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Abstract. Our analysis shows that SM-like electroweak phase transition (EWPT) in the SU (2); ®
SU(2), @U(1)y (2-2-1) model is a first-order phase transition at the 200 GeV scale, enough for
baryogenesis. This first order EWPT is described by a non-smooth correlation length function.
The second VEV is larger than 1.1 TeV in a two-stage EWPT scenario.
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I. INTRODUCTION

The Baryogenesis, a solution for the matter-antimatter Asymmetry of the Universe, has
been seen in the Sakharov condition [1]. The most important is a first-order EWPT because that
not only leads to a thermal imbalance [2, 3] but also makes a connection between the B and CP
violations via non-equilibrium physics [4].

The EWPT has been studied in the Standard Model (SM) [2, 3, 5-9] as well as beyond
SM [10-36]. The EWPT strength is larger than one at the 200 GeV scale in SM, but the Higgs
boson mass must be less than 120 GeV [2, 3,5-9]. Beyond SM there are various sources for
the first-order EWPT, for instance heavy bosons, dark matter candidates [13-21,26-32,37-45] or
composite Higgs. Another pretty important point is that there are proofs that EWPT or effective
potential does not depend on the gauge. This allows us to calculate EWPT in the Landau gauge as
simplest and also physically adequate gauge [33-36,41,46]. In models with more doubly charged
particles or bosons, the strength will be larger [45].
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The SU(2); ® SU(2)2 @ U(1)y Model (2-2-1 model) is a model beyond SM, which has a
simple group structure. However, there are three coupling constants, three vacuum expectation
values (VEVs); two exotic quarks which are in a doublet of SU(2), group; one new charged and
one new neutral gauge boson which are larger than 1.7 TeV [47]. This model has two new gauge
bosons which can play an important role in the early universe. These particles and the frame of
Higgs potential can be a reason for one first-order EWPT.

This article is organized as follows. In Sect.Il, a short review of the 2-2-1 model and the
corresponding Higgs potential will be presented. The electroweak phase transition structure will
be driven in Sect.Ill. The first-order phase transition condition will be analyzed by the strength
and correlation length in Sect.IV. Finally, in Sect.V we shall summarize and describe outlooks for
this work.

II. REVIEW ON 2-2-1 MODEL

In this model, the gauge symmetry is SU(2); @ SU (2), @ U (1)y. It has the following gauge
bosons: two massive bosons as SM W= boson and Z boson, one new charged boson W', one
new heavy neutral boson Z'. In particular, the model has two Higgs doublets H; and H,, where
the first is the SM-like Higgs doublet of SU(2); and the second is the heavy Higgs doublet of
SU(2),. Besides, in order to minimize the number of the particles and increase the decay width of
the heavy scalar boson of Hy, a quark doublet Q'7 = (U’,D’) is introduced [47].

I1.1. Higgs potential
The Higgs potential with two doublets and one singlet is given by

V(H\,H,S") = Y [ufHH;+ A(H H;)*] + p28” + AsS™
i=1,2

+ uaS” + S (wisH] Hy + wosHi Hy)
+ MoH ] HiH] Ha + 158 H, H,
+ MasS”?H Ha, (1)

where the scalar fields can be expressed as

Gl
H = i , 2
l ((Vi+hi+iG?)/ﬂ> @
§'= (vs+5)/V2. (3)
In Egs. (2) and (3), GJr GO are the Nambu-Goldstone bosons. /5 and § are the scalar
JdV (Hy,H,,S
bosons. vy 7 g are VEVs. By using the minimal conditions, ((19’2’) =0, we obtain
: V;
1
u +A,1V + = (l]zv +AISV — =0,
! : ? s) \@MSVS
1
,LL2 + szz += (szl + lzsvs) — =0,
V2Uasvs
H§vs + Asvy + —— 3Hs V§+ (Hisvi + Hosv3) + 1(%sv% + Aagv3)vs = 0. 4
22" 2\f 2
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The mass-squared matrix for the scalar bosons has the form [47]:

2 2 2
) ";hl mhéhz m12115
M" = mhzzhl my, mhiS

Hisvi

2M v% Aavivo 5 + Asvsvy
A%
— A2viva 2M0v3 Hf%2 + Aasvsva G))
Hisvi UasV2 3us 1 isv? + tasv3

+ Asvsvi + Aasvsva Zlgvg +

V2 NG 227 v s

where the masses of Higgs bosons are
m; = mﬁl =2A7,

2 _ 2
mhz = 2&2\/2,

(6)

3usvs Hisv? + tasva
2V/2 2V2vs

In Egs.(6), h; is considered as the SM-like Higgs & so we use 4 instead of &; from now on.
h, and S are not yet physical particles because they are mixed together as in Eq.(5).

