PHYSICAL REVIEW D 108, 075031 (2023)

Strong first-order electroweak phase transition
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In the U(1)y extension of the minimal supersymmetric standard model, there are three Higgs singlets
and the corresponding trilinear terms in the Higgs effective potential. These new terms can allow a strongly
first-order electroweak phase transition (EWPT) for a wide parameter space. We use codes CosmoTransitions
to analyze the thermal evolution of the Higgs effective potential and calculate nucleation temperature. To
find reasonable parameter spaces for strongly first-order EWPT, we randomly scan many parameters,
which is numerically expensive. The diagrams are shown, that can lead to the 125 GeV Higgs mass and
satisfy the first-order EWPT. This work benefits the phenomenology of U(1)y SSM and exploring new

physics beyond the SM.
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I. INTRODUCTION

Though the standard model (SM) has achieved great
success for an excellent description of many experiment
data in particle physics, it still fails to explain some puzzles:
(1) It can not produce tiny mass to light neutrino [1]; (2) It
can not provide a cold dark matter candidate; and (3) The
observed baryon asymmetry of the Universe (BAU) is not
explained in the SM [2]. On the supposition that the BAU
is generated via the electroweak baryogenesis [3,4], the
strong first-order electroweak phase transition (EWPT) is
necessary to provide a nonequilibrium environment [5,6].
If the Higgs mass is less than 45 GeV, the strong EWPT
can take place in the SM [5-7]. However, it conflicts with
the present experiment data for the lightest CP-even
Higgs mass m;0 = 125 GeV. The SM CP-violation in
the Cabibbo-Kobayashi-Maskawa matrix is so small that
it is not able to generate a sufficient baryon asymmetry
during the EWPT [2]. To solve this problem, the extension
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of SM with extra Higgs, heavy fermions, and supersym-
metric extensions of SM are possible ways [7].

During the popular models of new physics, the minimal
supersymmetric extension of the standard model (MSSM)
[8] is a favorite one, which has been well-studied for many
years. In the MSSM, there are additional sources of CP
violation; the phases of y and supersymmetric breaking
parameters. To generate a strong first-order EWPT, the
lightest stop-quark mass should be lighter than the top-
quark mass m, ~ 173 GeV, which is called the light stop
scenario [9]. However, the current experimental constraint
for the lightest stop-quark mass is m; > 1100 GeV [10],
so, this condition is ruled out by LHC constraints on stop
masses.

With addition of the singlet S, the next-to-mimimal
supersymmetric standard model (NMSSM) [11] has a
trilinear term AA;SH,H, in the Higgs potential. In this
condition, a strong enough first-order EWPT is allowed to
occur [12]. In U(1) gauge extensions of the MSSM [such
as UMSSM and MSSM with U(1)" symmetry], the EWPT
is strongly first order for a wide parameter space [13]; the
cost is introducing new extra singlet scalars, or adding new
extra heavy singlet fermions.

Taking into account the shortcomings of the MSSM such
as the y problem and neutrino with zero mass, physicists
extend the MSSM and obtain many new supersymmetric
models, where the U(1) extension is an interesting type
[14]. There are some works of the strong first-order EWPT
in the U(1) extensions of the MSSM [15]. In this work,
we add three Higgs singlets 7, 77, S and three generations of

Published by the American Physical Society
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right-handed neutrinos to the U(1)y extension of the
MSSM. This model is called as U(1),SSM with the local
group SU(3) @ SU(2);, ® U(1)y ® U(1)x [16,17]. The
right-handed neutrinos and the added Higgs singlets
produce several effects; light neutrinos obtain tiny masses
through see-saw mechanism, right-handed neutrino pos-
sesses dark matter character, and scalar neutrino can be
dark matter candidates. Comparing with the MSSM, the so
called little hierarchy problem in U(1)ySSM is relived
because of the added superfields.

