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We consider the type-II seesaw model extended with another Higgs doublet, which is odd under the
Z, symmetry. We look for the possibility of triggering the electroweak symmetry breaking via radiative
effects. The Higgs mass parameter changes sign from being positive at higher-energy scales to negative
at lower-energy scales in the presence of the TeV scalar triplet. The Planck scale perturbativity is
demanded and the electroweak phase transition is studied using two-loop f-functions. The maximum
allowed values for the interaction quartic coupling of the second doublet field and the triplet field with
the Higgs field are A3 = 0.15 and Ay, = 0.50, respectively. Considering these EW values, the first-order
phase transition, i.e., ¢ (T.)/T. ~ 0.6 is satisfied only for vanishing doublet and triplet bare mass
parameters, mq, = 0.0 GeV and m, = 0.0 GeV. The small nonzero induced vacuum expectation value
for the scalar triplet also generates the neutrino mass, and the lightest stable neutral particle from the
inert doublet satisfies the dark matter constraints for the chosen parameter space. The impact of the
thermal corrections on the stability of the electroweak vacuum is also studied, and the current
experimental values of the Higgs mass and the top mass lie in the stable region both at the zero

temperature and the finite temperature.
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I. INTRODUCTION

The ATLAS [1] and CMS [2] experiments at the Large
Hadron Collider (LHC) made the momentous finding of
the Higgs boson predicted by the Standard Model (SM),
which resulted in a triumphant moment for particle
physicists. This significant finding demonstrated that
the SM is the most effective theory for describing all
fundamental interactions in particle physics. The SM
physics up to accessible energies was really validated by
this discovery, together with the electroweak precision
evidence. Despite this, the evidence of the existence
of nonzero neutrino mass and the predictions for a cold
dark matter (DM) candidate by PLANCK [3] and WMAP
[4,5] explained the shortcomings of the SM. The pos-
sibility of nonzero mass for neutrinos is explained by
different seesaw mechanisms, out of which, the light
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neutrino masses are generated by the existence
of heavy Majorona masses in the extension of SM with
right-handed neutrinos (RHN5s), i.e., type-I seesaw [6-9].
The other possibility is that the extension to a heavy
scalar triplet and the small induced vacuum expectation
value (VEV) will generate the small neutrino mass, i.e.,
type-Il seesaw [10—14]. Secondly, the simplest way to
get a DM candidate is to extend the SM to scalar
multiplets with a discrete Z, symmetry for inert doublet
models [15-17]. This Z, symmetry can also be a remnant
symmetry of higher gauge groups, i.e., SO(10) grand
unified theories (GUTs) [18-26]. These higher gauge
groups provide interesting physics at higher energies;
unification of SM gauge couplings is one of them.

The possibility of the Higgs boson being a part of larger
multiplets in various extensions breaks some higher sym-
metries. For example, in supersymmetric scenarios, for the
extension to a U(1),_;, symmetry, the breaking scale of
U(1)g_, can be brought down to the supersymmetric scale
by choosing parameters in an appropriate way [27,28]. This
high-scale symmetry breaking demands all physical Higgs
bosons, including the SM Higgs, have positive mass-
squared values at higher energies. There is a way to trigger
electroweak symmetry breaking (EWSB) by radiative
effects in supersymmetric scenarios [29—-34]. In such cases,
the Higgs mass parameter, which is positive at higher
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energies, can turn negative at lower energies via radiative
loop corrections and lead to EWSB. The idea of radiative
electroweak symmetry breaking in various nonsupersym-
metry scalar extensions, i.e., the type-1I seesaw with TeV
scalar triplet and dark matter models (DM) in singlet and
doublet extensions of the SM, has been studied in
detail [35].

Another missing thing in the SM is that the electroweak
phase transition (EWPT) from the symmetric phase to the
broken phase is a smooth crossover [36] for the Higgs
boson mass with more than 80 GeV [37-39], which is not
at all consistent with the measured Higgs boson mass
of 125.5 GeV [40]. This is another motivation for the
extension of the SM with additional scalar degrees of
freedom, minimally with singlet [41,42], doublet [43] or
triplet [42] in the SU(2) representation. The strongly first-
order phase transition in the type-II seesaw has already
been discussed in detail [44,45]. As clear from the various
SM extensions to the singlet and the triplet, the EWPT is
favored by lighter masses [42,46]. Hence, it is interesting
to look for the strongly first-order EWPT in accordance
with the radiative EWSB. One possibility is to introduce
two different multiplets; one of them can be chosen to be
of higher mass to provide the radiative symmetry break-
ing, while the masses for the second multiplet can be
considered small enough to accommodate the strongly
first-order phase transition. Either of the multiplets can be
considered odd under the Z, symmetry in order to
accommodate the cold DM candidate. Hence, we con-
sider the extension of the SM with TeV scalar triplet,
which also serves the purpose of generating the neutrino
mass with a tiny nonzero induced VEV, i.e., type-II
seesaw, and a second SU(2) Higgs doublet, which is
considered to be odd under the Z, symmetry. The lightest
stable neutral particle would be the cold DM candidate.
The extension of SM with singlet is also a possibility, but
doublet is chosen because of the interesting phenom-
enology with restricted regions of the mass range satisfy-
ing the DM constraints.

Lastly, the theoretical incompatibility of the SM with
the stability of the electroweak (EW) vacuum at zero
temperature [47,48] leads us to another motivation for
extension to scalar degrees of freedom. The additional
scalar degrees of freedom from the inert doublet and TeV
scalar triplet gives positive contribution to the effective
quartic coupling and enhances the stability of the EW
vacuum. The electroweak vacuum stability from a cos-
mological perspective has already been studied in detail
[49-58]. The Higgs field may be forced to tunnel down to
the true vacuum because of the quantum fluctuations
during inflation. This situation can happen even before
the inflation ends, but this is not realized if the reheating
temperature is sufficiently large after inflation. Hence,
the Universe is characterized by sufficiently high value
of the temperature after the end of inflation [50]. As a

consequence, the thermal corrections effect the stability
of the electroweak vacuum [59-61] triggering the tun-
neling between the false vacuum to the true vacuum of
the potential [62—65] and cannot be neglected. Since, we
are considering the finite-temperature corrections to the
effective potential, it is interesting to investigate the status
for the stability of the EW vacuum at both zero temper-
ature and the finite temperature.

The detailed outline of the article is as follows. The
model description with EWSB and the mass expressions is
given in Sec. II. The detailed description for the different
possibilities of radiative EWSB is given in Sec. III. We
check for the allowed parameter space from radiative
symmetry breaking with strongly first-order phase transi-
tion in Sec. IV for the values allowed from the Planck scale
perturbativity using two-loop f-functions. The stability of
the EW vacuum at zero temperature and the finite temper-
ature are studied in Sec. V. The detailed two-loop expres-
sions for the quartic couplings and the gauge couplings are
given in Appendix.

II. MODEL SETUP

The minimal SM is augmented with a SU(2) Higgs triplet
of Y =1, and a SU(2) Higgs doublet of ¥ = 1/2. The
second doublet is considered to be odd under the Z,
symmetry [named the inert doublet (ID)] while the other
fields are considered to be even under the Z, symmetry. The
minimal type-Il seesaw is considered to provide the
radiative EWSB for the TeV mass scale of scalar triplet.
The motivation for such a triplet comes from left-right
symmetric theories, which can be perceived either at low
energy or can be realized in GUTs or E4. The nonzero VEV
of the Higgs triplet also provides the neutrino masses, and
the lightest stable Z, odd particle from the inert doublet
becomes the cold DM candidate. The field definition for the
Higgs multiplets is given as follows:

Z2: @1 —)q)l, A—)A, (Dz—)—q)z, (21)

where

G+
o, = . ,
1 (ﬁ(”h*’ﬂl‘*’lGo))
A 1 5t \/§5++
2\ (oa+8+in®) s+ )’

¢+
®, = (%(H(H—iAO))’

where @,, being odd under the Z, symmetry, does not take
part in the EWSB, and the mass eigenstates will be the same
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as the gauge eigenstates. The scalar potential for the minimal type-II seesaw scenario with additional inert doublet is as

follows:

V(®, A, @) = m, (B]0)) + Aoy (P D)) + m, (D)) + 4o (@3 P2) + mATr(ATA) + [y (BT ic,AT®y) + Hee]
+ 4o [0F iy AT D] + A1 (Tr(ATA))? 4+ Aar Tr(ATA)? + A 4 (P[P Tr(ATA) + A, 21 P]AAT D

