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Utilizing the Georgi-Machacek model, we study the electroweak symmetry breaking mechanism with
extra electroweak symmetry breaking contributions (¢éEWSB) that are bounded by the Fermi constant and
limits from the related collider searches. The eEWSB is helpful to build a different zero temperature
vacuum structure from the Standard Model (SM), and therefore leads to different electroweak phase
transition patterns at the early Universe. We investigate the collider search prospects and gravitational
waves (GW) predictions from the strongly firstly order phase transition (SFOEWPT) in this scenario. The
Higgs pair searches at lepton colliders are found to be complementary with the GW searches of the

SFOEWPT parameter spaces.
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I. INTRODUCTION

The observation of the SM Higgs at 126 GeV at LHC
[1,2] is a milestone of the particle physics, which means
that the W and Z bosons obtain their masses through the
electroweak symmetry breaking (EWSB) mechanism. The
cubic and quartic Higgs couplings are supposed to be
crucial to reveal the Higgs potential shape and the EWSB
mechanism. The sensitivity of measurement of these
couplings at LHC is pretty low, while future precision
measurements are able to tell if there are new physics
beyond the Standard Model (SM) that could drive deviation
of the EWSB and how large the deviation could be. The
observation of gravitational waves from the Binary Black
Hole Merger by the LIGO and Virgo collaborations [3]
opens a new era to search for fundamental physics. An
important category of gravitational waves is a stochastic
background [4] originated from the early Universe. One
important source of this kind is a strongly first order
electroweak phase transition (SFOEWPT), which gives a
dynamical explanation of the EWSB as the Universe cools
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down, and is a crucial ingredient in the explanation of the
baryon asymmetry of the Universe within the framework of
the electroweak baryogenesis mechanism (EWBG).1

New physics that takes part in the electroweak phase
transition process may or may not contribute an extra
component of EWSB contribution. For example, the SM
plus real singlet model (xSM) has been extensively studied
where the singlet scalar does not contribute to the EWSB
(see Ref. [9] for a recent study). Meanwhile, the triplets in
the Georgi-Machacek (GM) model, as will be studied in
this work, can indeed contribute to the EWSB. Though
both models share the same vacuum structure topology,
the triplets contribution to the EWSB, i.e., the extra
EWSB contribution, is bounded by the Fermi constant
and gauge boson related collider searches. Therefore, one
can expect different collider phenomenology, different
SFOEWPT behaviors and thus different gravitational wave
signal predictions for different amounts of the extra EWSB
contributions.

The zero temperature vacuum structure with extra local
minimum in addition to the electroweak vacuum could
yield the possibility of multistep phase transition as well as
one-step phase transition. In Refs. [10,11], the relation
between the zero temperature potential difference and the

'The SFOEWPT is one of the three Shakharov conditions [5]
that quenches the sphaleron process inside the bubbles and
therefore preserves the baryon asymmetry generated (See Ref. [6]
for a recent review on EWBG, and Ref. [7] for a recent review on
cosmic phase transitions; Ref. [8] builds the connection between
the sphaleron and gravitational wave.).
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SFOEWPT condition has been studied within the 2HDM.
For previous studies of multistep phase transition and
related vacuum structure at zero temperature, we refer to
Refs. [9,12-20]. In this work, we use the Georgi-Machacek
model to reveal that, the extra EWSB contribution can
induce one-step or two-step SFOEWPT depending on the
vacuum structure that has been studied previously by us in
Ref [21]. The one-step SFOEWPT occurs with the sym-
metry change from SU(2); x SU(2) to the phase where
electroweak symmetry is broken. The two-step SFOEWPT
occurs with the first-step being the symmetry change of
SU2), xSU(2)r —» SU(2)y, and the following second
step being the dynamical breaking of the electroweak
symmetry. In this work we improved the algorithm for
the calculation of the critical order parameters of the phase
transition. We further evaluate the gravitational wave
signals being generated during the SFOEWPT. In com-
parison with the one-step situation, the gravitational wave
signal spectrum generated from two-step SFOEWPT is
found much easier to be probed by the projected space-
based interferometers, such as: LISA [22], BBO, DECIGO
(Ultimate-DECIGO) [23], TianQin [24] and Taiji [25]
programs. This is significantly different from the xSM
case as was studied in Ref. [9], where the vacuum expect-
ation value (VEV) of the extra singlet is more free from the
limits of the collider searches.

This work is organized as follows: After a brief intro-
duction of the GM model, the vacuum structure analysis
and the phase transition calculational approach are given in
Sec. II. In Sec. III, we show the relation between the phase
transition and the collider phenomenology and demonstrate
how these two interplay on the extra EWSB contributions.
The gravitational wave signal predictions from the one-step
and two-step SFOEWPT are investigated in Sec. IV. The
collider search prospects for the SFOEWPT valid regions
are addressed in Sec. V. We finally conclude in Sec. VI.
Some details about the model are listed in the Appendix.

II. THE EWPT DYNAMICS AND METHODOLOGY

In this section, within the framework of the GM model,
we first develop the methods for vacuum structure analysis
and phase transition critical order parameter analysis,
which can be applied to the phase transition analysis of
one-step and two-step types that may be realized with many
multiscalar models, such as: xSM, 2HDM, 2HDM —+ S,
NMSSM, etc. In the GM model, at the critical tempera-
ture, the strongly first order phase transition condition
could be fulfilled when the phase transition strength

v, )T, = \/h¢(TC)2 +8he(T¢)?/Te > 1 [21,26].

A. The GM model
In the Georgi-Machacek model, there is one isospin
doublet scalar field ¢ = (¢",¢°)" with hypercharge

Y = % one complex isospin triplet scalar field

x= ()T with hypercharge Y = 1, and one real
triplet & = (&, &%, —&T)T with hypercharge Y = 0. The
custodial symmetry is introduced at tree level by imposing
a global SU(2), x SU(2); symmetry upon the scalar
potential. The most general scalar potential V' invariant
under SU(2), x SU(2)g is given by

V(®,A)
= %m%tr[CDTCD} —|—%m%tr[ATA] + A, (tr[@T @])?
+ A, (tr[ATA])? + A5tr[(ATA)?] + Ay tr [T Dtr[ATA]

a b
+ st {CDT%Q)%] tw[ATT*AT?]

a b
e {@"‘%@%] (PTAP),, + uott| ATT?AT?](PTAP) .
(1)
where the fields are expressed in bimultiplet form
)(O* §+ )(++
¢0* ¢+
A S I

yH gt 0

o’s and T’s are the 2 x 2 (Pauli matrices) and 3 x 3 matrix
representations of the SU(2) generators, respectively, while
P matrix, which transforms the fields back to Cartesian
basis, is

| -1 i 0
P=—| 0 0 v2|. 3
Al o G)

1 i 0

The neutral components of each field can be para-
metrized by their real and imaginary parts:

_Vpthytia, o Y thtia,

0 ’ ) O:l/ +h7
¢ \/§ X \@ £ £ £

(4)

where v, v,, and v; are the VEVs of ¢°, 4%, and &,
respectively. With only neutral components of this model,
the potential reads:

1 1
Vo= Emfh; +§m§(h§ + h3) 4 Ahy + Ao (b + h)?