In the superpotential of U(1)ySSM, there are two terms,
,uI:IMI:I 4 and /IHS‘I:IMI:I 4- Considering S with a nonzero
vacuum expectation value (VEV) (v5/+/2), an effective
Yetr = M+ Agvs/+/2 is obtained, so it can relieve the p
problem. The U(1),SSM has three Higgs singlets and the
corresponding trilinear terms. In the soft breaking terms,
there are BgS?, LgS, %S3, and T, Snij, e,-jTAHSH;H{;,
which appear in the Higgs effective potential. These
new terms, especially the trilinear terms (% 3T, Sni,
¢;;T;,SH,H}), can allow a strong first-order EWPT for a
wide parameter space. We use codes CosmoTransitions [ 18] to
analyze the thermal evolution of the effective potential and
calculate the nucleation temperature. This model has more
CP-violating sources than MSSM and can generate suffi-
cient baryon asymmetry during EWPT.

At the critical temperature, the role of the global
minimum of the potential passes from one local minimum
to another, that is a necessary condition for a first-order
phase transition. However, the critical temperature calcu-
lation does not account for the probability of the first-order
phase transition actually taking place; via bubble nuclea-
tion, first-order phase transitions proceed. For the system
transitioning from the false vacuum to the true vacuum, the
probability is calculated through the bounce action [19]; the
Euclidean space-time integral over the effective Lagrangian.
The authors [20] find that analyzing only the vacuum
structure via the critical temperatures can provide a mis-
leading picture of the phase transition patterns, and of the
parameter space so it is important to calculate the nucleation
temperature to judge a successful strong first-order EWPT.

In Sec. II, we introduce the main content of U(1),SSM.
The temperature corrections for the particle masses and the
one loop effective potential at finite temperature are given
out in Sec. III. We study the numerical results by codes
CosmoTransitions and plot the figures in Sec. IV. The dis-
cussion and conclusion are shown in the last section.

IL. THE U(1),SSM

Extending the local gauge group to SU(3), ® SU(2), ®
U(l)y ® U(1)y and introducing three-generation right-
handed neutrinos and three Higgs singlets to the MSSM,
we obtain the U(1)y extension of MSSM, which is called as
U(1)xSSM. The right-handed neutrinos and Higgs singlets
can solve the problem of light neutrino mass and mixing.

The CP-even parts of the singlets 7,7, and S mix with the
corresponding parts of H, and H,. Then the mass squared
matrix of the neutral CP-even Higgs is extended to 5 x 5.
The introduction of S can improve the lightest CP-even
Higgs mass at tree level. One can find the particle contents in
our previous work [16].

For U(1),SSM, the superpotential reads as

=lyS+uld H;+MSS-Y,dgH,—Y 2l
4 2y SH L, + 2087 f;+§333+ Y gl
+ YD +Y, 0 1H (1)

The two Higgs doublets are same as those in MSSM,

HO H
Hd - < d > , Hu - < L(l) >’
H; HO

Vg + @Y+ iP v, + Y + iP),
v2 oo V2o
tanf = v, /v, is defined by the VEVs of the Higgs

superfields H, and H,.
The concrete forms of three Higgs singlets read as

Hy = Hy = (2)

:vn—i—d)g—i—in r_]_uﬁ+¢2+ipg
V2 ’ V2 ’
vs + % + iPY

V2

vy, vy, and vg are the VEVs of the Higgs superfields 7, 7,
and S respectively. The f, is defined as tan B, = v;/v,.
The soft SUSY breaking terms of this model are shown as

S = (3)

MSSM
‘Csoﬂ 'Csott

T, _
Bss2 - Lss — ?S:; — T,{CSf]T’]

+ €T, SHLHY, — TY R v + e, T Hi ok T

= myln|* — mi [ — m3S? — (m, )V o o
1
-3 (Ms2% +2Mppagig) + Hee. (4)

We use YY)

numbers of YY) for the superfields are given in our
previous work [16]. We have proven that U(1)ySSM is
anomaly free. The gauge kinetic mixing is a new effect,
which is produced by two Abelian groups U(1), and U(1)y.