We can diagonalize the matrix in Eq.(5) and obtain the masses of two physical particles
[47]:

m_% = 213\/_% +

2 2
mg+my, 1
My = — g 5 = i )2 -, )

where m%3 = Aasvavs + vallas/ /2. However, we approximate that Lrg and A,g are very small (see
Ref. [47]), so that my3 ~ 0 and we neglect this mixing so mg, = mg,my, = my. In our analysis,
we use H and Hy instead of 4, and S.

I1.2. Gauge boson sector

The masses of the gauge bosons can be found in the kinetic part of the Lagrangian
& = (DyHy) (DyHy) + (DyHy) (DuHy) + (DuS) (DS'). (8)
We can find the masses of gauge bosons by writing the covariant deravative as:
Dy = (9 — igiTa Ay — igyYBy), ©)

where g; and A, (a = 1,2,3) are the gauge coupling parameters and gauge fields of SU(2);, gy and

By, are the gauge coupling and gauge field of U(1)y, Ta(i) = 0,/2, where o, are the Pauli matrices
and Y is the hypercharge of a particle. The covariant derivative of H; and H, can be rewritten as:

A3 )2 Bu/2 W /32
D> | 8Ai/2+8rBu/ g w/V2 ( 0 > (10)
gW —+iu/V2  —giA} /24 gvByu/2 (vi+hi)/V2
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where W= = (A! FiA?)/+/2 are the charged gauge fields. Since they are not mixed with each
other, we can easily obtain the masses of SM-like and the new charged gauge boson as:

my = e and my = £2v2
2 2
The mass matrix of the neutral gauge-boson sector is given by:
3\ T 3
1 Ay, V383 0 —vigagy At
Ly = 3 A?H 20 v%zg2 ;v%gigy ) A?“ (11)
By —vag28y  —viggy (vi+vy)gy

B
We can easily find the massless photon field A, and two massive neutral gauge bosons Zj,
and Zp,

A%ﬂ Co 0 —S9 1 0 0 Zzﬂ

A%M 01 0 0 cw sw Ziu |, (12)

Bu s9 0 cg 0 —sw cw A’u

where
59 =sinh = gy , CQZCOSOZL, g = gyco,
& tsy V& tsr
/
. 8 8
Sy =sinBy = ———, cw =cosly = ————,
/g2 +g/2 gZ _|_g/2
Ow is the Weiberg angle in the SM.
The mass-squared matrix for the two new bosons Z; and Z; is given by:
2 2
2 _ mz, Mzzn
1‘42122 < m%lzz méz 9 (13)
with
2 = ﬁ(gz +¢?) 2 _ vigs +v°g"
Zi 4 ’ Z 4(g% _g/2) )
m2 B v2 g/2 g2 4 g/2
707y = .
142 4 g% _ g/2
After diagonalizing the mass matrix, we receive the mass eigenstates Z and Z':
Z =Z,cos 07 — Z,sin 0, 7' =Z71sin0z +Z>cos 0z, (14)
where their mixing angle 0 is

2
) 2leZ2
Sin 202 - ﬁ
mz, —m

5)
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The physical masses of the two neutral gauge bosons Z and Z' are:

2 2
, Mz +myz 1
mz = % + 5\/(”1%2 —mz, )>+4my 7.
2 2
2 myz +mZ 1
myz = # — 5 (m%z _m%I)z +4mélzz.

Finally, the Yukawa sector can be expressed as follows:

— L =yrQ10kS +ypQ1 Hobg + y, Q) Hotg + myQ; Qg + H.c (16)

III. ELECTROWEAK PHASE TRANSITION STRUCTURE IN THE 2-2-1 MODEL

The purpose of this section is to find the effective potential of 2-2-1 model. The process
will be similar to the one of SM. Higgs components and gauge bosons are the main contributors
to EWPT, so determining the mass of these particles can affect the phase separation.