1
+ z/13(2}1‘5‘ + hy) 4 Aghg (B + hy)

1
4 Ashyh, (2V2he + hy)

1
+ Zulh;(hg +V2h,) + 3uyheh. (5)
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We can derive the EWSB vacuum through the minimiza-
tion conditions:

Vo _ Vo _0Vy _ ©)
Ohy  Oh, Oh:

where the fields other than ¢°, »°, and &° take zero VEVs.
In this paper, the solution satisfying the relation v, = ﬂvi
is selected, by which the EWSB vacuum maintains the
diagonal SU(2), symmetry. Thus the electroweak param-
eter ppy = m3,/(m% cos@2) = 1 is established at the tree
level. The W and Z boson masses from the EWSB give the
constraint,

1
2 2 2
v, +8ui=v" =
¢ ¢ \/EGF
When vy, v: # 0, with the help of Eq. (6) (under the
relation v, = ﬂvf), we could rewrite m?, m? in terms of
Vg, Ve and other parameters in the Higgs potential as:

~ (246 GeV)2. (7)

3
mi = =445 — 62407 — 351} — FHIVe (8)
Z
m% = —12/121/? - 4/131/% - 2/141/55 - /151/2 — KU 41/5 - 6/,{21/5.
9)

There are 13 scalar fields in this model. After diagonalizing
the mass matrices, the fields can be rewritten as the physical
scalars (quintuple, triplet, and, singlet respectively)

1 1 2
Ht =y, H§:7§(Z+—5+)’ H(s):\/ghx_\éhsv
(10)

1
HY = —cos@uypt +sinby — (T + &),
3 H¢ H\/E(){ 5 )
HY = —cosOyay + sinbya,, (11)
sina
h = cos ah¢ - W(\/Ehx + h§>7
) cosa
H| = sinah, + 7 (\/5h1+h5), (12)

and the Goldstone bosons

1
Gt =sinly¢pt +cosly— (yT + &),
H¢ H\/E(){ 5)
G® =sinfOyay + cos Oya, (13)

2v2

where sinfy = 5”5 and cos Oy = ”7¢, with @y parametriz-
ing the isospin triplets contribution to the EWSB. The «a is

the mixing angle of the two singlets and is determined by
the mass matrix of these scalars as will be shown below.

The 3 Goldstone bosons eventually become the longi-
tudinal components of the W and Z bosons, while the
remaining 10 physical fields can be organized into a
quintuple Hs = (HI*,H, HY, Hs, H5™)T, a triplet Hy =
(Hy,HY,H3)", and two singlets h and H,, where the
former (h) is used to denote the SM-like Higgs boson.
The triplet scalar is CP-odd, while others are CP-even. The
masses of different multiplets can be written as

3
W = s = i = iy = (smg _ 5@3,,)

As
I’l’uzl[3 - mi]';i = m?-lo = _<E+4_IJ§ IJZ. (15)

The masses of the singlets (m,, ;;, ) are the eigenvalues of the
mass matrix:

M3, M,
M — (M2 o > (16)
n My
with
M3, = 8cos*OyA L2, (17)

1
M3, = sin?0y (32, + A3)1? + cos*Oy M3 — EM%’ (18)

3
M3, = \/;sin Oy cos Oy (224 + As)v? — M3],  (19)

where M? = —ﬁngym and M3 = —3+/2sin @,uu,. The
mixing angle ay is determined by
2M3
tan 2aH = 27122 s (20)
M3, = M7,

as a function of 0.

B. On the vacuum structures and
the possible EWPT patterns

The leading order zero temperature effective potential of
the GM model is given by Eq. (5). For the vacuum structure
studies, we impose h, = \/Eh{: as required by the custodial
symmetry, which ensures pgyw = 1 at the leading order. The
general vacuum structure determined by the above potential
is shown in Fig. 1, where A is the (A, h:) = (0,0) vacuum,
B is the desired EW vacuum, C;, are the alternative
vacuums with /2, = 0 [the SU(2),, vacuum]. Here, we use
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FIG. 1. The vacuum structure in the GM model.

C to indicate C; and/or C, depending on which point is
allowed by the positiveness of the Hessian matrix as will be
explored below. In this paper we consider the case where
there are two possible C points in the GM model which can
be expressed as below,

Ci@point: hy — 0,

—3uy £ \/=12m3A, — dm3 25 + 93
4(32;, + 23) ‘

l’lé:—)

(21)

The scalar potential at the EW vacuum (B) should be the
global minimum one, and the value of the scalar potential at
the original point is the maximal one of these three. The
scalar potential at these three different vacuum points,
Vo(A). Vo(B), Vo(Ci2)), are

Vo(A) =0,

Vo(B) = —/IIIJ; - 31/2 (Mz + (3/12 + /13)1/5)

3
— el + 424+ AS)e)u,

3
©2560:(34, + A3)

X (F F 3122 (12423 + 1) F 20, F)
+ v (4vg (244 + 25) + 1)) + 6p5e),  (22)

VO(CI(Z)) =

Vg (3 + A3) (4vg (224 + As) + 1)

Ve

where F = (

1/2
+ (41/5(3/12 + /13) + 3/42)2> . (23)

The one-step phase transition would take place when
Vo(A) > Vo(B) (AVy(AB) > 0) and —12m34, — 4m3i;+
9u3 < 0. Meanwhile, the two-step phase transition
might happen when —12m3l, —4m34; +9u3 >0 and

Vo(A> > Vo(cl(z)) > Vo(B) (Wlth AVO(ACI(Z)) > 0,
AV((Cy2yB) > 0). The potential differences are given
by the following:

= My + 303 (4 + (32 + A3))

3
+ g%(m + 422 + As)ve vy, (24)

AV (AC ()
= Vy(A) = Vo(Cy2))
B 3

o 2561/5(3/12 + /13)

+ 2Z/§F) + (3/12 + /13)(161/53(322 +ﬂ3)
+ v (4vg (244 + 25) + p1)) + 650, (25)

3 (F F 3u2)* (12 (2403 (32 + 43)

AV(Cy2)B)
= Vy(Ci(2)) = Vo(B)

3
- _ F F 3u,)? 241232, + A
2561/5(3/12 /13)3( Ha)* (pa ( l/.f( 2 3)

F 2D§F) + (3/12 + ﬂg)(l6l/2(3lz + 13)
+ v (4vg (224 + A5) + 1))
+ 6pdve) + vy + 302 (g + (34 + Aa)re)

3
+ gyf(ﬂl + 4(2&4 + 15)1/5)1/3), (26)

AV((C,Ca) = Vo (C) = Vo(Cy)
3
__ SmE (27)
16(34, + 43)?