In the U(1)ySSM, the covariant derivatives can be
expressed as [21]

, / A/Y
D, =0,—i(Y", YX)<9Y g”‘) 9 )
9'xy> 9'x AM

to denote the U(1)y(y, charge, and the
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AjY and A} are the gauge fields of U(1), and U(1)y. Because the two Abelian gauge groups are unbroken, we can rotate the
gauge-coupling matrix with R [21] to make one nondiagonal element zero.

b / 9
(QY gYX>RT_<91 gYX>' (6)
9lxys  9'x 0, gx
Three gauge bosons AX, A},’, and Vf, mix together and produce a 3 x 3 mass squared matrix for neutral gauge bosons [22].
To diagonalize this matrix, two mixing angles 0y, and 64, are needed. sin’ @, is defined as [22]

((gyx +9x)* — g1 — 33) v* + 43 &
2\/((gyx +9x)> + 77 + 93)*v* + 89% ((gvx + 9x)* — ¢ — 3) v*E + 1694 &

(7)

1
sin%@, = — —

The eigenvalues of the mass-squared matrix for neutral gauge bosons are deduced. One is zero mass corresponding to the
photon. The other two values are for Z and Z'’

1
my =2 (G + B+ (v + 90)2) 0 + 438

F\/ (6 + B+ (grx + 90°)0* +8((90x + 9x)” — 6} — B)R°E + 16g4£*). (8)

Here, v = /0% + 0% and & = v%+v%.

At tree level, the Higgs potential is deduced [16]

1 _
Vo= ng(gx + gyx) ((HYI> = [HY ) (In]> = [77) + |Au P[HOHY|> + m3|S|?
1 1 _ _

+3 (91 + 3 + (gx + gvx)?) (|HS> = |HO[?)? +59§<In|2 = [711*)* + A& |nil?

+ (|ul* + [2uP1S]* + 2Re[p 2 S)) (|HY> + [HYP) 4 |2 PISI (In* + [7]7)

+ 2Re(l3y (2MsS + Acnit — Ay HOHY + kS?)] + 4|Ms|*|S|* + 2Re[Akn*i*S?]

+ [k[|S|* + 4Re[MsS* (Acnit — AgHOHY + kS?)] — 2Re[AAgn i HYHY) + | Ly |

2 _
— 2Re[B,HYHY] + 2Re[LsS] + gRe[TkS3] + 2Re[T, niS] — 2Re[T;, HYH)S]
— 2Re[Ayx" HyHo(S?)*] + my|nl* + mg|al* + mjo|H, > + my [Hy|* + 2Re[ByS?]. )

The parameters (4, Ay, Ac, lw, Mg, B, L, Ty, T, ., T,, .k, Bg) in Eq. (9) are assumed to be real parameters to simplify the
discussion. Through the formula

F\% 1% 2\% oV oV
wee ) (OVuee [0V [OVieey _ [OVuee) _ (10)
OHO OH', an o7 o8

one can obtain the following tadpole equations [16]

V2 — 2 g Y
i g (91 + g5+ (9x + 9vx)?) + Zx(gx + gvx) (07 = 07) + 42+ (v + v5) + mi,
A K T
+V2uAyvs — {XH <\/§Msz)5 + Iy + jcvnv,—? + 51}%) +B, + %vs} tanff = 0, (11)
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v2 — 2 g Y
o (91 + 93 + (9x + 9vx)°) + Ix(gx + grx) (v = vp) + 42 + S (V5 + 0g) + miy,
Ac T,
+V2udyvg — {/IH (\/iMSvS + Iy +— 5 Un¥y + 2US> +B, + ﬁvs} cotff =0, (12)
Ix 9x e
7(”% - U%) 4 (9x + gvx) (v — v3) + 7(”% + U%) +my + [/lc <lW +V2Mvg
1 1 T,
/1Hv vy + 2K’US —1—505 tan g, = 0, (13)

