transition which depends only on v.

From Table 1, the gauge bosons X° and Z, are only
involved in the first transition, the gauge bosons W=, 7,
and HY are only involved in the second transition, but the
bosons Y+, HP , and H2+ are involved in both transitions.
The total mass of Y* — i.e. my=+(w, v), whose formula is
given by (38) — is generated as follows. As the Universe is
at the wg scale and the EWPT SU(3) — SU(2) happens,
Y+ eats the Goldstone boson )(2jt of the triplet x to obtain
the first part of mass, my=+(w). When the Universe cools to
the vy scale and the EWPT SU (2) — U(1) is turned on, Y+
eats the Goldstone boson ,01i of triplet ¢ and get the last part
of mass, my=(v).

4.1 Phase transition SU (3) — SU(2)

Taking place at the scale of wg, which is chosen to be in the
range 1-5 TeV, the EWPT SU (3) — SU(2) involves exotic
quarks and heavy bosons, without the involvement of the
SM particles. From Eq. (44), the high-temperature effective
potential of the EWPT can be rewritten as

)\'/
y@ﬂwy:D%T2—T%k£-—ETw3+jfw{ (59)
in which

"= —— 16m3 (wp) + 6m% (wp) + 3m%, (wp)
24a)(2) { ’

10 (@0) + 2m  (w0) + 18m2Q(wo)} :

1

2
TO:E

2 0(00) — s (6 w) + 6m (w)
4 H 32n2a)(2)

+ 3m, (@0) + o (o) + 2y (@0) - 36m4Q(w0))} :

E' = ——— (6my (w0) + 6m () + 3my, (o)
127'ra)0
+ mi,lo (o) + 2m§,2+ (@),
2
o) I o mi()
Ap = 5 3% 6m’y (wp) In 5
2w 8 wymy, (wp) bT
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2 2
m5, (o m?,_(wp)
+ 6m% (wp) In 2‘;20) +3m, (@) In 7%2
2
4 miy, (@0) 4 " (o)
+ m7 o (wo) In ——— +2m" , (wg) In ———
H bT? H, bT?
2
m, (w)
4 0

where wy is the value at which the zero-temperature effective
potential Veof(f)K (w) gets the minimum. To obtain Veof(;K (w),
from Veir(w) in Eq. (44) we neglect all terms in the form
Fe (%) The minimum conditions for ng)K (w) are:

o AVEK (@)
VO K — O, eff — 0’
eff ((1)0) Jw w=w()
0’V (@) 2
= . 61
3(,()2 ‘w:wo mHlo (w)‘w:wo ( )

From the conditions (61), we have the minima of the effec-
tive potential (59):

= (62)

w=0, w=w=

where w. is a critical VEV of x at the broken state, and 7}/
is the critical temperature of the phase transition, which is
given by

T, = —TO/ (63)
¢ 2 PV
/1 - E?/D'y,
Now, we consider the phase-transition strength:
) 2E'
S:ﬁ:w, (64)
c T!

which is a function of three unknown masses, m 0, m = and
m . For simplicity, we follow the ansatz in [17] and assume
Myt = mo. Then we plot the transition strength S’ as the
function of m HY (w:) and m HE (wc) with w, is in the range
from 1 to 5 TeV. In Figs. 1, 2, 3, 4, and 5, we present the
contours of S’ in the (m HES T HP)—plane; each figure corre-
sponds with a case of w. The smooth contours are the sets
of the (m HES M Hlo)—pairs which make §" > 1 and then the
EWPT SU@3) — SU(2) to be the first-order phase transi-
tion. The uneven contours are the sets of the (m HES T Hlo)-
pairs which are unusable because they make S — oco. Our
results show that the heavy particle masses must be in the
range of a few TeV, and the strength of the first-order phase
transition SU(3) — SU(2) isin therange 1 < §" < 13.
According to Ref. [47], the accuracy of a high-temperature
expansion for the effective potential such as that in Eq. (59)
will be better than 5 % if % < 2.2, where mposon 1
the relevant boson mass. This requirement sets the “upper
bounds” of the mass ranges of Hl0 (w) and H;(a)). From
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(@) GeV]

0 100 200 300 400 500 600 700
miz; (@)[GeV]