A . .
+ 1,00, DD, + 1,D D, DD, + 55 [(©]®,)2 + H.c.] 4 Ag,a (PID)Tr(ATA) + A, a1 (PIAATD,),

where Tr is the trace over the 2 x 2 matrix, and o, is
the second Pauli spin matrix. The triplet VEV is restricted

24202 202
41—, where the
h

vi+4v X )
experimental measured value p = 1.00038) 0005 and

Vi + v} 246.0 GeV restrict the triplet VEV 0 <
vpa/GeV < 2.56 implying that v, < v,. The Ag 5 and
Ao a1 terms allow for the mixing between the SM Higgs
and the scalar triplet for nonzero VEV for the triplet
Higgs. Rewriting the scalar potential given in Eq. (2.2) in
terms of the VEVs and using the minimization conditions,
the masses for the new scalar particles after spontaneous
symmetry breaking are computed as follows [66]:

by the p parameter, p =

1
mg, 25(2%1 vk + (Ao,a + 40,0108 —2V2u104),  (2.3)

2
my =

2UA
(2.4)

The doubly charged Higgs mass can be computed directly
by collecting the coefficients for 6776~ in the scalar
potential, and the mass expression for the doubly charged

boson comes out to be
|

A =2lg 17, B = v,((Ap,a + Ao,a1)0a

These matrices can be diagonalized by another rotation
matrix, and for CP-odd mixing matrix, one of the
eigenvalues would be zero, corresponding to neutral
Goldstone degree of freedom, and the nonzero eigenvalue
would be the mass for the neutral pseudoscaler. The
CP-even mixing matrix will give two physical eigenstates
h and H, where the lighter one h is recognized as the
SM Higgs boson, and the corresponding expressions are
given as

—(Ap,a + ACDIAI)U%'UA —2(Aa1 + Ap2) v + \/zﬂlv%

(2.2)

z2 ]
I L L 2 2
mHﬁ = __/1®1Alvh —/1A21}A.
V2vu,y 2

(2.5)

The mass-squared mixing matrix for the singly charged
Higgs is given as

A v v
M — (fz _M) A
#1 3 —vh/\/j

This matrix can be diagonalized using an orthogonal
matrix, and one of the eigenvalues will be zero, which
corresponds to the charged Goldstone degrees of freedom,
and the nonzero eigenvalue would be the mass for the
charged Higgs and is given by

_Uh/\/§>

v3 /20,

cosfy sinfiy
Rﬁi = . )
—sinfl,. cospf
2 — (v7 +203) (2v2u; — Ao, A1)
H* 4UA ’

In the similar way, the mixing matrix for the neutral CP-
odd and CP-even scalars are given as

A B 2UA —Uy
M%Peven:( )’ Mchodd:\/i'ul( )’

B C v, v3/20y
where
2107 + 4(Ap1 + Aa) Vi
— V), C:\/_M1”h+ (Aa1 + A2>UA. (2.6)

27_)A

|
cosfly sinf cosag sina
Rﬁo = . ’ Ra = . ’
—sinfly cosf —sinag cosag

2 2
vy +4v
m% Ml(h A)’

\/EUA

1

mizE[AJrC— (A—C)2+4B2], (2.8)
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m%,:l[A-l-C-l- (A—C)2+4B2] (2.9)

2

Since the second doublet is inert and does not take part in
the electroweak symmetry breaking, there would be no

mixing, and the mass eigenstates would be the same as the
gauge eigenstates. The physical masses for the second
SU(2) Higgs doublet would be in terms of the Higgs VEV
and the triplet VEV, and the corresponding mass expres-
sions are as follows:

1 1 1
méi = mé2 —|—§ﬂ31ji +§//{CD2AU2A >~ méz +§/13U%, (210)
1 1 1
mi, = mg, +§(/13 + A4 + 4s) +§(/1<1>2A + doya1) U3 = V2304 = mg, +§(/13 + Ay + As5) 07, (2.11)
2—214441412\@~214442 2.12
mAU_m<1>z+§( 3+ A4 — 5)+5( o4 + A,a1) V3 + /‘2”A—m<1>2+§( 3+ A4 — As)vj. (2.12)

The SU(2) Higgs triplet generates Majorona mass terms
for the neutrinos through the Yukawa interaction, are
given as

(yv)rxﬁ
V2

where a and S are the flavor indices for the leptons. The
neutrino masses are generated by the small nonzero

Ey:—

I’ CioyAly + He., (2.13)

2
induced triplet VEV, v, = \%2‘2 < v, as’
A

(ml/)aﬁ = \/E/UA(yl/)a/}' (214)
In the case of type-II seesaw, it is possible to acheive
tiny neutrino masses even with O(1) neutrino Yukawa
couplings because of the small VEV for the Higgs
triplet. This will be true simultaneously for light triplet
scalars, even below TeV. In this article, we explore the

1
SM
b my 1672 2

9 9 .
[6/1@ - ng —~ G+ 2Tr(3YLY, + 3Y Y, + 3YLY,) | m}, .

possibility of radiative EWSB, which demands the
additional scalar to be below a few TeV. The detailed
analysis for the radiative EWSB is discussed in the next
section.

III. RADIATIVE SYMMETRY BREAKING

The radiative EWSB is achieved when running of the
2

Higgs mass parameter, myg, changes sign from positive to
negative while evolving from high energy to low energies.
The renormalization group flow for the Higgs mass
parameter is proportional to itself as given in Eq. (3.1)
[67,68], which makes it impossible to turn negative at any
energy scale. The magnitude of the Higgs mass parameter

is mg, = —(88.0 GeV)?. In order to make this negative, the

contribution of the additional scalar goes like m2 . and is

constrained to be not much heavier than TeV even if the
interaction couplings are not very weak,

(3.1)

The presence of a TeV scale triplet scalar in type-II seesaw can aid in radiative symmetry breaking (RSB), and the masses
for the second SU(2) doublet can be assumed to be small. The expressions for the one-loop running of the mass parameters

of this model are given as follows:

1 9 9

Bui, = (T6n7 K_mg% - Eg% + 121, + 2T> mg, + (423 + 224)mg, + (6de,a + 3de,a1)mz + 12;4 . (3.2)
! 9 2.9, 2 2 2 2

P, = (62 |\ " 109 "2 + 124 |, + (423 + 244)my, + (64o,a + 3hg,a1)my + 12413 | (3.3)

"It is assumed that m% > 0 implying that v, is only induced after Higgs VEV, v, is generated. In the case where y; is so small that
u1v; < m3, the triplet scalar decouples. After integrating out the heavy scalar triplet, the Yukawa-Lagrangian in Eq. (2.13) generates an
effective dimension-5 Weinberg operator to generate the neutrino mass.
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1 18
Bz = (1627 K_Sg% — 1263 + 1625; + 12255 + 4Tr(YNY}V)> m3 + (49,4 + 220, a1) M, (3.4)
+ (4,0 + 2,01 )M, + 4ui + 443 |, (3.5)
1 27 , 21, s
By, = W 10 TS % +4hp, +4hp,a + O0Ag, a1 + 2T +2Tr(YyYy) |y + 44sps | (3.6)
1 27 21 , N
By, = (1672 —EQ% —5 % + 4y + 4, + Odg a1 + 2Tr(YNY ) o + 4Aspy | (3.7)
|
where The following terms are crucial for changing the sign of

the Higgs mass parameter; mg; can be (413 +2/14)m§,2

T = Tr[3Te(Y,Y5) + Tr(Y,Yi) + 3Te(Y,Y))]. (3.8)  and (64g s + 3g,a1)my or either it can be a combination
of both from Eq. (3.2). Three different values for

. . . 2 2 . .
The full two-loop S-functions for the quartic couplings are the mass parameters mg, and mj are considered in

computed using SARAH [69] and are given in Appendix.  Fig. 1, i.e., mg, = 223.6,my = 173.2 GeV, mg, = 300.0,

1000, ‘ ‘ ‘ 1000, ‘
1 1
1 1
800 11 800 11
1 1
1 1
1 1
=’ eoof =’ eoof
) 1 ) 1
S ! S !
g 400 g 400
: JI\
200 -,\“ 200 f}
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1
8001
1
i
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o, i
£ 4001:
—_—
1
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o i . .
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log1ou[GeV]
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FIG. 1. Variation of the bare mass parameter for the SM Higgs doublet, inert Higgs doublet and the SU(2) triplet with the energy scale
in GeV. The black dashed line corresponds to the scale equal to the mass of the lightest particle in the theory. The values of the different
parameters needed in computing the radiative electroweak symmetry breaking are given in Table I for three different benchmark points.
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TABLE I. The values relevant for the running of the bare mass
parameters are provided for three benchmark points. A denotes
the scale corresponding to the mass of the lightest particle in the
theory. The values of the quartic couplings chosen are allowed
from the Planck-scale perturbativity.