2

1 1
3 9% (v = v1) + 79x(9x + gvx) (Vi = v3) + 54 (05 + vj) + mj + [ﬂc <lw +V2M v

2
D vuva + 2ot ) + 22 t8, = 0, (14)
——Ayv < cotf, =
2 H Ud 2]('7]5 \/EUS n
ﬂ%{ 2 j. > > > TkUS
2 + 5 +4MS+K(K7)S+21W+3\/§M51)5+/Ic1},’1);,—l[{11u1}d)+W+ZBS
Agv? + T, v,v; — T, v,v 2
+mk+ [LS + Ms(2ly + Acv,v5 — Agv,04) i e é’ I ‘1} \Uf =0. (15)
N
n;
III. THE ONE LOOP EFFECTIVE POTENTIAL Vilh.y.z.0) =) = = mi(h,y,z)
AT FINITE TEMPERATURE
m2
To simplify the discussion, we change the tree level ( (h y 2) C,.),
potential V, in Eq. (9) to the form V((h,y,z) with the
relations T4 (h,y,z
AV, (h,y,z,T) Z{an[ y )}},
T
= (@9 + (@02 ¥ =(@)* + (49, AVaisy(hy.2.T) = == > mi[M(h.y.2.T)
i=bosons
9 b3
S@p Gmwp Zewp, (6 —m3(h.y.2)]. (18)
d n

The one-loop effective potential at finite temperature [23]
can be written in the following form [7]

Vet (h. .2, T) = Vo(h,y,2) + Vi (h.y.2,0)

+ AVl (h, Y, 2, T) + AVdaisy(hv Y, 2, T)'
(17)

Here, Vo (h,y,z) is the tree-level potential. The one-loop
zero-temperature correction is represented by V(h, y, z,0)
[24]. AV (h,y,z,T) represents the temperature-dependent
one-loop correction [25], while AV g, (%, y, 2z, T) denotes
the multiloop daisy correction [26].

The concrete forms of V(h,y,z,0), AV (h,y,z,T), and
AV gaisy(h, y, 2, T) are shown explicitly

In the zero-temperature correction, Q is the renormalization
scale and assumed to be at TeV order. m;(h,y,z) denote
field-dependent masses and n; are the number of degrees
of freedom. In Eq. (18), the particle masses m; include
fermions and bosons. The considered fermions are quarks
(t, b), lepton (z), charginos, neutralinos, and neutrinos.
While, the considered bosons are up-type squarks, down-
type squarks, sleptons, CP-even sneutrinos, CP-odd sneu-
trinos, CP-even Higgs, CP-odd Higgs, Goldstones, vector
bosons (W*, Z, Z"). n; are the degrees of freedom for the
corresponding mass eigenstates. In U(1),SSM, the con-

crete values for n; are the following: for quarks n; = —12,
for leptons and charginos n; = —4, for neutralinos and
neutrinos n; = —2; for squarks n; = 6, for sleptons and

charged Higgs (Goldstones) n; = 2, for Z and Z' bosons
n; =3, for W bosons n; =6. for CP-odd, CP-even
sneutrinos and the remaining Higgs scalars (Goldstones)
n; = 1. The contents C; depend on the regularization
scheme. In the MS scheme, they are assumed as C; =
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for scalars and fermions and C; = 2 2 for gauge bosons. There is no evidence of the Goldstone catastrophe in the potential of
this model. As discussed in Refs. [27 29], the IR divergences are spurious and can be tamed through resummation.

For bosons and fermions, the J; functions in the one-loop effective potential at finite temperature have different
forms [7,30]

Jglmy(h,y,2)/T?] = /Ooo dxx? log{l —exp[—\/x2 —I—m%(h,y,z)/Tz} }

Jrp[m¥(h,y,z)/T?] = Aoo dxx? log{l + exp [—\/x2 + m%(h,y,z)/Tz} } (19)

At high temperature and low temperature, the functions
Jplm3(h,y,z)/T?] and Jp[m3(h,y,z)/T?] can be ex-
panded [5-7]. In the numerical calculation of Ref. [7],
the authors give perfect approximations for the functions
Jg[my(h,y,2)/T?] and Jp[my(h,y,2)/T?].