The AV, (C,C,) determines the detailed phase transition
patterns in the two-step phase transition scenario, as will be
explored latter. Here, we note that one of the two con-
figurations at C point is missed in Ref. [21]. The additional
one configuration considered here opens a little more two-
step SFOEWPT parameter space that passes the current
constraints from the same-sign WW channel search at
13 TeV LHC [27], which highly restricts the triplet
contribution to the EWSB.

We note that, as in the 2HDM case, to ensure the photon
is massless, we do not expect the violation of the U(I)
electromagnetic symmetry during the EWPT process and
assume the classical values for the charged scaler fields to
be zero [15,28-30]. Furthermore, we avoid all other
possible alternative minima (see Ref. [31] for detail) by
scanning model parameters with GMCalc [32], since the
desired EW vacuum at the zero temperature (the B point in
Fig. 1) is the electroweak-breaking and custodial SU(2)-
preserving minimum.
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FIG. 2. The contours of V in the hy — h: plane, with the parameters being: 4; = 0.035, 4, = 0.574, 13 = —0.547, 1, = 0.798,

s = 1.908, 0 = 0.273, u; = —360.373 GeV, u, = —47.377 GeV.

C. Phase transition dynamics

With the zero temperature scalar potential at hand, the
phase transition dynamics can be estimated with the finite
temperature potential using the gauge invariant approach
that is equivalent to keeping the thermal mass corrections
when using the high temperature expansion [33],>

1 1 1
VT = VO + EC(/)Tzhé + EC§T2h§ + ECZTZh)z(, (28)

with V, given in Eq. (5), and the finite temperature
corrections being

3¢ 4? 3 1
C¢ = E + E + 2),1 + 74 + ZyleCCZHH,
gZ 11/12 7/13 2/14

ce 3 3 T3

2
L T Tk 2

“=2 a3 I T3
Here, we note that the traditional approach for studying the
phase transition dynamics is to include four ingredients: the
tree level potential, the Coleman-Weinberg potential [35],
the finite temperature corrections, and the daisy resummation
or the ring contribution [36]. For renormalizable theory, the
potential barrier that drives the electroweak phase transition
can come from the thermal loop corrections or tree level cubic
terms [37]. The cubic term of y; , [see Eq. (5)] from the tree
level potential provides the barrier that drives the phase
transition dynamics at the critical temperature and thus
belongs to the second class. In this scenario, the gauge
invariant approach we adopt here keeps the crucial cubic
terms and can provide a transparent physical intuition as
in Ref. [38], though additional SFOEWPT parameter space
may open up when one includes the full four ingredients.
For the safety of custodial symmetry, we assume h, =

\/Ehg for phase transition studies. The deviation from the

(29)

’Here, we note that the gauge dependence is small for gauges
that are consistent with the perturbative expansion when one
performs the phase transition; see [34].

custodial symmetry at finite temperature is checked to be
negligible for the SFOEWPT parameter space under study
(see Ref. [21] for details). In the one-step phase transition
case, the phase transition occurs through the path of A — B
directly with hg. ¢ located at around v, at the finite
temperature 7-. The phase transition may occur after the
temperature drops below T'¢. In Fig. 2, we illustrate the
one-step phase transition process as the temperature drops.
The global minimum of the finite temperature potential V
changes from A to B, through which one obtains the EW
symmetry breaking minimum.

As for the two-step phase transition scenario, the con-
dition for the first step of the two-step phase transition
(Apoint — Cpoint) can be written as:

V7(0,0,T1¢) = Vr(0, €, Tyc),
@Vrlhy. he. Tic)

=0. 30

hy=0.h:=h1C

The critical parameters héc and T are calculated as,

V/3m3(3Ay+43) + 643
V0cet+2c,) Bl +13)

1C_ _ 12%)
¢ 34437

(31)

1C

For the second-step of the two-step phase transition to
occur, the following degeneracy conditions at the critical
temperature are necessary:

VT(O, ]’lc, Tc) — V(hg, h?a TC),

dVy(hy, he, Tc) 0
dhy hy=h he=h}
dVy(hy, he, Tc) _ 0
dh; hy=hi) he=h}
dVT<0’ h’fa TC)
—_— =0, 32

he=h¢
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through which the critical temperature and critical field value can be obtained. For the two-step case, using the determinant
of the Hessian matrix (at both the zero temperature and the finite temperature) to ensure that the two degenerate vacua occur,
the following conditions need to be satisfied: M35 6 P3(56) — N§(5’6) > 0, M356) > 0, with

d?Vy(hy, h
ol ) .
dhq& hy=v4.h:=0v¢
dhé hy=v4.h:=0v¢
szT(h(/)»hg,Tzc) = M,
dhy, hy=hE =12
d*Vy(hy he, Toc) _p
dhé hy=hB h;=h? >
b e e
d*Vy(hy, he, Tac) _
2 = M,
dh(/) hy=0.h;=h"
szT(hu’ héjv T2C)
B = P6'
dhg hy=0,hs=h2C

Here, at finite temperature 75, hg’ ¢ 1s located at around
V46> and A€ at around he,, ., as given in Eq. (21). That the

temperature of the first step phase transition is higher than
the second one, i.e., T > T, is also used to select the
SFOEWPT points for the two step phase transition
scenario.