First, we have the Higgs Lagrangian of 2-2-1 model, which contains the kinetic energy and
potential parts as:

Lhiiggs = (DuH) " (DyHy) + (DyHy) ' (DuHy) + (DS (DyS') +V (Hy Hp, S').  (17)

After averaging over all space, we get:

1

(H) =5 (8) i=1,2 (18)
1

<S/> = 7\/5‘)& (19)

Lagrangian is rewritten as below since we can consider v,v; and vgs as variables from now
on.
lou 1o Lou
LHiges 258 voyv + 58 Vaduva + 58 vsduvs + Vo(v,v,vs)
+ Z m (v, v2,vs)WHW, (20)

i=boson

in which W runs over all gauge and Higgs fields.
Since each symmetry breaking only generates masses for the parts which depend on its
VEYV, we can split the masses of particles into 3 parts as:

m? (vs,va,v) = m?(vs) +m*(vy) +m*(v). (21)

Table 1 contains the masses of particles in this model [47], which depend on the VEVs; n
is the degree of freedom; g = 0.654, ¢’ = 0.407; g, is unknown and it should be larger than 2 [47].
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Table 1. Masses of bosons and fermions in the 2-2-1 model.

Particles m?(v) m*(vy) m?(vs) n
m,. £ 0 0 6
e 0 g2 0 6
my, ~mj (+82)Y% 0 0 3
m%z ~ my % ggijz %g?fvj’z 0 3
mj, = mj, 20V 0 0 1
myy = mj, 0 2M0v3 0 1
m1215 =m} - % - % 2AsvE + 32“ \vas 1
m? 22 0 0 -12
mj ~mp, :sz 0 0 (m.,,—i—L\/’%vS)z —12
ma ~ m,z), = sz 0 0 (my + \[vS)z —12

The tree potential Vj has the form:
Vo(v,v2,vs) = V((H), < > (s"))

= Y [ (H) () + A ((Ha) T (H) )P+ i (8')% + As(87)?

i=1,2

+u3(S") + (") (s (HL) T (HY) + s (Ho) T () )
+ Az (Hy) T (Hy ) (Ho) T (Hy) + Aas(S)* (H) T (HL)
+ o5 (S')? (Ha) T (Hy)

W Ivlzzl %) .usz As
—2v+22—|—4 +42+2S+4
.u33

BN f

=Vo(v) + Vo (v2) + Vo (vs).

4

vS(,ulsv —I-[.ngvz)—i-?mv v2—|-7LlsvSv +7Lzsv5v%

(22)

(23)

(24)

A scenario is to have 2 phase transitions, where vy and v, are at the same scale. The first
symmetry breaking SU(2); @ SU(2), @ U(1)y — SU(2)L @ U(1)y is directly turned on, without

This phase transition gener-

ates mass for all the new particles through v, = vg. The electroweak phase transition is like the
one in SM.



TWO ELECTRO-WEAK PHASES IN THE SU(2); ® SU(2), ® U(1)y MODEL 155

Multi-stage EWPT has been considered in many beyond SM models. Separation into sev-
eral phases of EWPT is due to the square of particle mass without the mixing of VEVs (except
H;). This problem may be well addressed in [40].

2-2-1 model: SU(2); ®@SU(2),@U(1)y
4
SM model: SU(2),@U(1)y
Y
QED: U(1)g

The mass of Hg has a mixing of VEVs because the Higgs potential has the interaction
among S', H; and Hy, S'( /.ngHlT H + ,LLQSH; H,). This will lead to a difficulty in phase separation.
This interaction makes complex in the mass generation to Hy and the Higgs potential has auto-CP

violation. In the next section we will approximate the mass of Hj, it can participate in one or
two phases.

IV. TWO PHASE TRANSITIONS

When vy is at the same scale with v,, we set vgy = v then

1
My (VZO) :ZASV%O +—= (3,qu - ,LLZS)VZOa

2v2 (5)
mQ (Vz()) :mw + %Vzo,
where Q is the exotic quark 7" and B.