Adding temperature dependent self-energy contributions
I1(T) to m?(h,y, z), one can obtain the temperature depen-
dent scalar mass squared M?>(h,y,z,T) = m*(h,y,z) +
[I(7) [31]. In this equation, I1(T) is proportional to 7°.
The longitudinal components of gauge bosons receive
such contributions. The II(7') for particles in U(1)y,SSM
are shown here. Following the method [7,31] for the

[
temperature correction of particle mass,
Egs. (20)—(23) in our model:

(1) TI(T) for scalar quarks,

we deduce

2 3
)= (5 g+ 550

1
gi+- (Y2 + Y3 ))
2 2 1 1
(1= (33 +—g%+5Ya. 3BT

1

My (T <g2+ @+ Y2+8

AT 20)

(2) TI(T) for scalar charged leptons and scalar neutrinos,

3 1 1 1 1 1
II; (T) = Y2 T2, IL:(T)= (=2 +=Y2 +— T2,
I (T) = l1/2+l 3 | T? (21)
IJ'R - 4 X 8gX °
(3) TI(T) for Higgs doublets and singlets
My (T) = (2@ + o+ 272 4 v+ ig)r
Hd< )= §92+§gl+1 b+§9§(+1 e3+Z H ’
3 1 3 1 1 1
Ny (T)= (@3 + -G+ 72 “20T2 (T = (56 + 42 )T
#,(T) (892+8 g+ Yitgotg ) a(T) <2gx+4 c)
m(r) = (L + 122 112 my(r) = (L4 L2y 1) 22
ﬁ()—ix g™ s(T) = 2 Tate Tt ) (22)

(4) TI(T) for the longitudinal components of gauge

bosons,

9 9

I, 9 5
M,(T) =5 AT MM =G (23)

At finite temperature, the effective potential receives the
thermal corrections. The tree-level cubic term and the loop

|
corrections can produce interesting effects on the phase
transition. To study the first-order EWPT better, we do
not adopt the high-temperature approximation. Using the
codes CosmoTransitions, we research the one-loop effective
potential at finite temperature shown as Eq. (17). The codes
CosmoTransitions can calculate the important parameters
of phase transition, such as the critical temperature, the
nucleation temperature, the step and type of phase tran-
sition, and the action, etc.

The phase transition can be a first-order EWPT, because
there is a potential with barrier between the two minima. It
is a tunneling process. Through nucleations of electroweak
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bubbles which expand, collide, and coalesce, the transition
proceeds and in the end the Universe turns into electroweak
symmetry breaking phase. Through the first-order EWPT,
baryon asymmetry can be generated from electroweak
baryogenesis. The sphaleron process in the bubble should
be sufficiently suppressed so as to preserve the generated
baryon asymmetry after the EWPT. This requirement can
be expressed as [7]

v(T,)
T

21, (24)

n

where T, is the nucleation temperature. In the SM, v(T)
represents the VEV of the Higgs field H° at temperature T.
In the MSSM, the condition is similar

v(T) = \/v%(T) + v4(T). (25)

Here, v,4(T) and v,(T) are the VEVs of the two neutral
Higgs HY and HY. The condition of U(1)ySSM is more
|

complex than that of MSSM, because three Higgs singlets
are added.

Bubble nucleation is a random event. There is always a
possibility of bubble nucleation. If the following condition
is satisfied, there is one bubble generate in a Hubble
volume, and the transition is able to complete,

Se(T,)/T, ~ 140, (26)
where S represents the Euclidean bubble action.

IV. NUMERICAL RESULTS

Considering our previous works in the U(1),SSM [16],
we study the numerical results in this section. The mass of
the new neutral gauge boson is strict, and we take M, >

4.5 TeV [16]. Tt is at 99% CL, that *Z > 6 TeV [32]
for the ratio between M, and its gauge coupling. LHC
experiment gives constraint for the new angle f, as tan f, <
1.5 [33]. As a concrete example, we take the following
parameters as

anf =20, Yy=1, M =08TeV, M,=12TeV, T,=16GeV,
Mg =T, =T, =Tx=T, =T4 =1TeV,  Bg=—1TeV?