At the zero temperature, the positiveness of the Hessian
matrix determinants can allow one local minimum at C1 or
C2, or both C1 and C2, in addition to the global vacuum
located at B. We show in Fig. 3 how the phase transitions
occur as the temperature drops in the two-step case. During
these two-step phase transition processes, the global
vacuum of the finite temperature potential V; changes
from A to C;, at the first-step after 7 < Tjc. Then, the
phase changes from the vacuum located at around C, , to
the one around B, i.e., the EW symmetry breaking vacuum,
after T < T,c. The Hessian matrix at finite and zero
temperature tells if there exist local or global minima at
Cy, C,, and B at the corresponding temperature; see
Eq. (33). In the BP1 (top panel of Fig. 3), there exists
only the minima around C, at zero temperature and the
finite temperature. In the BP2 (bottom panel of Fig. 3), only
the C, exists at zero temperature, and both the C; and C,
could exist at the second-step phase transition temperature
of Tzc.

The above procedure is firstly used to obtain the critical
phase transition order parameters and the rough phase
transition pattern (either one-step or two-step). Sub-
sequently, we use CosmoTransitons [39] to obtain the

dVo(hy, he)

= Nj,
dhd)dhz;‘ h(/,:v(/),hg:vg
(33)
d*Vy(hy, he, Tac) N
= 5,
dhydh =t =2
(34)
d VT(hgb’ hf? T2C) =N
= N,
dhydh "
(35)

phase transition order parameters at the bubble nucleation
temperature, which might be slightly different from the
patterns in the above approach. This is mainly due to the
reason that in some cases, although we can obtain the phase
transition with the above approach, the improper barrier
between the two minima at the bubble nucleation temper-
ature could not fulfill the condition of bubble nucleation;
see Eq. (55). This is especially important for the two-step
cases where the pattern would be changed from A —
C,, = B to A — B. Hence, when we present the results,
the term “two-step” refers to the points obtained by the
above approach, and the terms “bubble one-step” and
“bubble two-step” refer to the points that can trigger
one-step bubble nucleation and two-step bubble nucleation
respectively after we check the bubble nucleation using
CosmoTransitions.

Before concluding this section, we remind the reader
that, the one-step phase transition as shown in Fig. 2 does
not allow the homotopy group for the domain wall. The
vacuum manifold for the second-step of the two-step phase
transition as shown in Fig. 3 admits a nontrivial homotopy
group 7y(Hs/H,) [with Hy =Z, x SU(2),, and H, =
SU(2), after the first-step and second-step phase transi-
tions, respectively)], which allows the existence of domain
wall [40] which can produce GW after decay through
quantum tunneling [41]. We left detailed studies on
topological defect and its GW signal after the
SFOEWPT in GM model to the future study.
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T=77(GeV) BP, T1.=74.90(GeV) BP,
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FIG. 3. The evolution of the vacuum structure as temperature drops. The evolution of the vacuum structure as temperature drops for the

two-step SFOEWPT case. Upper Panels: BP; with the phase transition pattern of A — C, — B. Lower Panels: BP, with the phase
transition pattern of A — C; — B. The parameters for BP; are: 4; = 0.040,4, = 0.598, A; = —0.113, 1, = 0.425, 15 = 0.264,
Oy = 0.467, u; = —175.619 GeV, u, = 14.416 GeV. The parameters for BP, are: 4; = 0.039, 1, = 0.692, 13 = —0.311, 4, = 0.479,

ds = 0.457, 0 = 0.423, u, = —181.111 GeV, p, = —6.144 GeV.

III. THE SFOEWPT AND HIGGS
PHENOMENOLOGY

The vacuum structure at zero temperature, such as the
potential barrier, is crucial for both one-step and two-step
SFOEWPT. The desired vacuum structure for the SFOEWPT
reveals the Higgs potential shape through the devia-
tions of the triple and quartic Higgs couplings from the
SM values. The typical vacuum structure for the one-step and
two-step SFOEWPT being explored in the last section can
have distinct Higgs phenomenological predictions.

In the GM model, both the two extra triplets contribute to
the EWSB, and the gauge bosons get masses also from the
triplet VEV, v; . The electroweak charge of the triplets leads
to the HV'V couplings deviating from the singlet case by one
extra factor of sin 8, which parametrizes the contribution of

the v, to the Higgs VEV, siny = 2v/2v:/,/ (80} + v3)

[31]. For the GM model, due to the contribution of the isospin
triplet to the EWSB, the phase transition strength is defined
as [21]

vy (T) + 8v3(T) ~ vy(T) cos 0y (T)™!

T T ’
cos 0y (T) = 2y(T) , (36)
vy (T) + 8v3(T)

UGM/TE

at the critical temperature when the phase transition
occurs. Since we are working in the scenario where the zero
temperature vacuum structure is crucial for the SFOEWPT,
the O (T) here would be highly related with 8y (see our
previous studies in Ref. [21] for details). As will be explored
latter, one can expect that the one-step and two-step
SFOEWPT valid regions are highly restricted by collider
searches.

To study the collider phenomenology of the new physics
models, one needs to work in the physical eigenbasis. In
terms of physical field basis after taking into account of the
rotation matrix (with the angle ay) among classical fields
and Higgs fields h, H, the interaction strength between the
SM-like Higgs and SM particles are:

Gnf7 = COSay/ cos HHgZ}/Ij,

8 . .
Invv = (COS ay cos Oy — \/; Sin oy sin 9H> gi%

Jus7 = Sinay/ cos 91‘192%”

8
Juyy = (sin ay cos Oy + \/;cos ay sin 9H> g, (37)

Currently, the angle 8y as a function of doubly charged
Higgs boson mass is severely bounded by the same-sign
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WW boson channel searches at 13 TeV LHC [27].
We adopt the observed 95% CL upper limits given in
Fig. 4 of Ref. [27] to bound the SFOEWPT parameter
spaces. Future hadron and lepton colliders would further
restrict the magnitude of @y and @, which means that the
possibility to reach SFOEWPT would be confined to the
parameter space with small sin 65 and ay. For the case of
the small 6 limit where the EWSB contribution from the
triplet is negligible, one will also have

3 0(8v34 — 230 — /34
aHz_\/;eHJr H(8V34 =234 = V3hs)v. (38)

Hi

This means that, for a small 6, one usually has a small «a,
and the sign of ay is determined by the combination of
couplings 8v/34; — 2v/3A, — v/35 and y;. In the scenario
with small @ and small 6, g;,47 vy 1s close to the SM case,
while gy 7 gyy is suppressed.

The scalar potential of Eq. (5) in the Higgs basis of 2 and H can be written as,

GM _
Viny = 2

1 1
—m3(hcosay + Hsinay)? + Em%(H cosay — hsinay)?