BPI BP2 BP3
m2,(A)/(GeV)2  —(85.83)2  —(85.83)>  —(85.83)>
m2,(A)/(GeV)? 223.6? 300.0? 173.32
m3(A)/(GeV)? 173.22 300.02 316.02
A3 0.15 0.15 0.15
A 0.00 0.00 0.00
do,a 0.50 0.50 0.50
Ao, al 0.00 0.00 0.00
ma =300.0 GeV, and mg, = 173.3,my =316.0 in

Figs. 1(a), 1(b) and 1(c), respectively.

The variation for the running mass parameters from
Planck scale down to weak scale, i.e., Mg, Mgy, and my is
given in Fig. 1. The variation for the SM Higgs mass
parameter, the additional SU(2) Higgs doublet mass
parameter, and the triplet bare-mass parameter are denoted
by the green, red, and the blue curves, respectively. The
dotted black vertical line corresponds to the scale chosen
equal to the mass of the lightest particle in the theory. The
values of quartic couplings A3, A4, A¢p,a, and Ag a; are
chosen to be equal for three different benchmark points
(BPs) to check the effect of different mass ranges for the
bare-mass parameters, and the corresponding values are
also given in Table I. These values of quartic couplings are
the maximum allowed values at the EW scale for the Planck
scale perturbativity. The Higgs mass parameter changes
sign from positive to negative, i.e., (mg; touches the

0.20

0.15

- — -

8 0.10
:<

0.05

0.00

5 10 15 20

log1ou[GeV]
(a)

FIG. 2.

horizontal line) at a particular energy scale depending
on contributions from other bare-mass parameters and
the quartic couplings, i.e., 10% GeV, 10°® GeV, and
10*# GeV for BP1, BP2, and BP3 in Table I, respectively.
The radiative EWSB is triggered at these energy scales. The
effect of triplet mass parameter is more crucial in triggering
the radiative EWSB, since the value of quartic coupling
Ap,a 1s more compared to the interaction quartic coupling
for the second doublet, i.e., 13. This higher value of the
quartic coupling in multiplication with the bare-mass
parameter of the triplet enhances the positive contribution
even more from the triplet. The scale for which the radiative
symmetry breaking is triggered is reduced for more and
more positive effect, as can be seen from Figs. 1(a)—(c). The
mass parameter for the second doublet and the triplet are
positive for all energy scales up to Planck scale, implying
that the symmetry remains unbroken (since the triplet VEV
is very small and induced only after the Higgs VEV is
generated). The mass parameter for the second doublet
splits into mj&, mpo, and myo, when the electroweak
symmetry is broken.

The variation of the quartic couplings relevant for the
radiative EWSB and the Higgs quartic coupling using
two-loop f-functions is given in Fig. 2. The Planck-scale
perturbativity is achieved for all the quartic couplings
(including those which are not plotted here). The running
of the Higgs quartic coupling encounters a discontinuity at
the scale A; above this energy scale, the full set of two-loop
renormalization group equations (RGEs) is used for the
running of all the parameters of the theory. The values
chosen at the EW scale for the quartic couplings are same
as given in Table I.

The quartic couplings are chosen in terms of maximizing
the value of the interaction coupling at the EW scale,

14

12F
— A

108 — Agia

8t Ap1a1
< st

4k

2-

0E

5 10 15 20
log1ou[GeV]
(b)

(a) Variation of the interaction quartic couplings with the energy scale using two-loop f-functions. The Higgs quartic coupling

variation is plotted in Fig. 2(b), where the dashed black line corresponds to the scale equal to the mass of the lightest particle in the theory

(similar for BP2 and BP3).
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which was possible more for the triplet case, not the inert
doublet. This higher value of the interaction coupling
would be very crucial in enhancing the phase transition
dynamics. It would also be interesting to see how this
interplay between the triplet mass and the inert doublet
mass effects the strength of the phase transition. Hence,
after discussing the radiative EWSB, the next section is
devoted to EWPT using the RG-improved potential.

IV. ELECTROWEAK PHASE TRANSITION

The EWPT from the symmetric phase to the broken
phase is accomplished by studying the finite-temperature
effective potential in terms of background fields. The tree-
level potential in Eq. (2.2) includes contributions from
one-loop Coleman-Weinberg effective potential, i.e.,

VICV}’OOP( m?), and one-loop potential at finite temperature,
ie., Vﬁ?)op(mz). The full one-loop finite-temperature

effective potential is given as follows:

The one-loop effective potential at zero and finite
temperature is given as follows [70];

V(l:\YOOp = 6471’ TEAN2 Z

i=B,F

T 7
T#0 . i
vI;éloop = (271,)2 ' (_1)F'niJB/F <F> ’ (43)

where ﬁl% :ﬁ’l?(/’ll,/’lz,hg,;T) :ﬁ’l%(l’ll,hz,h3)+niT2
are the thermally corrected field dependent mass expres-
sions, and the %, h,, and h; are the background fields
for the SM Higgs doublet, additional triplet, and the inert
doublet, respectively. The field-dependent mass expres-
sions and the corresponding Debye corrections are given as

Vi(T) = Vet + VEN L (m2) + VIZD (m2),  (41) A A Ap
0 Mchm Ay An Ay |,
off - i o o
where V' is the tree leyel potential in Eq. (2.2) rewritten in Ay Ayn As
terms of background fields.
|
A3+ Ay + As)h3 Ao.a +4 B (Aea + 4
Ay _( 3 42 5) 3+3/1¢1h2 Jo, v h+( A 2<I>1A1> 2 (G 2<1> Al) —\uihy +V2u v,
A=Az = (Ao,a + Ao,a1) i hy — V2uih, Az = Az = (A3 + A4 + 4s) i hs,
Aoyn + 2o,01)h3  (Aoa + Aoa1)hi  (Apa + 4 v2
Ay _( ®,A <1>2A1) 3 ( DA <D1Al) ( @A D, Al) +3(/1A1 +1A2) (ﬂm +/1A2>UQA i M1V}, ’
2 2 2 \/E’UA

(A3 + A4 + ﬂS)h% (Ap,a + /1<I>2A1)h%

A33 = méz + 3/12]1% -+ ) ) - \/E//lzhz,
Ay = Az = (Ap,a + Ao,a1)hohs — V2u5h;3. (4.4)
In the similar way, the CP-odd mixing matrix in terms of the background fields is computed as
By, By B
M%‘Podd = | By Bxn By |,
B3y By Bi
A3+ Ay — As)h3 Ao, a + 4 o (Apa+4 3
B, _ % 42 5) 3+'1<D1h%—/1®,1fﬁ+( ®,a Zcml) 3 (doa 2<1>1A1) A 4y + vy
Biy = By = —V2u,hy, B3 = B3 = 24shhs, Byy = By = —V2uyh3,
Ao,a +Ao,a)h; (Aoa + Ao a)ht (Ao + Ao a1) V7 V2
Ba _( ;A 2<D2A1) (A,a 2<I>1A1) 1_( P, A 2<I>1A1) N + Ap0)h3 — (a1 + Aan) v -
\/'UA
B+ =202 (Ag,a + Ap.a1 )3
B33 _ méz _'_/12]1%_'_( 3 4 5) 1 ( DA @_Al) 2 +\/§ﬂ2h2 (45)

2 2
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The field dependent charged mixing matrix is computed as follows:

Ch Cn Cp
Mi=|Cy Cp Cy |,
Gy G Gy
A3h3 o ahd  (Apa + 4
C“ = k) +Aq)1h2 /1<1>]’U}21+ (DIZA ( ©.4 2‘1) Al) +\/_H11}A,
Ao, Al A Ao,a1
Cia = Coy = —2=hihy = V2, hy, Ci3=0C;3 = §h1h3 + Ashihs, Cp=C;h= > hyhy — N2 s,
(20,8 + do,a) | (240,a + Ao a1)hT fﬂ v,
Cyp = ? 5 S 5 : — (Ao,a + Ao,a1) 0 + (2441 + 2a2)h5 = 2(Aa1 + Aa2) V3 ——Lh
h Agah3
C33 = mﬁ,z + /12]’12 + —32 + (D22A 2 ’ (46)
|
and longitudinal, and the transverse component of the W boson,
) respectively. The thermal corrections for all the particles
ﬁ% ) = Ayh? —m2, P, = 9 h2, belonging to the same multiplet are same. m%L and ﬁz}%L are
4 the Debye masses for the longitudinal and transverse
0 g% + g% 2 9 y? 2 component of Z boson, and § is computed as follows:
mZ:Thl m,—zhl,

where g, . My, M5, and A7 are the masses for the

Goldstone bosons, the gauge bosons, and the top quark,
respectively. The thermal corrections for the masses
belonging to the same multiplet would be the same, and
the corresponding expressions for the Debye coefficients
are given as