IV.1. The first phase transition SU(2); @ SU(2),@U(1)y = SU(2)L,@U(1)y

There are all of the new bosons and fermions in this phase transition, such as W', Z' . H,H;, T, B.
The effective potential of SU(2); @ SU(2)2 @ U(1)y — SU(2)L @ U(1)y phase transition is

Verr(v2) =Vo(v2)

1 o 2
+— [6m3vl(v) In "W ) +3m (v)In my (V)

o4’ 0? 0?
2 2
()1 mfé(zv) iy, (v)In m‘giv)
m2 A%
— 24m(v)1 2 (2 )
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where
m 7
F. (7‘1’) :/ aj(i)(a 0)da, (26)
v/2
g4 0)=2 ——d 27
:t a ex:tl X, ( )
2 2
1
JEI)(a,O):n——ﬂa—a—(lng—FC—fH—aZﬁ
= 32 ) 2" 4m 2 (28)
Dig0)=" - “m%ic-Yiae
a0y =rg =g 2 '

Voo is the symmetry breaking scale of this phase transition, then we can write the effective
potential as:

Ar 4 6, 5 Y(Tz—Toz)vz

Vers(va) = v =Tt =g =, (29)
where
m3,(va0) +m3; (vao) 1 T2
Ar = ul A, {1 + [6m4 it (Vo) In ——
23 82v3, (m32, (vao) +m2y (va0)) [ <(v20) m2,. (v20)
sz bTZ
+ 3m4z, (v20)In ——+ m?{(vzo) In——
mz (VZO) my; (Vzo)
bT2 b TZ
mp, (v20) m(v20)
1
0 = = [6111‘3,‘,/1 (VZ()) + 3m%,(v20) + m;—I(VZO) + m;'ls (VZO):|
4mvy,
- |6 3m; ; ? 12m2
V= 1o | P (v20) + 3mz (v2) 4 mig (vao) +mig (v20) + 12m(va0)
20
1
Ty = 2 {mqu(vzo) + qus (va0)
Y
1
822, {6’”3"’* (va0) +3m3 (vao) + miy (vao) + m?—ls (va0) — 24m‘é(vz0)} }
20

There are five variables, which are the masses at OK of W/, Z’, H, Hs bosons and two exotic
quarks. With b =49.5,bp = 3.67, we set my (vao) = mpug(v20) =Y and myz (vag) = my(vag) =
mg(v20) = X, then we will have two variables running. After that, we choose an arbitrary value
of the symmetry breaking scale of this phase transition and plot Y as a function of X with the
condition § > 1 to get the upper limit of variable X then change the scale and continue plotting
until getting the value 1.7 TeV as a bounder of X. Then we find v,0 = 1110 GeV the at-least value
that fits the p— parameter condition and the range of the transition strength is 1 < § < 8.

We can see the range of unknown masses from the Fig. 1 and the new coupling constant of
SU(2); can be found as:

0 < g2 <3.06. (30)
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Fig. 1. The symmetry breaking scale voo = 1110 GeV. Thick contour S = 1, dashed con-
tour § = 1.5, dotted contour § = 2.5, dashed-dotted contour S,,,, = 8.

IV.2. The second Phase transition SU(2), @ U(1)y — U(1)g

This phase transition involves a part of new Higgs bosons Hs, a part of new gauge boson
Z', with the masses of them being functions of v as the 3rd column in Table 1. Importantly this
phase involves the two SM particles W, Higgs & boson and top quark. This phase is SM-like but
it has more new particles.

2
Hisv

2\/5\{5‘

that H; is involved in this phase. But we assume v < vg and in this phase the dynamic variable
HUis

2\/5\{;
contribution of Hj is like “an effective mass” (mg; (v) = const.v?).

The symmetry breaking scale is v = 246 GeV. The same as the 1st EWPT, the effective
potential in this stage can be written as:

In Table 1, the mass of H; in this phase is — which depends on v,vs. This means

is v sO we can approximate — ~ const. Therefore, this approximation as considering the

ll
Vers(v) = v = 0T 7 (T2 T2, (31)
where
m2(vo) 1 bT? bT? bT?
A= —h 1+ 6m; In———— +3mb(vo) In ——— + 3m (vo) In ———
T ! S () | POy Az o) s Az bl

bT? bT? bpT?
+m] Vo In——— +mj Vo In—— —12m? vo)In }},
h( ) m%l(V()) HS( ) m%IS (V()) l‘( ) mlz(V())
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1
o= o [6mwi (vo) +3m3(vo) + 3m3 (vo) +mi(vo) + mHS(vo)]

1
242

Y=

[6mwi (vo) + 3mZ(vo) + 3”‘2' (vo) + mh(vo) + mHS (vo) + 6m; (vo)]

T(;Z 417/ {mi(vo) 87r12v2 [6mévi (vo) + 3my(vo) + 3m4z/(v0) —|—mﬁ(vo) —I—m‘},s(vo) — 12mf(vo)} }
0

In this potential, we set the mass of SM-like Higgs boson m;,(vg) = 125 GeV then there are
two unknown masses my (vo) and mpy,(vo). Here, 8" has more distributions of Z’ and Hs which
do not appear in SM. The larger 6’ is, the larger the strength is. Therefore, the strength will be
stronger than one and that of SM.