B,=1TeV2, M} =35TeV?, M} =3TeV?, M, =45TeV?,
M2 =05TeV:, M} =3TeV:, M2 =02TeV2, Iy =4TeV2. (27)

i i

In order to find the parameter space satisfying the first-order EWPT, we use the following parameters as variables with their

value ranges:

0.3 < gy <038,
~3TeV <T,, <3 TeV,
0.6 TeV <y < 1.5 TeV,

0.01 S Jyx S 05,

Some parameters such as my; , mj , m;, mi can be
calculated from the tadpole equations [16] and the zero
temperature correction. Using the codes CosmoTransitions, we
study the phase transition in the U(1),SSM. We do not
collect the results of the second phase transition, because
they are not useful for the first-order EWPT and the
numerical results are so computationally expensive. The
showed plots are all suit for the first-order EWPT.

In Fig. 1 we show the plots calculated from the codes
CosmoTransitions. The meanings of the red dot, the yellow
dot, the green dot, and the blue dot are collected in the
Table 1. The points plotted by green dots and blue dots
can lead to 125 GeV Higgs mass, where blue dots denote
the parameters for strong first-order EWPT and green dots
represent the condition of the weak first-order EWPT.

For green dots and blue dots, the corresponding phase

0.1<k<1.1,
0.5 TeV < Mg <4 TeV,
—10 TeV? < Ly < 10 TeV?,

~3TeV < T, <3 TeV,
-1 <4y <1,
0.75 < tan §, < 0.99, (28)

“1<Ac<1,

|

transitions are all 1 step in our obtained parameter space.
Red dots and yellow dots represent the points for weak and
strong first-order EWPT, respectively, without satisfying
the constraint from the 125 GeV Higgs mass. The phase
transitions denoted by red dots and yellow dots include
1-step, 2-step, and 3-step first-order EWPT [34], where
1-step first-order EWPTs are dominant. Because they do
not satisfy the Higgs mass constraint, we do not further
distinguish between them. The strongly first-order EWPT is
of interest, and the nucleation temperature is obtained from
the codes CosmoTransitions.

Figure 1(a) shows the plots in the plane of gy and 1.
gy is the U(1), gauge coupling constant. 14 is the constant
for the term /1H3'I:I JH, in the super potential. gy and Ay
both appear in the mass squared matrix of CP-even Higgs
at tree level. Therefore, they are both important parameters.
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FIG. 1.
The diagram (c) shows the points in the plane of 1y versus Ac.

The four type points are in the region 1y > 0. During the gy
range 0.3 < gy < 0.5, there are more points. Green dots
and blue dots are concentrated in a small area with 0.4 <
gx <0.5 and 0.2 <1y <£0.4, because these results are
constrained by the 125 GeV Higgs mass. The blue area
looks like a trapezium, which is better than the other area.

Figure 1(b) is shown in the plane of gy and gyy. gyy is
the coupling constant for gauge mixing of U(1), and
U(1)y, which is a new parameter beyond MSSM and can
bring new effects. Though the points appear in almost the

TABLE 1. The markers in numerical results.

The diagram (a) shows the points in the plane of gy versus Ay. The diagram (b) shows the points in the plane of gy versus gyy.

whole region of the plane, they concentrate in the bottom
left corner with 0.3 < gy < 0.5 and 0 < gyy < 0.18. In the
square area 0.4 < gy < 0.5 and 0 < gyy < 0.1, there are a
lot of blue dots.

In Fig. 1(c), the four types plots are shown in the plane of
Ay and Ac. Ac emerges in the term /1C:S’ i1 of the super-
potential. Because n and 7 are Higgs singlets, the term
including A, give contributions to the CP-even Higgs mass
squared matrix. Then Ac should influence Higgs mass to
some extent. All the points of the numerical results are

Shape style Weak first-order EWPT

Strong first-order EWPT

125 GeV Higgs mass

Red dot v
Yellow dot X
Green dot v
Blue dot X

N> N\ %
NN\ X X%
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FIG. 2. Diagram (a) shows the points in the plane of gy versus tan f8,. Diagram (b) shows the points in the plane of 15 versus tan 3, .