2 3
+——=u,(H cosay — hsinay)® + 4/41 (hcosay + H sinay)*(H cos ay — hsinay)

V3

1
+ Ay (hcosay + Hsinay)* + (/12 + §/13> (H cosay — hsinay)*

1
+ <l4 + 5%) (hcosay + H sinay)*(H cos ay — hsinay)?

(39)

for the GM model. In the small ay limit, the potential Vgx reduces to

2V/3

1 1 1 3
VoM — Emfiﬂ + bt 4+ m3H? + ——u, H? +§(3/12 + A3)H* +\4[ﬂ]h2H

2 3

1
+ 5 (2/14 + /15)th2 + (XHh (—

47
+ <—4ﬂz - T3 + 2],4 + l5> H3 + (42] - 2&4 — /15)th> + O(a%{)

After EWSB, h and H get VEVs,

1
M = v cos(ay) cos(0y) — > \/%U sin(ay) sin(0y),
. 13 |
M = v sin(ay) cos(0y) +§ 7Y cos(ay)sin(@y), (41)

with v = vgy = 246 GeV. Suppose h is the SM-like
Higgs, one has both the Higgs cubic and quartic couplings
modified compared with the SM case. This can be para-
metrized as:

1 m?
AL = —57h(1 + 8i3) h? —

2
1mj,

The cubic Higgs couplings are crucial for the vacuum
structure, and therefore the phase transition dynamics, as
well as the Higgs pair production at hadron and lepton
colliders. Consequently, the Higgs pair searches can be

\/gﬂl 72
4

V3
+ (mi —m3)H + > (uy — 4pr)H?

(40)

powerful enough to probe the parameter space of the
SFOEWPT. In the small a () limit, we have

SKOM \/g/"lv aHUZ(4aH - \/EHH)(2/14 + /15>
T + 2m?
h h
303 + 602
— % + (Q(a?i’ gz)’ (43)
2224 + A5)0v?
SKSM = 242, <1 - %) +0(ad).  (44)
h

As a comparison, we also list the xXSM case which has no
extra EWSB contribution. In the xSM case, we also define
a mixing angle ay between the SM Higgs (/) and extra
scalar (s). At the zero temperature, it is defined as [38]

(ar +2ayv5)vy

2

sin2ay =
(mj, — mi;)

, (45)
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with v, =246 GeV. For —1 <sin2ay <1, this sets a
bound on the VEV fraction of the SM Higgs (h),

m2 —m¥ < (ay + 2ayv,)v, <my —mi.  (46)

The phase transition occurs in the subspace of the two
scalar fields, with the phase transition strength being

v3(T) + v3(T) cos O(T)
T :

v,(T)
vi(T) + vX(T)

UXSM/T = vh(T)
T

cosO(T) =

(47)

The sphaleron process is quenched when v,(T)/T > 1 at
the critical temperature. Different from the GM model, the
singlet VEV (v,) does not contribute to the mass of gauge

phy

boson due to the electroweak charge of the singlet, hence it
does not contribute to the phase transition strength.

The collider phenomenology of the Higgs searches is
based on the measurements of the SM Higgs and searches
for an extra heavy Higgs-like scalar. The current LHC
Higgs data and theoretical constraints require small ay
which parametrizes the mixing between the SM-like Higgs
and the extra CP-even heavy Higgs. In this model,
all the couplings are rescaled by ay based on the SM
as: Gpux = COS AR Git, G = — sinay gy, Therefore, no
direct bound on the angle 8(T = 0) from the Higgs data
since the parameter does not enter Higgs couplings. The
VEV of the extra scalar (v,) would be more free than that in
the GM model.

For the xSM model, the potential in the basis of Higgs
fields is given by

1
VISM - (3a;(hcosay — Hsinay)?(hsinay + H cos ay) + 3a,(hcos ay — H sin ay)?

x (hsinay + Hcos ay)? + 6b,(hsinay + H cosay)? + 4bs(hsinay + H cos ay)?
+ 3by(hsinay + Hcosagy)* + 3A(hcosay — Hsinay)* — 6u*(hcos ay — H sinay)?). (48)

Going to the alignment case, one has

1
VxSM —
a 12(

3a,h*H + 3a,h> H? + 6byH? + 4byH? + 3by H* + 3h*) — 6h%u?)

1
+ ZhaH(a1 (h* = 2H?) + 2H(ay(h* — H*) + 2b, + 2(H (b3 + byH) — AW + 1i2))) + O(aZ,). (49)

After EWSB, one has for the two physical fields # and H:

oM = ), cos(ay) + v, sin(ay).
M = v, cos(ay) — vy, sin(ay). (50)

In the xSM, the deviations of the cubic and quartic
couplings for small ay are given by [42]

3 2m3 —2byv, —4by0?
5K)3‘SM:6¥%_1|:—2+ " 32 4 :|+O(O!?.1)9
my,
Sm2, — 4byv, —8by1?
5;<§SM:a%,{—3+ R “}S%O(a;,). (51)
7

Due to the extra EWSB contribution, in the GM model,
one has an additional angle #y to parametrize the Higgs
couplings. Therefore one has the different distributions of
SFOEWPT points in the v: — ay plane, which builds the
bridge between the SFOEWPT and the Higgs phenom-
enology. Figure 4 shows the one-step (red) and two-step
(blue) SFOEWPT valid points in the xSM (left) and GM
(right) model. For the xSM case, the one-step (two-step)

SFOEWPT points are concentrated in the small (large) v,
regions. While in the GM model, v, is much smaller than v,
of the xSM and the possibility to reach a SFOEWPT drops
as vg and | sinay| decrease.

In the parameter space which allows the SFOEWPT, one
has the deviations of the cubic and quartic Higgs couplings,
which characterize the Higgs potential shapes that are
crucial for the realization of the EWSB mechanism. We
investigate more details in two particular benchmarks of the
GM model: the H5plane which is developed by the LHC
Higgs Cross Section Working Group for fiveplet searches
[43] and the low mass benchmark studied in [44] for the
lower mass region. Both benchmark scenarios will lead to
interesting searches at the collider. As we have stated
above, the current strongest constraint is from the same-
sign W pair searches from CMS [27]. We implemented this
constraint during our parameter scans. The vector boson
fusion (VBF) production cross section of the double
charged scalar is calculated using MadGraph [45] while
the decay branching ratio is gotten from GMCalc [32].
Then at each mass point within the range that the experi-
ments explored, the total cross section should be less than
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FIG.4. The vc/T¢ > 1 viable points [both one-step (red) and two-step (blue)] in the sin ay; — v, ¢ plane for the xSM (left) and the GM

(right) model.
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FIG. 5.

the upper limits in [27]. Note that the sensitivity of the
same-sign W pair searches only starts from 200 GeV.
Hence, without any extrapolation, although the constraint
on sin Oy at large mass is quite stringent, for the mass below
200 GeV, larger sin @y is still allowed.