Fig. 1 The contours of §' = % in the case wy = 1 TeV. Solid (and
smooth) contour: §' = 1; dash}d contour: S' = 2; dotted contour:
S’ = 3; dotted-dashed contour: S’ = 4; uneven contour: S' — o0. In
this case, the mass ranges of m o0 and m g+ for the first-order phase
transition are 0 < m HO < 300 GeV and 0 < m HE < 720 GeV,
respectively

600

500

400

300

1

mHo(w)[GeV]

200

\

100,__~\ - :{ i
. |

0 200 400 600 800 1000 1200 1400

mys(@)[GeV ]

Fig. 2 The contours of §' = % in the case wy = 2 TeV. Solid (and

smooth) contour: S' = 1; dashed contour: S' = 2; dotted contour:
S’ = 3; dotted-dashed contour: S’ = 4; uneven contour: S' — o0o. The
mass ranges of m HY and m HE for the first-order phase transition are

0< My < 600 GeV and 0 < My < 1440 GeV, respectively

Table 2, this requirement is satisfied by all mass ranges of
H P , while it narrows slightly most of the mass ranges of H2jE

From Eq. (64), the phase-transition strength S” depends on
the parameters E’ and A%,,. From Eq. (60), E’ expresses the
contributions of the new bosons while )JT/ includes the contri-
butions of the exotic quarks to the phase -transition strength.
Therefore, the new bosons and exotic quarks can be triggers
for the EWPT SU (3) — SU (2) to be the first-order.

4.2 Phase transition SU (2) — U (1)

Occurring at the scale vg = 246 GeV, the phase transition
SU(2) — U(1) does not involve the exotic quarks or the
boson X. In this stage, the contribution from Y * is equal to
that from W, The effective potential is given by Eq. (45).
We write the high-temperature expansion of this potential as

1000 F b

1

0 (@)GeV]

0 560 1060 1560 2060
m (0)[GeV]
Fig. 3 The contours of §" = ¢ in the case wp = 3 TeV. Solid (and

smooth) contour: §' = 1; dashed contour: S’ = 2; dotted contour:
S" = 3; dotted-dashed contour: S’ = 4; uneven contour: S' — oo. The
mass ranges of m HY and m HE for the first-order phase transition are
0< My < 900 GeV and 0 < Myt < 2150 GeV, respectively

1200 ]
1000 ]
% 800
9
S 600 ]
%
S 400f----- p
200 ]
0 ‘ ‘ ‘ ‘ ‘ ]
0 500 1000 1500 2000 2500 3000
my()[GeV]

Fig. 4 The contours of S’ = % in the case wy = 4 TeV. Solid (and

smooth) contour: §' = 1; dashed contour: S' = 2; dotted contour:
S" = 3; dotted-dashed contour: S’ = 4; uneven contour: S' — oo. The
mass ranges of m HY and m HE for the first-order phase transition are
O<m Ho < 1200 GeV and 0 < m HE < 2870 GeV, respectively

1400 -
1200 -
1000 -

800

1

600 -

m,o(@)[GeV]

1

400 R ! ]

200 | . Lo 1

0 500 1000 1500 2000 2500 3000 3500

mp+(@)[GeV]
Fig. 5 The contours of §" = ¢ in the case wp = 5 TeV. Solid (and

smooth) contour: §' = 1; dashed contour: S’ = 2; dotted contour:
S" = 3; dotted-dashed contour: S’ = 4; uneven contour: S' — oo. The
mass ranges of m HY and m HE for the first-order phase transition are
0< myo < 1500 GeV and 0 < mys < 3590 GeV, respectively
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Table 2
by the condition mposon < 2.2 X T}