2 22 2
g1+39; Ao, Vi 203+ 2o atAear) .,
m,— Aoy Vr 72,
h < R D T T e

Mo 91+392 icbl )’z 203424 | 240,a+ A0 Al 72
¢ ST 6 ’
2/1c1> A+/1<1> Al 2/1<1>2A+/1(1>2A1 (54a1+32a2)\ 0
+ T-,
12 6
2/1;—{-/14 +2A®QA+/1<DZA1 7
6 9
HW{ gg%Tz’
HWT_HZT_HVT_O’
_, 1 7 2
mZL_Emz+6(91+92)T +0,
B 1 7
i, =5+ (i + BT =5, (4.7)

where {H,A,H** H*} €A and {H°, A" ¢} €®, as
subscripts in Eq. (4.7) consist of all the degrees of freedom
for the additional triplet and the doublet. ITj, 10, I1,,
[lg,, My, , and Iy, are the thermal corrections for the
SM-Higgs boson, Goldstone boson, triplet, inert doublet,

+%(g%+g%)

&= sz

After computing the masses in terms of background
fields and the corresponding thermal corrections, the input
parameters to be fed at the EW scale for two-loop
p-functions are given in Table II for computing the
phase-transition dynamics.

The one-loop Coleman-Weinberg potential has scale
dependence in Eq. (4.2), and if the values chosen at the
EW scale change a lot at higher scales, then it would be
interesting to see the dynamics of the phase transition with
the running couplings [43]. The variation of the interaction
coupling A; = (43 + 44 + A5) with the DM mass in GeV
is shown in Fig. 3(a). The running of these parameters is
considered until 4 = Q = 246 GeV, and the corresponding
values of these parameters at the scale Q = 246.0 GeV are
used as input for the EWPT. The values of 4; are quite high
but these values are perturbative until the considered energy

27
T2> lgg]g%T2(31/,21 + 1472).

(4.8)

TABLE II. Initial values chosen at the EW scale for the RG
evolution of the different SM parameters.

9 92 93 Vi /1<1>1
0.46256% 0.64779 1.1666 0.93690 0.12604

“In this paper, we have used SU(5) normalization for g; since
SARAH inherently use this convention. However, to achieve

results involving usual g, coupling, one has to replace g, by \/égl
would become 0.358297.

015001-8



ELECTROWEAK PHASE TRANSITION WITH RADIATIVE ... PHYS. REV. D 109, 015001 (2024)

10 . . . — - 1000 =
8 800}
G [ =z =
3 600}
< O,
4t z% .
400} -
2 L
200}~
0 L
0 200 400 600 800 1000
M, o[GeV] M, o[GeV]
(a) Q =246 GeV (b) Q = 246 GeV

FIG. 3. (a) Variation of the DM mass in GeV with the interaction coupling 4; = 43 4+ 44 + 45, and (b) depicts the mass splitting
between the DM mass Mo and M4 in GeV. The scattered points correspond to the strongly first-order phase transition and
Q =246 GeV is the scale at which the running value of the couplings is considered for the strongly first-order phase transition.

scale of Q = 246 GeV. Such high values of 4; will allow a  shows the variation of the interaction quartic coupling for
strongly first-order phase transition for all possible values  the Higgs field and the triplet scalar field with the strength

of the DM mass under consideration. The green points are  of phase transition, £ ( ). The black-dashed horizontal line
all those points that strongly indicate a strongly first-order

corresponds to the cr1ter1a for a strongly first-order phase

phase transition, i.e., ¢+ ) > 1.0 [71,72] where T(T J —  transition. The dashed pink line corresponds to the maxi-
N A A AR T) mum allowed value of the interaction quartic coupling at
T : (in case of multiplets [73,74], the EW scale in Figs. 4(a) and 4(b). The strongly first-order

when the false vacuum is (0.0,0.0,/%) instead of phase transition is not achieved for any of the triplet
(0.0,0.0,0.0). The mass splitting between the DM mass ~ Masses, as shown in Figs. 4(a) and 4(b) for two different

M 0 and M 40 is given in Fig. 3(b). The values of the other va}ues OtftliheEaaSS [l)arameter l(l)f the iﬁleﬁddglublit' T111e
quartic couplings, A € {Ao,. Aoy, Aoy, Ao, - Aar.Axp}  VAlUES At the scale are small enough and the strongly

are chosen to be 0.01 and 0.1, and the solutions are the first order phase Fransition is not'achieved for any of the
doublet or the triplet masses. Stlll the first-order phase
same for both the values.

The type-II seesaw extended with the inert doublet has a  transition is satisfied, i.., ¢+(
larger positive contribution to the running of couplings  doublet and triplet bare mass parameters, mg, and
because of the more number of degrees of freedom. In that ~ m, = 0.0 GeV [Figs. 4(a) and 4(b)].
case, very low values for the quartic couplings would be The allowed values of the quartic couplings at the
allowed for achieving the Planck-scale perturbativity, which ~ EW scale which gives the Planck scale perturbativity will
would not be consistent with the strongly first-order phase  satisfy the first-order phase transition but this much lower
transition. The same is also true for achieving perturbativity =~ masses cannot trigger the electroweak symmetry breaking
at any higher scale compared to Q = 246 GeV. Hence, it  radiatively.

) > 0.6 for the vanishing

would be interesting to see if the mass bounds triggering the Figure 5(a) corresponds to the variation of the mass
radiative EWSB are also consistent with the strongly first- ~ parameters of the theory with the energy scale. The values
order phase transition and perturbative unitarity until that ~ of the mass parameters are chosen to be my(A) and
particular scale. my (A) = 100.0 GeV, and A corresponds to the scale

For perturbative unitarity up to the Planck scale, we  equal to the mass of the lightest particle in the theory as
show the maximum allowed values for the quartic cou-  discussed in Sec. III. The electroweak symmetry breaking

plings at the EW scale, which are crucial for the strongly is triggered around ~10%8° GeV and the inert-doublet mass
first-order phase transition are given in Table III. Figure 4  parameter remains positive for all higher scales indicating

TABLE III. The maximum allowed values of the quartic couplings from the Planck-scale perturbativity at the EW scale.

Q (GeV) Ao, A A3 A4 As o, Aoy, Ao, Ao, a1 Az
EW 0.1264 0.01 0.15 0.00 —0.01 0.50 0.00 0.00 —1.00 0.001 0.001
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1.2 T T T T 1.2 T T T T
1.0 mmm e e e e e e ] e it
/:
osf m=00 ] osf —]
/ mp=0.0
< L
S osf / 1 3 06 / 1
< <
0.4 mp=150 _ ! / ]
L mp=200 — L ]
0.2 o800 ———— 0.2
OO 1 1 1 1 OO 1 1 1 1
0.0 0.2 0.4 06 08 1.0 0.0 0.2 04 06 08 1.0
Apin Apin
(a) Q =EW, mg, = 0.0 GeV (b) Q=EW, ma, = 500.0 GeV
FIG. 4. Variation of the strength of phase transition ’/’*T(T") with the interaction quartic coupling for SM Higgs and the triplet with

different values of the mass parameter of the triplet. The inert doublet mass parameter is chosen as 0.0 GeV and 500.0 GeV in (a) and (b).
(a) and (b) correspond to the phase transition for the maximum allowed values of the quartic couplings at the EW scale that gives Planck

scale perturbativity as given in Table III.

600 — 1.2 T T T T
i — |mg1]
500 [} ] 1.0f -
! — Moz
400 [} — ma 08f ma=1000 ~ ]
s H ©
[9) H K
o, 300} ~
€ ©
200 [}
i
100 p— 0.2+ 1
H \/
0 1 1 1 1 1 1 1 0.0 1 1 1 1
2 3 4 5 6 7 8 0.0 0.2 0.4 0.6 08 1.0
log1ou[GeV] Agia
(a) ma2 = 100.0 GeV (b) ma2 = 100.0 GeV
FIG. 5. (a) Variation of the mass parameters with the scale for triplet and the inert doublet mass parameters both as 100.0 GeV.