Diagram (c) shows the points in the plane of x versus tanf,.

scattered in most areas. Most red dots appear in the
area(.1 < 1y <£0.8and —1.0 < A < —0.3. Obviously, blue
dots are concentrated in much a smaller region, 0.2 < Ay <
0.4 and —0.3 <A < —0.4, because blue dots obey the
constraint from the 125 GeV Higgs mass, and itis reasonable.

Since the results represented by red dots and yellow dots
do not lead to 125 GeV Higgs mass, we do not show them
in the following figure. Then, only blue dots and green dots
are plotted in latter analysis. The parameter tan f3, affects
the masses of many particles including Higgs, and appears
in the Higgs potential at tree level. Therefore, it should
bring obvious effect on the phase transition. Figure 2(a)
embodies blue dots and green dots in the plane of gy versus
tan f3,. The points look like a right trapezoid in the whole.
Most blue dots concentrate in the area 0.4 < gy < 0.5 and
0.85 <tanp, <0.95. When tanp, < 0.85, the both type
points decrease quickly.

To see the effects of 15 and tan $,, blue dots and green
dots are shown in Fig. 2(b). All the points appear at the top-
right corner of this diagram, and most of the space is blank,
especially the bottom-left corner. It implies that the con-
straints from both 125 GeV Higgs and first-order EWPT are
strict.

Figure 2(c) is shown in the plane of x versus tanj,.
K is the parameter in the term %KS‘ S8 of the superpotential.
k has relation with the Higgs tree-level potential and Higgs
mass matrix through the mixing with Higgs singlet S. From
analytical analysis, k should affect the Higgs and phase
transition to some extent but not strong. This diagram is
exactly what is reflected. The dots become fewer and fewer

from top to bottom. It implies that the effect of tanf, is
stronger than that of k obviously.

Blue dots and green dots represent the first-order EWPT
that can take place. For these points, the nucleation
temperature 7, and the Euclidean bubble action Sg(T,)
are calculated through the codes CosmoTransitions. For the
weak first-order EWPT points (green dots), the nucleation
temperature 7', is relatively high and in the region from 650
to 1000 GeV. On the other hand, the nucleation temperature
T, of the strong first-order EWPT points (blue dots) is
more reasonable. Most blue dots are located in the region
100 GeV < T, <600 GeV, which implies strong first-
order EWPT can, in fact, be realized. As T, is defined
as Sg(T,)/T, = 140, the numerical results for the ratios
Se(T,)/T, of all the points (blue dots and green dots) are
very close to 140. The distribution discrepancy is due to
numerical errors.

V. DISCUSSION AND CONCLUSION

In the U(1)y extension of MSSM, we study the strong
first-order EWPT. The Higgs singlets 7,7 and S are
beyond MSSM, and they bring new terms to the Higgs
potential. The one-loop effective potential at finite temper-
ature is composed of four parts; the tree-level potential
Vo(h,v,z), the one-loop zero-temperature correction
Vi(h,y,z,0), the temperature-dependent one-loop correc-
tion AV,(h,y,z,T), and the multiloop daisy correction
AV gsisy(h.y.2,T). The tree-level potential has T, Sy,

e,-jT,lHSHi,H{; etc., coming from the soft breaking terms.
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These terms go beyond the MSSM and allow the strong
first-order EWPT to take place.

In the numerical calculation, we take the parameters
considering the experiment constraints especially from the
125 GeV Higgs mass. At very high temperature, the global
minimum is at the origin. As the temperature drops down,
the phase transition takes place. Taking several parameters
as variable, we scan the parameter space that can lead
to 125 GeV Higgs mass and strong first-order EWPT.
I-step phase transitions are dominant, and the nucleation
temperature 7', is reasonable for the strong first-order EWPT.

The effects of added Higgs singlets for phase transition need
more work, and we shall study them in the future.
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