The mass ranges of Hl0 and H2i for the EWPT SU(3) — SU (2) to be the first-order phase transition, and their upper bounds as required

w (TeV) T! (GeV) m o (GeV) My (GeV) Upper bound (GeV)
1 350 0< myo < 300 0< mys < 720 770
2 650 0 <mpyo < 600 0 <mpyz < 1440 1430
3 950 0< My < 900 0< mys < 2150 2090
4 1300 0< My < 1200 0< mpy= < 2870 2860
5 1600 0< Mmyy < 1500 0< mys < 3590 3520
Ve (v) = D(T2 . T02)v2 . ET|v|3 + %v“ (65) we can see that in this EWPT, Mo (v) and mH{) (v) generate
the masses of the SM particles and the last mass part of Y+
in which We also have the minima of the effective potential (65):
N P ) 2 b=0, v=uy = 2l (68)
= Siu2 [6mw(vo) + 6m (w0) +3m3, () +mppo(vg) V=0 v =ve= T
+m HY (vo) + 2m%_1+ (vo) + 6m,2(v0)] , where v, is the critical VEV of ¢ at the broken state, and 7
) : is the critical temperature of the phase transition, which is
72 _ 1 { mi (Vo) + m o (vo) o1 given by
5=
D 4 292
32m=vg T,

X (6m?v(vo) + émé(vo) + 3m%1 (vo)
+ My (V) + My (v0) + 2m (v) — 12mf () |

1
12 vy

+ 130 (40) + M3y (o) + 2. (v0))

. _m?,o(vo>+m§,?(vo> |
T= ZU% 8712v§(m%_10(v0)+m%10(v0))
2
x |:6miv(vo)ln mZVT(ZO) m (vo) In Z;ZO)
2 2
m?, (vo) m (Vo)
+ 3m‘é1 (vo) hlblT +m‘;10(vo) lnIZT
2
m’, . (vo) 2(11
0)
+ 2m2;(v0)1nT 12m¢ (vo) In o7 |1

(66)

where vy is the value at which the zero-temperature effec-
tive potential VC%K (v) gets the minimum. Here, we obtain
Veof?K (v) from Vegr(v) in Eq. (45) by neglecting all terms in
the form Fy (%).

From the minimum conditions for Veof;K (v)

VO K(v)
— O Zleff VU7 — O,
eff (UO) v v=1g
9 V(};K(”) 2 2
— = = [1300) + m20 ()] \z (67)

@ Springer

T= —. (69)
T J1—E2/Dig,
We investigate the phase-transition strength
Ve 2FE
S=—=— (70)
TC )"T(

of this EWPT. In the limit £ — O, the transition strength
S — 0 and the phase transition is a second-order. To have
a first-order phase transition, we requires S > 1. We plot S
as a function of mHlo(vo) and My (vo). As shown in Fig. 6,

for the masses of H2jE and H 10 , which are, respectively, in
the ranges 250 GeV < Myt < 1200 GeV and 0 GeV <
My < 620 GeV, the transition strength is in the range
1 <8 <3.

Considering the requirement for the high-temperature
expansion to be applicable on the effective potential (45),
Zhoson < 2.2 [47], we show in Fig. 7 that with T = T, ~
130 GeV, the mass ranges of H2i and Hlo are, respectively,
narrowed to

255GeV < My < 280GeV, (71)
and
0GeV < My < 58 GeV. (72)

Corresponding with these ranges of mass, the range of
phase-transition strength is narrowed to 1 < § < 1.15. Thus
the EWPT SU (2) — U (1) is the first-order phase transition,
but it seems quite weak.
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260 460 660 860 1 060 1260
m 1 W[GeV]

Fig. 6 The contours of transition strength S = 2—’5 . Solid smooth con-
tour: S = 1; dashed smooth contour: S = 1. l dotted smooth con-
tour: S = 1.15; dash—dotted smooth contour: S = 1.5; even con-
tours: § — oo. The mass ranges of m HY and m HE for the EWPT
SU((2) — U(1) to be the first-order are OGeV <My < 620 GeV
and 250GeV < m HE@) < 1200 GeV, respectively

g7
50 .

2E[Ar =1

30F 2]

m 0 (D[GeV ]

20 2 1

255 260 265 270 275 280
Myt (v)[GeV]

Fig. 7 The condition #b&er < 2.2 narrows the mass ranges of H2:E and
Hl0 as well as the range of transition strength

As we can see in Egs. (70) and (66), the new bosons con-
tribute to the phase-transition strength S via the parameters
E and A7,. Hence these new bosons can be triggers for the
EWPT SU(2) — U(1) to be the first-order.