(b) Variation of the strength of phase transition % with the interaction quartic coupling for SM Higgs and the triplet. The triplet mass
parameter and the doublet mass parameter are both chosen as m, = 100.0 GeV and m,, = 100.0 GeV, respectively. The black dashed
line corresponds to the criteria for the first-order phase transition.

that the Z, symmetry remains intact. The values of the
relevant quartic couplings are chosen to be 43 = 0.9 and
Ap,, = 0.9 as given in Table IV, which also satisfies the
stability conditions since the interaction coupling 43 and
Agia are quite large as given in [16,17,75]. The same values
are used for the variation of interaction quartic coupling
Ag,, With the strength of phase transition in Fig. 5(b). These
are the minimum possible values for the mass parameters
and the quartic couplings which satisfy both the first-order

phase transition and radiative electroweak symmetry break-
ing. These bounds also satisfies the constraints from the
direct detection in the DM region from 70 GeV to 1 TeV
suggests 0(0.01) < |1;| < O(0.1) [76].

After discussing the EWPT, it is important to check for
the stability of the EW vacuum by considering the running
of all couplings till Planck scale. Since the phase transition
dynamics includes thermal corrections, the thermal correc-
tions also effect the tunneling probability from the false

TABLE IV. Benchmark points allowed for both radiative symmetry breaking and first-order phase transition.

Q (GeV) Ao, A A3 A4 As

Ao, Aoy, Ao, Ay, Aai Axo

EW 0.1264 0.01 0.9 0.00 —-0.01

0.90 0.00 0.00 —-1.00 0.001 0.001
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vacuum to the true vacuum. Hence, in the next section, we
study stability of the EW vacuum both at the zero temper-
ature, and the finite temperature.

V. FINITE-TEMPERATURE STABILITY

The electroweak vacuum stability until Planck scale is
the theoretical drawback of the Standard Model within the
top mass uncertainity. The tunneling probability from
the electroweak minima to the second minima existing at
the higher-field values is triggered by the thermal corrections
to the masses of the theory. The decay lifetime of the
electroweak vacuum is computed by considering the bounce
solution to the classical equation of motion for the classical
potential, V(h;) = %‘h‘l‘ [51]. The zero-temperature expres-
sion for the equation of motion is given as follows [62,63]:

Phy 3dh, dv(h)
dr* rdr

. dh,
limh,(r) =0, <
a0 Amm()=0. 25

’

(5.1)

with r = |F|. The corresponding euclidean action for this
O(4) spherically symmetric solution is as follows:

o= [l (2]

and the bounce solutions to the classical equation of motion
in Eq. (5.3) come out to be

V(hl)] . (5.2)

where R is the arbitrary scale characterizing the size of the
bounce (0 < R < o0). This arbitrary parameter appears in
Eq. (5.3), since the approximation that the potential consid-
ered above is scale invariant indicating that there is an
infinite set of bounce solutions which lead to the same value
for action. Addition of the quantum corrections break this
scale invariance of the tree-level potential. This implies that
the bounce solutions with different values of R which used to
give same action at the semiclassical level now gives a one-

loop action as S[hy(r)] ~ . Considering the effec-

8%
GIAL/R)])
tive potential as Vg = % ht, with A is the effective quartic
coupling including contributions from all the particles which
are coupled to the Higgs field, the bounce solution in

Eq. (5.3) now becomes,

8 R 82

hp(r) = [Aegi ()| RZ+ 17 SEV“W”:W'

(5.4)

Now, there is just one particular value of R which saturates
the path integral, and defined as R,,. Considering the
running of effective quartic coupling Ay, an instability is
encountered when A (1) hits zero, and then goes to negative
values. The scale p here is the renormalization scale,
(Ry; ~ 1/p is the size of the bounce) which minimizes
the action, i.e., #, . (u) = 0. After computing the scale y, it is
easy to plot the profile of the bounce using Eq. (5.4). The
field h; and the four-dimensional Euclidean distance r are
both scaled using the Planck mass Mp = 1.22 x 10" GeV,
where A is the effective potential including contribution

} (5.5)

8 R 872 : . )
hip(r) = ———., el ()] = L7 (5.3) from all.the particles which are coupled to the Higgs field
|| R +r 3|4 and is given by
|
1 o Kihz
Aetr(hypt) =~ 6 — Z nix? 6”22nﬂ<i log 7 6 — Z nix?
tree- level 'h Zf (Z;d ;jf/fjd Z;i/\
Contribution from SM Contribution f;o;m inert doublet Contribution from Type-II seesaw

Since, we have studied the electroweak phase transition
from the symmetric phase to the broken phase using the
finite-temperature analysis, it would be interesting to see
the effect of thermal corrections on the stability of the
vacuum. In that case we use the full one-loop thermally
corrected effective potential as given in Eq. (4.1).

The one-loop thermally corrected effective potential

can be rewritten as the contribution of V]Tﬁ(()mp and VrTlfgo
follows:
4 52 4 %)
20 n, T n; n,T my
Vl —loop T z 271.2 ‘IB (TZ + 2”2 JF F ’

i=W.G%,Z.h,A,®,

|
yI#0 _ Z n,~T4 ﬁﬁ 3/2 M2 3/2
ring 127 | | T? T2 '

i=W.;.G°.Z, .y, hA D,

(5.7)

where /17 are the masses in terms of the background filed and
n’s are the degrees of freedom. One important thing to note is
that the thermal corrections for the gauge bosons are nonzero
only for the longitudinal degrees of freedom and there are no
thermal corrections for the fermionic degrees of freedom. The
expressions for the spline functions J - are defined as

Jprp(x?) = Aoo dyy? log(l Fe yzﬂz). (5.8)
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The zero-temperature expression for the bounce given in
Eq. (5.1) is also modified at finite-temperature and is given as
follows:

. dhy
g, Amm(r)=0. 24 =0,

(5.9)

d2h1+3dh1 _avii(n)
drr rdr

with r = |F|. The corresponding Euclidean action for this

O(3) spherically symmetric solution is as follows:
|

1 /3 9
= 12<4gl+492+3yt+6/1¢1+2/13+/14>

32n

SE[hl(r)]_47rA drr® L (‘Zhr) +

The effective potential can now be rewritten in high-
temperature limit as follows:

VIZ0(h, )]. (5.10)

Aett 1
vIZ0 4ﬂ ht +§n2h%T2 + const, (5.11)
where the constant terms are neglected which are independent
of the field /2, . The coefficient for the field and the temperature

dependence is given as

V2 1
33 1+ 300) = (2 400160 (25 ) + 40,0 + 2o

V3

~ 16, \/ 397+ 993 + 244, + 12y7 + 823 + 444 + 1619, 2 + 820, a1

3
16m

where the first term comes from the finite-temperature one-
loop potential in Eq. (5.6) and the second and the third term
comes from resummation in Eq. (5.7). Using the expression
for the effective potential in Eq. (5.11), the bounce solution
at finite temperature can be immediately computed as
S3lhig(r)] = —(6.015)7n/ A T. Tt is important to note that
all the couplings in the effective quartic coupling and # are
scale dependent and the running values are considered for all
these parameters.

After computing the action, it is easy to evaluate the
differential decay probability of the nucleating bubble at a
particular temperature 7 as follows:

3
b &CUTO), (5.13)

~I(T
dinT ( )T2 T

with T(T) = 74{5s03/2,-Ss(IT s the  vacuum
decay rate per unit volume at a fixed temperature, 7. 7
is the age of the Universe and T, ~ 2.35 x 10™* eV. This
differential-decay probability is valid only in a radiation-
dominated Universe.

The total integrated probability can be computed by
integrating the differential decay probability as follows:

cut—off dP(T )
P(T ui—oft) = dar’,
( cut ott) /0 dT’

(5.14)
with Ty_of 1S the maximum cutoff on the temperature
which is decided by the validity until the cutoff scale
is A when the bounce h,;3(0) is computed at different
temperatures.

2= 00,00/ 20, + d0 a1+ 2sa + Aasar + (10441 +6n2),

(5.12)

The bounds on the tunneling probability can distinguish
the regions of stability, metastability, and instability. In case
where the second minima is higher than the EW minima,
there is no possibility of tunneling, and this condition is
defined as stable with criteria 4. > 0. When the second
minima lies below the EW minima, if the tunneling prob-
ability is greater than the age of the Universe, then the
condition is defined as metastability. For the case, when the
tunneling probability is less than the age of the Universe, then
the region is unstable. The stable, metastable, and the
unstable regions are denoted by green, yellow, and red colors
in Fig. 6. The black contours correspond to 1o, 20, and 3¢

182 T T T

180 Metastable
178

176 | 5

174 g
172 Stable B

170 | 1

M;[GeV]

168 I I I 1 I I I 1 I I I 1 I I I
120 122 124 126 128

Mn[GeV]

FIG. 6. Phase-space plot for the Higgs mass and the top mass in
GeV at zero temperature. The green and yellow regions corre-
spond to the stable and the metastable regions, respectively. The
black contours denotes the 1o, 20, and 36 uncertainities and the
black dot at the center corresponds to the current measured values
of the Higgs mass and the top mass.
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uncertainities, and the black dot at the center defines the
experimentally measured values of the Higgs mass and the
top mass. The current measured values of the Higgs mass
and the top-quark mass lie in the stable region because of
the positive contribution from more number of scalar degrees
of freedom both at the zero temperature and the finite
temperature.