For the physical intuition of the phase transition, in
comparison with the H5plane, the main feature of the
parameter space of the low mass benchmark is the relatively
lower magnitude of the fiveplet mass and the smallness
of the angles of 5 and ay, which make the two-step
SFOEWPT possible. As can be found in Ref. [21], the
one-step SFOEWPT mostly occurs with a negative mixing
angle ay, a larger magnitude of |u;,|, and favors a
relatively large my,., my,, and my in comparison with the
two-step SFOEWPT.

Our previous study in [21] shows that only one-step
SFOEWPT is valid in Hb5plane, while the low mass
benchmark can provide both one-step and two-step
SFOEWPT. After considering the current LHC search

. —]
032 7.

)?l, —2
s =
- 0.30 3 , §§
SN e
e} <
= SS
0.28 _4 O
/<

0.26 =5

—0.36 —034 —032 —030 —028
sin oy

The ratio of A5M /A5M (left) and A8}, /23M (right) in the sinay — siny plane in the case of H5plane.

bounds, especially the same-sign W search from CMS
[27], we show the triple scalar couplings in Figs. 5 and 6 for
the HS5plane and low mass benchmark, respectively. In
Hb5plane, Fig. 5 shows that a larger deviation of the triple
Higgs coupling A9M from the SM one occurs with a higher
magnitude of |ay| and a larger 8. While the 28} is highly
enhanced with an extra sign compared with gy which can
result in destructive interference for Higgs pair production
at the colliders.

In low mass benchmark, one has smaller sin 6 and m,,
in comparison with the H5plane scenario. The CMS same-
sign W search severely bounds sin 8y and thus the mixing
angle ay. Therefore one can expect that the triple Higgs
coupling and the quartic Higgs couplings are all restricted.
In Fig. 6, we show the triple Higgs couplings in the
sin ay — sin @y plane for both one (upper panels) and two-
step (lower panels) SFOEWPT. The SFOEWPT viable
points in low mass benchmark are located at smaller values
of 0y and ay. Thus we have smaller enhancement in A$M
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FIG. 6. The ratio of A5M /25M (left panels) and AS) /23M (right panels) in the sina — sin @y plane for both one-step points (upper
panels) and two-step points (lower panels) in the case of the low mass benchmark.

than that in the H5plane. Meanwhile, A9)} is also much
smaller than that in the H5plane. These will result in
different gravitational wave production and collider phe-
nomenology as we will study in the following.

A SFOEWPT can also be reached with the help of the
dimensional six operator (H'H)3 [46,47] or new physics
that can contribute to such an operator. The collider could
not tell the detailed potential shape (i.e., the tree level
potential barrier) that drives the phase transition. In this
case, the gravitational wave searches of the signal gen-
erated by the SFOEWPT would be complementary, since it
captures the tunneling process manifested in terms of the
vacuum bubble nucleations [9].

IV. GRAVITATIONAL WAVE SEARCHES

When the temperature of the Universe further cools
down after the critical temperature 7' (where one has the
degeneracy of the true and the false vacuum), one may have
vacuum bubble nucleations, expansions, and collisions, and
therefore GW production from the SFOEWPT process.

The bounce configuration of the nucleated bubble [the
bounce configuration of the multifields that connects the
EW broken vacuum (#-vacuum, the true vacuum located
around the B point) and the false vacuum (the vacuum
locates around the A or C points)] can be obtained by
extremizing

§5(T) = / anrdr E (%)2 + V(¢b,T)], (52)

through solving the equation of motion for ¢, (itis 4 and A,
for two-step scenarios),

d? 2d ov
dr r dr oo,
with the boundary conditions of
. dey
1 = —_ =0. 4
=0 70 B

r=0

The phase transition is completed approximately at the
nucleation temperature when the thermal tunneling prob-
ability for bubble nucleation per horizon volume and per
horizon time is of order unity [48-50]:
Fr~A(T)e™5/T ~ 1. (55)

One of the crucial parameters for the gravitational wave
spectra is a, which is the energy density released from

the SFOEWPT normalized by the total radiation energy
density, defined as
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FIG.7. The scan resultin the a — #/H,, (left), a — v, /T, (middle), and ASM /2%M — v, /T, (right) planes for the case of H5plane where

we have only one-step (red) points.

Ap
a=—,

PR

(56)

where the radiation energy density of the bath or the plasma
background pjy is given by

_ n*g.Ts
pR_ 30 El

(57)

with g, being the effective number of degrees of freedom
(d.o.f.) (g, ~ 100) at the plasma temperature 7', (when the
phase transition is finished), which is approximately
equivalent to the nucleation temperature 7, ~7T, for
transitions without significant reheating [51]. The param-
eter Ap is the latent heat from the phase transition. This is
given by the difference of the energy density between the
false [here it is ¢ vacuum, p(¢,, T)] and the true vacuum
[the h-vacuum or EW broken vacuum, p(v,,7T)], i.e.,

Ap :p(¢nv Tn) —,U(Un, Tn)’ and’

av(e,T
p(¢n’ Tn) = _V(¢7 T)|T:T,1 + T% ’ (58)
T=T,
av(h,T
P, T) = V(b Ty, + TR o)
T=T,

Here, we remind the reader that a and p in this section
represent the latent heat and energy density, rather than the
mixing angle and electroweak parameter used in previous
sections. Another crucial parameter 3, which characterizes
the inverse time duration of the SFOEWPT and thus the
GW spectrum peak frequency, is defined as

*In our calculation, we use the latent heat by including the
entropy injection from the phase transition (through the term of
T%|;_r ) as in Refs. [52-55] and some other literature, which
coincides with the vacuum energy for the large supercooling
phase transition case, as commented on in Ref. [51].

B d(S(T)/T)
H, ar |’

n

(60)

with H, the Hubble constant at the bubble nucleation
temperature 7T,,.

Considering all the constraints from the LHC, especially
the same-sign W bounds from CMS [27], we show the
results in Figs. 7 and 8 for the H5plane and the low mass
benchmark respectively, where the red points represent the
one-step scenario and the blue points represent the two-step
case. As mentioned before, we separate the two-step points
into two groups according to the scan results from
CosmoTransition. The dark blue circles represent the case
where we have two-step bubble nucleation (‘“bubble two-
step”),’ while the light blue triangle points are those we
have only one bubble nucleation (“bubble one-step”).