In Fig. 8, we illustrate the dependence of the effective
potential Vegr(v) on the temperature. When the Universe
cools through the phase-transition critical temperature 7,
the Higgs field v tends to get a non-zero VEV vy which is
in the range 0 < vy < 246 GeV, and the second minimum
of Vegr(v) gradually appears at vg. As the temperature drops
from T, the second minimum becomes lower and the first
minimum gradually disappears, while the VEV vy tends to
246 GeV. The tendency of vy can be seen in Fig. 9 where we
show that vg reaches 246 GeV for the temperatures which are

Verr(v)
2.0x107

15%x107
1.0x107

50x10° F

-5.0x10° \ !
“1ox10” F : 1

-15x10" F \ K

Fig. 8 The dependence of the effective potential Vegr(v) on the tem-
perature. With My (v) = 50GeV and My (v) = 280 GeV, we have

the critical temperature 7, = 127.974 GeV and the phase-transition
strength S = 1.03. Solid line: T,; lines above the solid line: T > Tg;
lines under the solid line: T < T,

far below 7. At 0° K, the non-zero minimum locates exactly
at vg = 246 GeV. This result is consistent with the SM.

4.3 Constraint on the mass of the charged Higgs boson

From the EWPT SU (2) — U(1), we have derived the mass
ranges of H2+(v) and H?(v) in Egs. (71) and (72). So we
have

0GeV < myo = \/milP(v) +m§110(w) < 1501.12GeV,

(73)
and we obtain
2.149 < x4 < 2.591 (74)
and
0< )L—% < 0.0556, (75)
2h

From the phase transition SU (3) — SU(2), we have also
derived

0<ig <103 (76)
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1sxi0® | Ve

1.0X10° |

50X10" t

246GeV

-5.0%X10"

-1.0X10%f

Fig. 9 The tendency of non-zero minimum for lower temperatures. We
choose My (v) = 50GeV, mp (v) = 280GeV. Dotted-dashed line:

T = 50GeV. Dotted line: T = 10GeV. Solid line: T = 1GeV. vy
reaches 246 GeV as the temperature decreases

and

0 <X <045, a7

for any w. Eqgs. (74)—(77) lead to 2.149 < A4 < 2.591;
2

0 <2 <045and0 < 35 < 0.0556.

5 Conclusion and outlooks

We have investigated the EWPT in the E331 model using the
high-temperature effective potential. Although the effective
potential in the model depends complicatedly on three VEVs,
u, w,and v, it can be transformed to a sum of two parts so that
each part depends only on w or v, which corresponds a stage
of SSB. Therefore, the EWPT can be seen as a sequence of
two EWPTs. The first, SU(3) — SU(2), takes place at the
energy scale oy to generate the masses for the exotic quarks,
the heavy gauge bosons X and Z,, as well as a mass part of
Y*. The second, SU(2) — U(1), occurs at the scale vg to
give the masses for the SM particles and the remaining mass
part of Y+,

Atthe TeV scale, the EWPT SU (3) — SU (2) is strength-
ened by the new bosons and the exotic quarks to be the
strongly first-order; if the masses of these new particles are
about 102-10° GeV, the phase-transition strength is in the
range 1-13. As the energy is lowered to the scale of 10° GeV,
the EWPT SU((2) — SU(1) is strengthened by only the
new bosons; with the contributions of the mass parts from
HP, Hzi, and Y=, which are in the ranges 10-10% GeV, the
strength of this transition is about 1-1.15. Therefore, both
EWPTs can be the first-order; the SU (3) — SU (2) appears
very strong, while the SU(2) — SU (1) seems quite weak.

@ Springer

However, both of these first-order EWPTs can be suffi-
ciently strong to provide B violation necessary for baryoge-
nesis, as shown via the parameter ranges which we have spec-
ified. If H 10 and H2jE exist, their contributions to the strengths
of each EWPT are meaningly large. In this case, the sequence
of strongly first-order EWPTSs in the model may provide a
source of large deviations from thermal equilibrium. The
model may fully describe the continual existence of BAU
since it was generated in the early Universe.

In subsequent work, we will investigate the electroweak
sphalerons as well as the C- and CP- violating interactions
to know if the model possesses all necessary components for
EWBG.
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