VI. CONCLUSION

The extension of the Standard Model with a scalar triplet
and a second SU(2) Higgs doublet is considered with an
additional Z, symmetry. The breaking of electroweak sym-
metry by radiative effects demands the mass of additional
scalars to be below few TeV but, the strongly first-order phase
transition which is crucial for explaining the baryon asym-
metry of the Universe, demands lower masses. The inter-
action quartic coupling of the additional multiplet with the
Higgs field plays a very significant role in the strength of the
phase transition. The higher the value of this quartic coupling,
the higher the allowed mass from the strongly first-order
phase transition would be. Hence, we have considered the
extension of the type-II seesaw with another SU(2) Higgs
doublet where the masses of the inert doublet are chosen to
be small enough to enhance the strength of the phase
transition. In this way, it becomes possible to accommodate
the additional doublet and the triplet scalar which provides
the radiative electroweak symmetry breaking alongside the
strongly first-order phase transition.

The type-II seesaw extended to inert doublet has more
number of degrees of freedom which restricts the interaction
coupling A5 for inert doublet to be ~0.15 and for the triplet
scalar Ap,, to be ~0.5 from Planck-scale perturbativity.
Hence, the effect on the scale where the electroweak
symmetry breaking is triggered is more from the triplet in
comparison to the doublet. Also, the maximum allowed
values for the interaction couplings 0.15 and 0.5 for the
doublet and the triplet are not enough to provide the strongly
first-order phase transition. It can only provide the first-order

phase transition ¢ (7T,.)/T. 2 0.6 for doublet and triplet
bare-mass parameter to be 0.0 GeV. Therefore, we have
looked for the possibility for accommodating both radiative-
electroweak symmetry breaking and the first-order phase
transition. The electroweak symmetry breaking is triggered
around the scale 10980 GeV for my(A) and my(A) =
100.0 GeV and the first-order phase transition is also

satisfied, i.e., <) > 0.6.

The stability of the electroweak vacuum is also studied
both at the zero temperature and the finite temperature. The
running of the couplings is considered until the Planck
scale for this analysis using two-loop f-functions. The
positive contribution coming from the scalar degrees of
freedom is too large and the measured values for the Higgs
mass and the top mass lies in the stable region both at the
zero temperature and the finite temperature.

The second doublet is considered to be odd under the Z,
symmetry and the lightest stable neutral particle Mo
becomes the cold DM candidate. The DM-relic density
bound is satisfied in different mass ranges in the case of the
inert doublet. Still, the DM constraints from DM relic in a
low-mass regime My <my/2 and in the resonant or
funnel region; Mo ~ m;,/2 will also give the first-order
phase transition and accommodate the radiative electro-
weak symmetry breaking.
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APPENDIX: TWO-LOOP g-FUNCTIONS FOR DIMENSIONLESS COUPLINGS

1. Scalar quartic couplings

1 [ 27, 9 9 9 5
bio, = 1622 [Jrﬁg‘l‘ + 30019+ 92+ 25 4 2 + 4 = S g he, =993 ha, + 2400, + 35,4 + 3o a ke a1 3 A0, a1

+ 422+ 12ATe(Y Y 5) +4ATe(Y, YE) 4+ 124Te (Y, Y) = 6Tr(Y Y Y Y1) = 2Te (Y, Y1V, Y)) = 6Te(Y, Y5, Yh)

1 4293 1971 359 235 9 15 12 9
62y [ 200091 ~ 400 919 5o 9192 + g 95+ g9kt B+ 5K+ 12035 -84+ 0
3 15 12 6 2349 117
+ 59%9%/14 + ZQ%M + ?9%/13/14 + 12032324 — 122324 + gg%ﬁ + 39345 = 162345 — 643 + 200 = gie, + 92 Gl
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2. Gauge couplings

1 (24
'Bg] = 1672 |:?g?:|

67 509
P =162 |73 (167%)? |6
Po =162 (1672)?

1 1
{— 3(=25Tr(Y,Y)) + 42467 4 44063 — 75Tr(Y,Y}) — 85Tr (Y, Y5) + 90093 — 90Tr(YNYjV))] :
1 7 1 1 .
{——gg] + [—g§(16()g§ — 18Tr(Yy YY) + 3647 — 3Tr(Y,Y5) + 7263 — 9Tr(Y,Y)) — 9Tr(YuYL))] .

1 1
73]+ {_E B (=112 +20Tr(Y,Y]) + 20Te(Y,Y}) + 26043 — 4595)] )

[1] G. Aad et al. (ATLAS Collaboration), Observation of a new
particle in the search for the standard model Higgs boson
with the ATLAS detector at the LHC, Phys. Lett. B 716, 1
(2012).

[2] S. Chatrchyan et al. (CMS Collaboration), Observation of a
new boson at a mass of 125 GeV with the CMS experiment
at the LHC, Phys. Lett. B 716, 30 (2012).

[3] P.A.R. Ade et al. (Planck Collaboration), Planck 2013
results. XVI. Cosmological parameters, Astron. Astrophys.
571, A16 (2014).

[4] A.C.M. Correia et al., The HARPS search for southern
extra-solar planets XIX. Characterization and dynamics of
the GJ876 planetary system, Astron. Astrophys. 511, A21
(2010).

[5] G. Hinshaw et al. (WMAP Collaboration), Nine-Year
Wilkinson Microwave Anisotropy Probe (WMAP) obser-
vations: Cosmological parameter results, Astrophys. J.
Suppl. Ser. 208, 19 (2013).

[6] P. Minkowski, 4 — ey at a rate of one out of 10° muon
decays?, Phys. Lett. 67B, 421 (1977).

[7] Proceedings: Workshop on the Unified Theories and the
Baryon Number in the Universe: Tsukuba, Japan, 1979,
edited by O. Sawada and A. Sugamoto (Natl. Lab. High
Energy Phys., Tsukuba, Japan, 1979).

[8] M. Gell-Mann, P. Ramond, and R. Slansky, Complex spinors
and unified theories, Conf. Proc. C 790927, 315 (1979).

[9] R.N. Mohapatra and G. Senjanovic, Neutrino mass and
spontaneous parity nonconservation, Phys. Rev. Lett. 44,
912 (1980).

[10] J. Schechter and J. W. F. Valle, Neutrino masses in SU(2) x
U(1) theories, Phys. Rev. D 22, 2227 (1980).

[11] G. Lazarides, Q. Shafi, and C. Wetterich, Proton lifetime
and fermion masses in an SO(10) model, Nucl. Phys. B181,
287 (1981).

[12] R.N. Mohapatra and G. Senjanovic, Neutrino masses and
mixings in gauge models with spontaneous parity violation,
Phys. Rev. D 23, 165 (1981).

[13] C. Wetterich, Neutrino masses and the scale of B—L
violation, Nucl. Phys. B187, 343 (1981).

[14] J. Schechter and J. W. F. Valle, Neutrino decay and sponta-
neous violation of lepton number, Phys. Rev. D 25, 774
(1982).

[15] N. G. Deshpande and E. Ma, Pattern of symmetry breaking
with two Higgs doublets, Phys. Rev. D 18, 2574 (1978).

[16] S.Jangid and P. Bandyopadhyay, Distinguishing inert Higgs
doublet and inert triplet scenarios, Eur. Phys. J. C 80, 715
(2020).

[17] S. Jangid, P. Bandyopadhyay, P.S. Bhupal Dev, and
A. Kumar, Vacuum stability in Inert Higgs doublet model
with right-handed neutrinos, J. High Energy Phys. 08 (2020)
154.

[18] T. W.B. Kibble, G. Lazarides, and Q. Shafi, Strings in
SO(10), Phys. Lett. 113B, 237 (1982).

[19] R. N. Mohapatra, New contributions to neutrinoless double
beta decay in supersymmetric theories, Phys. Rev. D 34,
3457 (1986).

[20] A. Font, L. E. Ibanez, and F. Quevedo, Does proton stability
imply the existence of an extra Z0?, Phys. Lett. B 228, 79
(1989).