In either the H5plane or the low mass benchmark (one-
step and two-step), #/ H, decreases as « increases. While a
is also found to be proportional to the phase transition
strength v, /T,, a larger value of « is obtained at a larger
value of v,/T, and results in a relatively larger energy
density of the gravitational wave spectrum. As a compari-
son, besides the triple/quartic scalar coupling being smaller
in the low mass benchmark, the low mass benchmark also
provides lower /H, in the similar range of « than that in
the H5plane, which is necessary to produce detectable
gravitational waves. In the low mass benchmark case,
where we have both one-step and two-step scenarios,
two-step SFOEWPT will have relatively smaller f/H,
and larger v,,/T,, for the same a than the one-step scenario.

Here the most stringent constraint comes from the CMS
same-sign diboson search [27], which, however, does not
extend to the mass (m5) below 200 GeV. This is not relevant
for the HSplane, since all those points in Fig. 7 have
ms > 200 GeV. However, in the low mass benchmark, we

*The points correspond to the second step (Ci, = B), while
the first step A — C| , is not shown here which will be discussed
later.
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FIG. 9. SFOEWPT valid points in the a — /H,, (left), a — v,,/T,, (middle), and Z5M/A3M — v, /T, (right) planes for the xXSM. Red
and blue points represent the one- and two-step scenario, respectively.

can clearly see two parts of points for one-step scenario in
Fig. 8.° Those with lower /H,, or larger v,/T, and thus
more detectable GW signals, are the points having mass
below 200 GeV, which require more dedicated searches at
colliders. The triple Higgs couplings are also shown with
respect to the SM scenario. The phase transition strength
v,/ T, for one-step points is proportional to the triple Higgs
coupling in both the H5plane and low mass benchmark,
while there is no clear relation for the two-step points in the
low mass benchmark.

At last, we comment on the situation in the xSM. In
Fig. 9, we show the relations among $/H,, a, v,/T,, and
triple scalar couplings in the xSM.? Since the singlet VEV
v, faces no restrictions in general in the xSM, the
magnitude of p/H, (v,/T, and a) is relatively much

*We do have two parts for two-step as well. However, the
points with mass above 200 GeV are the minority; we do not
discuss them separately.

In this and the following plots for the xSM, we use the same
set of data points as used in Ref. [42].

lower (larger) than that in the GM model, which results
in a more detectable GW signal. The triple scalar couplings
has similar enhancement as in the GM model.

As a comparison, in Fig. 10, we show the two crucial
parameters for the GW signals in both GM and xSM. The
left panel indicates the scenario with extra EWSB con-
tribution (GM). Since the extra EWSB contribution is
subject to severe bounds from the LHC, the extra VEV
is small which limits the vacuum structure that is important
for the phase transition, and thus the first step of the phase
transition is weakly first order and the GW signal being
generated is negligible (with a small a and large #/H,,), the
GW signals in this case mostly dominated by the second-
step SFOEWPT which characterize the dynamical EWSB.
The right panel is for the case without extra EWSB (xSM);
one may find that the @ and /H,, of the first-step phase
transition are mostly smaller than the second-step, which
implies that a GW signal mostly comes from the first-step
which does not characterize any symmetry breaking; see
Ref. [42] for more details of the phase transition in xSM.
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FIG. 10. The GW signal parameters for the case with extra EWSB (GM, left panel) and without extra EWSB (xSM, right panel). The
red and green points correspond to the first and the second step of the two-step SFOEWPT.

There are mainly two sources for GW production during
the EWPT: the sound waves in the plasma [56,57] and the
magnetohydrodynamic turbulence (MHD) [56,57], while
the contribution from bubble wall collisions [58—63] is now
generally believed to be negligible [64]. The energy density
spectrum from the sound waves can be well expressed
by [57]

K0

2 1/3
Q. h* =2.65x107° ik 100
p)\1+a s

£\3 7 7/2
(f_> <4+3(f/fsw)2) ’

where H., is the Hubble parameter at the temperature 7', at
the time when the EWPT finishes; v,, is the bubble wall
velocity; a is the energy released from the EWPT normal-
ized by the total radiation energy density at 7., as
mentioned above; ¢, is the corresponding relativistic
d.o.f. making up the radiation energy density; § character-
izes roughly the inverse time duration of the EWPT.
Practically, T, is very close to T, and we use T, in the
following calculations. Moreover k, is the fraction of
released energy going to the kinetic energy of the plasma,
which can be calculated given v, and « [65]. Finally f, is
the peak frequency of the above energy density spectrum:

(61)

1 (B T, g \V/®
=19x 107 — (| ) [ == Hz.
Fow Sy (H> <100 GeV) (100) 8
(62)
A small fraction of the energy goes to the MHD, whose

contribution to the energy density spectrum can be
expressed as [66,67]

H.\ Ky \3/2 (100 1/3
Quiph® = 3.35 x 1074 =1 ) (-2
o =m0 () (#25) (5

N (f/fturb)3
U (F/ fra) P (1 82f /)

where the factor k4, is the fraction of energy transferred to
the MHD turbulence and is given roughly by k., = €k,
with € & 5-10% [57]. We take here ¢ ~ 0.1. Similar to f,
S 18 the peak frequency for the spectrum from the MHD:

(63)

1 /)7 T g 1/6
=27x105— () (- ) (F) T e
Fuaro o <H> <100 GeV> (100) z

(64)

In using above results for GW spectra calculations, care
must be taken when choosing the value of v,,. While a
larger and generally supersonic »,, can lead to stronger GW
signals, it is dangerous for baryon asymmetry generation in
the framework of EWBG, which is assumed in this work to
be the cosmological context within which EWPT hap-
pened. The EWBG favors a subsonic v,,, with a typical
value of 0.05 (see e.g., [68-72]). This raises a serious
problem for models of EWBG to be able to generate strong
enough GW signals. To deal with this conundrum, we
follow Refs. [9,42,73,74] by taking the plasma hydro-
dynamics into account and distinguish v,, from the velocity
used in EWBG calculations. This is due to the existence of
three modes of fluid velocity profiles around the bubble
wall: deflagration, detonation, and supersonic deflagration
(see [65] for a recent combined analysis). For the modes of
deflagration and supersonic deflagration, the fluid outside
the bubble wall has a nonzero velocity profile, and thus
when boosted to the wall frame, the fluid would head
towards the wall with a velocity that is different from and
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The representative GW signal spectra for the cases of H5plane (left) and low mass benchmark (right). For the H5plane, only

one-step SFOEWPT (purple) is available, while for the low mass benchmark, both one-step (cyan) and two-step (blue) transitions are
available. The corresponding value of v, for each spectrum is also shown along each line.