To illustrate more clearly the SM-like first-order EWPT, we compute correlated lengths, &,
such as non-smooth functions under temperature as below:

82Veff (v) -2
T(Vean) , :é ) (32)
eq
(33)
where
0 , T >T¢
Veqg = GT \/ GT 42,7'}/ TOZ) (34)
Vi , T <T¢

2Ar
B 1
\/ 3ArV2, —20Tvg +Y(T? — T2)

The correlation length is a function which depends on temperature and VEV at the stable
state ve,. The equilibrium is also temperature depending, which equals to zero when temperature
is below the critical value and to v,, when temperature is larger than Ti.. The two parts of &(T)
graph represents for two different phases.

As we can see in those effective potential graphs, there are symmetry breaking processes
from one minimum to two minima. When T > T¢, the effective potential has only one minimum at
zero VEV. But when the temperature comes close to the critical value, there is a signal of another
minimum. Finally, when the universe’s temperature reaches ¢, the second minimum officially
appears. After that, the universe continues to be cooled down leading to a new equilibrium. This
is the process where the particles in our model turn from zero to finite masses.

Now we will draw the correlation length of SU(2); ® Uy (1) — Up(1) phase transition by
temperature with different values of unknown masses.

Correlation length is not a smooth function, which has a peak at the critical temperature.
Since the peak is where two functions representing for two minima intersect, correlation length
can describe a first-order phase transition. Besides, it does not have any rule except for the peak
because the value of unknown masses are chosen randomly. The SU(2);, ® Uy (1) — Ug(1) phase
transition can be seen in Fig. 2.

(35)
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Fig. 2. This graph shows the correlation length of SU(2); ® Uy (1) — Up(1) phase
transition with different values of unknown masses. The dotted line: myz (vo) = 252.2
GeV, mpy,(vo) = 404.7 GeV for the transition strength S = 2, the critical temperature
Tc = 123.122K. The dashed line: mz(vo) = 163.4 GeV, mpyz(vo) = 381.5 GeV for
the transition strength S = 1.5, the critical temperature T = 121.538K. The thick line:
mz (vo) = 136.2 GeV, mpy,(vo) = 307.4 GeV for the transition strength § = 1, the critical
temperature To = 128.054K.

V. CONCLUSION AND OUTLOOKS

By using the high-temperature effective potential in the 2-2-1 model, the EWPT is strength-
ened by the new scalars to be the strongly first-order. Our results match the condition of g, > 2
in [47]. The EWPT can be calculated in a different way as in [33,46]. The accuracy of a high-
temperature expansion for the effective potential will be better than 5% if et < 2.2, where
Mposon 18 the relevant boson mass [48]. With our calculations, in the SM-like EWPT, the value of
T. is in the range [100,200] GeV so the maximum of 1, is about 450 GeV. Therefore, our driv-
ing domain of boson mass is appropriate. The mass range of the bosons in other phase transitions
also satisfies this condition.

In this model, H; is a complex case, because its mass is intertwined between the VEVs.
This complicates the separation of phase so in subsequent calculations, we will introduce a Higgs
potential correction to determine clearly the mass of Hy. The tiny masses of neutrinos which can
be explained in the see-saw mechanism [49], could be an extra reason for the matter-antimatter
asymmetry and CP-violation. Therefore, in the next works, we can investigate again the EWPT
by using neutrino data and the sphaleron rate.

Furthermore, the sphaleron is an important process in baryogenesis so we will continue to
calculate and test the sphaleron solution in this model with the Cosmotransition code [S0]. This
code uses a Bessel function for v(r) but it is not flexible in changing the value of wall.

This work could serve as the basis for the calculation of cross section of the decay Higgs to
photons when connected to the data of LHC or Particle Data Group.
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