[21] L. M. Krauss and F. Wilczek, Discrete gauge symmetry in
continuum theories, Phys. Rev. Lett. 62, 1221 (1989).

[22] L.E. Ibanez and G.G. Ross, Discrete gauge symmetry
anomalies, Phys. Lett. B 260, 291 (1991).

[23] L. E. Ibanez and G. G. Ross, Discrete gauge symmetries and
the origin of baryon and lepton number conservation in
supersymmetric versions of the standard model, Nucl. Phys.
B368, 3 (1992).

[24] S.P. Martin, Some simple criteria for gauged R-parity,
Phys. Rev. D 46, R2769 (1992).

[25] Y. Mambrini, N. Nagata, K. A. Olive, and J. Zheng, Vacuum
stability and radiative electroweak symmetry breaking in an
SO(10) dark matter model, Phys. Rev. D 93, 111703 (2016).

[26] A. Held, J. Kwapisz, and L. Sartore, Grand unification and
the Planck scale: An SO(10) example of radiative symmetry
breaking, J. High Energy Phys. 08 (2022) 122.

[27] S. Khalil, Radiative symmetry breaking in supersymmetric
B — L models with an inverse seesaw mechanism, Phys.
Rev. D 94, 075003 (2016).

015001-21


https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1051/0004-6361/201321591
https://doi.org/10.1051/0004-6361/201321591
https://doi.org/10.1051/0004-6361/200912700
https://doi.org/10.1051/0004-6361/200912700
https://doi.org/10.1088/0067-0049/208/2/19
https://doi.org/10.1088/0067-0049/208/2/19
https://doi.org/10.1016/0370-2693(77)90435-X
https://doi.org/10.1142/9789812836854_0018
https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1103/PhysRevD.22.2227
https://doi.org/10.1016/0550-3213(81)90354-0
https://doi.org/10.1016/0550-3213(81)90354-0
https://doi.org/10.1103/PhysRevD.23.165
https://doi.org/10.1016/0550-3213(81)90279-0
https://doi.org/10.1103/PhysRevD.25.774
https://doi.org/10.1103/PhysRevD.25.774
https://doi.org/10.1103/PhysRevD.18.2574
https://doi.org/10.1140/epjc/s10052-020-8271-5
https://doi.org/10.1140/epjc/s10052-020-8271-5
https://doi.org/10.1007/JHEP08(2020)154
https://doi.org/10.1007/JHEP08(2020)154
https://doi.org/10.1016/0370-2693(82)90829-2
https://doi.org/10.1103/PhysRevD.34.3457
https://doi.org/10.1103/PhysRevD.34.3457
https://doi.org/10.1016/0370-2693(89)90529-7
https://doi.org/10.1016/0370-2693(89)90529-7
https://doi.org/10.1103/PhysRevLett.62.1221
https://doi.org/10.1016/0370-2693(91)91614-2
https://doi.org/10.1016/0550-3213(92)90195-H
https://doi.org/10.1016/0550-3213(92)90195-H
https://doi.org/10.1103/PhysRevD.46.R2769
https://doi.org/10.1103/PhysRevD.93.111703
https://doi.org/10.1007/JHEP08(2022)122
https://doi.org/10.1103/PhysRevD.94.075003
https://doi.org/10.1103/PhysRevD.94.075003

SHILPA JANGID and HIROSHI OKADA

PHYS. REV. D 109, 015001 (2024)

[28] Z. Burell, Radiative symmetry breaking in the supersym-
metric minimal B — L extended standard model, Master’s
thesis, Alabama U., 2011.

[29] L.E. Ibanez and G.G. Ross, SU(2)-L x U(1) symmetry
breaking as a radiative effect of supersymmetry breaking in
guts, Phys. Lett. B 110, 215 (1982).

[30] K. Inoue, A. Kakuto, H. Komatsu, and S. Takeshita, Aspects
of grand unified models with softly broken supersymmetry,
Prog. Theor. Phys. 68, 927 (1982); 70, 330(E) (1983).

[31] L. E. Ibanez, Locally supersymmetric SU(5) grand unifi-
cation, Phys. Lett. 118B, 73 (1982).

[32] J.R. Ellis, D.V. Nanopoulos, and K. Tamvakis, Grand
unification in simple supergravity, Phys. Lett. 121B, 123
(1983).

[33] J.R. Ellis, J.S. Hagelin, D.V. Nanopoulos, and K.
Tamvakis, Weak symmetry breaking by radiative correc-
tions in broken supergravity, Phys. Lett. 125B, 275 (1983).

[34] L. Alvarez-Gaume, J. Polchinski, and M. B. Wise, Minimal
low-energy supergravity, Nucl. Phys. B221, 495 (1983).

[35] K.S. Babu, I. Gogoladze, and S. Khan, Radiative electro-
weak symmetry breaking in standard model extensions,
Phys. Rev. D 95, 095013 (2017).

[36] Y. Aoki, F. Csikor, Z. Fodor, and A. Ukawa, The endpoint of
the first order phase transition of the SU(2) gauge Higgs
model on a four-dimensional isotropic lattice, Phys. Rev. D
60, 013001 (1999).

[37] K. Kajantie, M. Laine, K. Rummukainen, and M.E.
Shaposhnikov, Is there a hot electroweak phase transition
at my 2 my?, Phys. Rev. Lett. 77, 2887 (1996).

[38] K. Kajantie, M. Laine, K. Rummukainen, and M.E.
Shaposhnikov, A Nonperturbative analysis of the finite T
phase transition in SU(2) x U(1) electroweak theory, Nucl.
Phys. B493, 413 (1997).

[39] F. Csikor, Z. Fodor, and J. Heitger, Endpoint of the hot
electroweak phase transition, Phys. Rev. Lett. 82, 21 (1999).

[40] K. Kajantie, M. Laine, K. Rummukainen, and M.E.
Shaposhnikov, The Electroweak phase transition: A non-
perturbative analysis, Nucl. Phys. B466, 189 (1996).

[41] J.R. Espinosa and M. Quiros, The electroweak phase
transition with a singlet, Phys. Lett. B 305, 98 (1993).

[42] P. Bandyopadhyay and S. Jangid, Discerning singlet and
triplet scalars at the electroweak phase transition and
gravitational wave, Phys. Rev. D 107, 055032 (2023).

[43] N. Blinov, S. Profumo, and T. Stefaniak, The electroweak
phase transition in the inert doublet model, J. Cosmol.
Astropart. Phys. 07 (2015) 028.

[44] R. Zhou, L. Bian, and Y. Du, Electroweak phase transition
and gravitational waves in the type-II seesaw model, J. High
Energy Phys. 08 (2022) 205.

[45] S. Roy, Dilution of dark matter relic abundance due to first
order electroweak phase transition in the singlet scalar
extended type-II seesaw model, arXiv:2212.11230.

[46] S. Jangid and H. Okada, Exploring CP-violation in ¥ = 0
inert triplet with real singlet, Phys. Rev. D 108, 055025
(2023).

[47] D. Buttazzo, G. Degrassi, P. P. Giardino, G. F. Giudice, F.
Sala, A. Salvio, and A. Strumia, Investigating the near-
criticality of the Higgs boson, J. High Energy Phys. 12
(2013) 089.

[48] G. Degrassi, S. Di Vita, J. Elias-Miro, J. R. Espinosa, G. F.
Giudice, G. Isidori, and A. Strumia, Higgs mass and vacuum
stability in the standard model at NNLO, J. High Energy
Phys. 08 (2012) 098.

[49] J.R. Espinosa, G. F. Giudice, and A. Riotto, Cosmological
implications of the Higgs mass measurement, J. Cosmol.
Astropart. Phys. 05 (2008) 002.

[50] J.R. Espinosa, G.F. Giudice, E. Morgante, A. Riotto, L.
Senatore, A. Strumia, and N. Tetradis, The cosmological
Higgstory of the vacuum instability, J. High Energy Phys.
09 (2015) 174.

[51] A. Kobakhidze and A. Spencer-Smith, Electroweak vacuum
(in)stability in an inflationary universe, Phys. Lett. B 722,
130 (2013).

[52] K. Enqvist, T. Meriniemi, and S. Nurmi, Generation of the
Higgs condensate and its decay after inflation, J. Cosmol.
Astropart. Phys. 10 (2013) 057.

[53] M. Fairbairn and R. Hogan, Electroweak vacuum stability in
light of BICEP2, Phys. Rev. Lett. 112, 201801 (2014).

[54] K. Enqvist, T. Meriniemi, and S. Nurmi, Higgs dynamics
during inflation, J. Cosmol. Astropart. Phys. 07 (2014) 025.

[55] A. Kobakhidze and A. Spencer-Smith, The Higgs vacuum is
unstable, arXiv:1404.4709.

[56] M. Herranen, T. Markkanen, S. Nurmi, and A. Rajantie,
Spacetime curvature and the Higgs stability during inflation,
Phys. Rev. Lett. 113, 211102 (2014).

[57] K. Kamada, Inflationary cosmology and the standard model
Higgs with a small Hubble induced mass, Phys. Lett. B 742,
126 (2015).

[58] A. Shkerin and S. Sibiryakov, On stability of electroweak
vacuum during inflation, Phys. Lett. B 746, 257 (2015).

[59] G. Isidori, G. Ridolfi, and A. Strumia, On the metastability
of the standard model vacuum, Nucl. Phys. B609, 387
(2001).

[60] L. Delle Rose, C. Marzo, and A. Urbano, On the fate of the
standard model at finite temperature, J. High Energy Phys.
05 (2016) 050.

[61] P. Arnold and S. Vokos, Instability of hot electroweak
theory: Bounds on mj and m,, Phys. Rev. D 44, 3620
(1991).

[62] S.R. Coleman, The fate of the false vacuum. 1. Semi-
classical theory, Phys. Rev. D 15, 2929 (1977); 16, 1248(E)
(1977).

[63] C.G. Callan, Jr. and S.R. Coleman, The fate of the false
vacuum. 2. First quantum corrections, Phys. Rev. D 16,
1762 (1977).

[64] G. W. Anderson, New cosmological constraints on the Higgs
boson and top quark masses, Phys. Lett. B 243, 265 (1990).

[65] J.R. Espinosa and M. Quiros, Improved metastability
bounds on the standard model Higgs mass, Phys. Lett. B
353, 257 (1995).

[66] A. Arhrib, R. Benbrik, M. Chabab, G. Moultaka, M. C.
Peyranere, L. Rahili, and J. Ramadan, The Higgs potential
in the Type II seesaw model, Phys. Rev. D 84, 095005
(2011).

[67] H. Arason, D.J. Castano, B. Keszthelyi, S. Mikaelian, E. J.
Piard, P. Ramond et al., Renormalization group study of the
standard model and its extensions. 1. The standard model,
Phys. Rev. D 46, 3945 (1992).

015001-22


https://doi.org/10.1016/0370-2693(82)91239-4
https://doi.org/10.1143/PTP.68.927
https://doi.org/10.1143/PTP.70.330
https://doi.org/10.1016/0370-2693(82)90604-9
https://doi.org/10.1016/0370-2693(83)90900-0
https://doi.org/10.1016/0370-2693(83)90900-0
https://doi.org/10.1016/0370-2693(83)91283-2
https://doi.org/10.1016/0550-3213(83)90591-6
https://doi.org/10.1103/PhysRevD.95.095013
https://doi.org/10.1103/PhysRevD.60.013001
https://doi.org/10.1103/PhysRevD.60.013001
https://doi.org/10.1103/PhysRevLett.77.2887
https://doi.org/10.1016/S0550-3213(97)00164-8
https://doi.org/10.1016/S0550-3213(97)00164-8
https://doi.org/10.1103/PhysRevLett.82.21
https://doi.org/10.1016/0550-3213(96)00052-1
https://doi.org/10.1016/0370-2693(93)91111-Y
https://doi.org/10.1103/PhysRevD.107.055032
https://doi.org/10.1088/1475-7516/2015/07/028
https://doi.org/10.1088/1475-7516/2015/07/028
https://doi.org/10.1007/JHEP08(2022)205
https://doi.org/10.1007/JHEP08(2022)205
https://arXiv.org/abs/2212.11230
https://doi.org/10.1103/PhysRevD.108.055025
https://doi.org/10.1103/PhysRevD.108.055025
https://doi.org/10.1007/JHEP12(2013)089
https://doi.org/10.1007/JHEP12(2013)089
https://doi.org/10.1007/JHEP08(2012)098
https://doi.org/10.1007/JHEP08(2012)098
https://doi.org/10.1088/1475-7516/2008/05/002
https://doi.org/10.1088/1475-7516/2008/05/002
https://doi.org/10.1007/JHEP09(2015)174
https://doi.org/10.1007/JHEP09(2015)174
https://doi.org/10.1016/j.physletb.2013.04.013
https://doi.org/10.1016/j.physletb.2013.04.013
https://doi.org/10.1088/1475-7516/2013/10/057
https://doi.org/10.1088/1475-7516/2013/10/057
https://doi.org/10.1103/PhysRevLett.112.201801
https://doi.org/10.1088/1475-7516/2014/07/025
https://arXiv.org/abs/1404.4709
https://doi.org/10.1103/PhysRevLett.113.211102
https://doi.org/10.1016/j.physletb.2015.01.024
https://doi.org/10.1016/j.physletb.2015.01.024
https://doi.org/10.1016/j.physletb.2015.05.012
https://doi.org/10.1016/S0550-3213(01)00302-9
https://doi.org/10.1016/S0550-3213(01)00302-9
https://doi.org/10.1007/JHEP05(2016)050
https://doi.org/10.1007/JHEP05(2016)050
https://doi.org/10.1103/PhysRevD.44.3620
https://doi.org/10.1103/PhysRevD.44.3620
https://doi.org/10.1103/PhysRevD.15.2929
https://doi.org/10.1103/PhysRevD.16.1248
https://doi.org/10.1103/PhysRevD.16.1248
https://doi.org/10.1103/PhysRevD.16.1762
https://doi.org/10.1103/PhysRevD.16.1762
https://doi.org/10.1016/0370-2693(90)90849-2
https://doi.org/10.1016/0370-2693(95)00572-3
https://doi.org/10.1016/0370-2693(95)00572-3
https://doi.org/10.1103/PhysRevD.84.095005
https://doi.org/10.1103/PhysRevD.84.095005
https://doi.org/10.1103/PhysRevD.46.3945

ELECTROWEAK PHASE TRANSITION WITH RADIATIVE ...

PHYS. REV. D 109, 015001 (2024)

[68] M.-x. Luo and Y. Xiao, Two loop renormalization group
equations in the standard model, Phys. Rev. Lett. 90,
011601 (2003).

[69] F. Staub, sarRAH4: A tool for (not only SUSY) model
builders, Comput. Phys. Commun. 185, 1773 (2014).

[70] S. Coleman and E. Weinberg, Radiative corrections as the
origin of spontaneous symmetry breaking, Phys. Rev. D 7,
1888 (1973).

[71] A.G. Cohen, D.B. Kaplan, and A. E. Nelson, Progress in
electroweak baryogenesis, Annu. Rev. Nucl. Part. Sci. 43,
27 (1993).

[72] V. A. Rubakov and M.E. Shaposhnikov, Electroweak
baryon number nonconservation in the early universe and
in high-energy collisions, Usp. Fiz. Nauk 166, 493 (1996).

[73] A. Ahriche, T. A. Chowdhury, and S. Nasri, Sphalerons
and the electroweak phase transition in models with
higher scalar representations, J. High Energy Phys. 11
(2014) 096.

[74] A. Ahriche, What is the criterion for a strong first order
electroweak phase transition in singlet models?, Phys. Rev.
D 75, 083522 (2007).

[75] C. Bonilla, R. M. Fonseca, and J. W. F. Valle, Consistency of
the triplet seesaw model revisited, Phys. Rev. D 92, 075028
(2015).

[76] S. Kanemura, S. Matsumoto, T. Nabeshima, and N. Okada,
Can WIMP dark matter overcome the nightmare scenario?,
Phys. Rev. D 82, 055026 (2010).

015001-23


https://doi.org/10.1103/PhysRevLett.90.011601
https://doi.org/10.1103/PhysRevLett.90.011601
https://doi.org/10.1016/j.cpc.2014.02.018
https://doi.org/10.1103/PhysRevD.7.1888
https://doi.org/10.1103/PhysRevD.7.1888
https://doi.org/10.1146/annurev.ns.43.120193.000331
https://doi.org/10.1146/annurev.ns.43.120193.000331
https://doi.org/10.3367/UFNr.0166.199605d.0493
https://doi.org/10.1007/JHEP11(2014)096
https://doi.org/10.1007/JHEP11(2014)096
https://doi.org/10.1103/PhysRevD.75.083522
https://doi.org/10.1103/PhysRevD.75.083522
https://doi.org/10.1103/PhysRevD.92.075028
https://doi.org/10.1103/PhysRevD.92.075028
https://doi.org/10.1103/PhysRevD.82.055026