smaller than the wall velocity. Therefore a supersonic v,,
can be realized while still maintaining a subsonic plasma
velocity outside the bubble wall in the wall frame. While a
joint analysis of the microscopic particle transport behavior
within the EWBG and the macroscopic hydrodynamics is
still needed to confirm the feasibility of the above mecha-
nism, we assume tentatively that it is true here. With this in
mind, we use v,, = 0.7 for the Georgi-Machacek model.
For the points we take from Ref. [42] for the xSM, a
slightly different prescription was adopted there. There
the value of »,, was chosen such that a fixed value of 0.05
can be achieved for the velocity used in EWBG calcu-
lations. For those with SNR > 10, the resulting v,, all have
relativistic values and are close to 0.7, so the behavior
of the following plots for the xSM remains largely
unchanged should one stick to a fixed value of 0.7.

In Fig. 11, we show the GW signal spectrum predicted in
the H5plane (left) and the low mass benchmark (right) after
considering the same-sign diboson bounds from CMS for
several representative points taken from the tail of Fig. 7
and Fig. 8 (which are the most promising points for GW
detection). The figure indicates that the magnitude of the
GW spectra from the SFOEWPT of the H5plane and the
low mass benchmark falls into the sensitivity curve of
the LISA, and the peak frequency of the low mass bench-
mark is much lower than that of the H5plane.

With the GW spectrum obtained for each set of param-
eters input, the GW signals can be searched for using the
cross correlation between the outputs of a pair of detectors.
The detectability of the signals is quantified by the signal-
to-noise ratio (SNR) [51]:

SNR = \/ /df Zzgcw(f] (65)

exp

where 7 is the mission duration in years and Q. is the
power spectral density of a given detector.

V. COLLIDER SEARCHES

From previous studies (e.g., Fig. 9 of Ref. [21]), we find
that one-step and two-step phase transition would happen
in different parameter space regions. In the low mass
benchmark, current constraints from same-sign diboson
searches already separated the one-step and two-step phase
transitions into two almost nonoverlapping parts with two-
step points preferring lower mass while one-step preferred
higher mass. Further, the phase transition strength has a
correlation with the triple Higgs coupling in the one-step
case, while it is not necessary in the two-step case to have
larger triple Higgs coupling to trigger the SFOEWPT.

On the other hand, the collider searches of the Higgs
potential also concentrate on the triple Higgs coupling
searches: Higgs pairs search at hadron colliders (LHC, HL-
LHC, SppC, FCC-hh,etc.), and Zhh production at lepton
colliders (ILC, CEPC, FCC-ee, etc.). Further, the quartic
Higgs coupling also enters Higgs pair production through
either two-loop [75] or one-loop [76] contributions for
hadron and lepton colliders, respectively. Hence the Higgs
pair production searches will be nice places to further
search for these two cases at either the LHC or future lepton
colliders.

The leading order contributions for Higgs pair produc-
tion come from the one-loop diagrams shown in Fig. 12
with nonresonant and possible resonant productions. The
nonresonant productions involve the box diagrams (right
panel) and also triangle diagram (left panel) which depends
on the triple scalar coupling 4,,,. While the resonant
production involves the production of extra scalar and
subsequent decays into the Higgs pair (middle panel) which
depends on the triple scalar coupling Ag,. The differential
cross section for the Higgs pair production has been carried
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FIG. 12. The Feynman diagrams for the Higgs pair production with extra scalar at the LHC.

out previously [77,78]. The calculations have been imple-
mented into MadGraph for several different cases [79]. For
the GM model, we use the NLO UFO model files [80]
implemented with FeynRules [81,82] using MadGraph [45] to
directly calculate the cross section for relevant processes.
The required parameter cards are generated using GMCalc
1.4.1 [32]. Relevant work can also be found in [83].

The Higgs pair production cross sections in the GM
model are shown in the upper-left panels of the cases of
Fig. 13 for H5plane and low mass benchmark. All points
shown in these plots have passed the constraint from the
CMS same-sign diboson searches [21,27]. For the case of
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FIG. 13.

H5plane, only one-step phase transition exists (dark red
points), while both one-step (red points) and two-step (blue
points) phase transitions can happen for the case of low mass
benchmark. For the two-step points (blue points) in low mass
benchmark, we also separate them into two categories:
“bubble one-step” and “bubble two-step”, the same as those
in Fig. 8. In either case, current Higgs pair searches do not
have sufficient sensitivity to probe the phase transition viable
parameter space. However, with accumulated data from HL-
LHC, it is possible to cover most points in H5plane, while
points in low mass benchmark are still beyond the Higgs pair
production measurements.
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The current and prospective di-Higgs and diboson searches at the LHC for GM model in the H5plane (dark red for one-step)

and low mass benchmark (red and blue for one-step and two-step, respectively). The blue points are further separated into two
categories: “bubble one-step” (light blue triangle) and “bubble two-step” (dark blue circle).
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FIG. 15.

This can be understood from Fig. 14 in which we show
the same points in Ay,,-BR(H — hh) plane for H5plane
(left panel) and low mass benchmark (right panel). It is clear
that in H5plane, which only has viable one-step points, the
triple scalar coupling Agy;, is much larger than those in low
mass benchmark. Hence, the branching of H — hh will be
— ﬁ __ sinay
- gZ»’}’} ~ cosOy’
which contributes to the gluon-gluon fusion cross section, is
also larger in H5plane than that in low mass benchmark. As
a consequence, the cross section of the resonance Higgs pair
production is larger in H5plane.

Aside from the Higgs pair measurements, the diboson
resonance searches will also have the sensitivity to probe
the phase transition viable parameter space. Hence, in both
Hbplane as well as low mass benchmark, we check the
resonance diboson cross section through either H (gluon-
gluon Fusion and VBF) or Hs (VBF) against the exper-
imental limits. The results are shown in the other three
panels in Fig. 13. From these plots, we find that, H5plane
can be fully covered by the diboson searches from Hj
(VBF) and H gluon-gluon fusion (ggF) resonance produc-
tion, while low mass benchmark can still escape the
searches. However, due to the large K{f compared with
K?’ , the VBF production of H is not highly suppressed.

Thus extending the relevant searches into the lower mass

larger in H5plane. On the other hand, the Ky

/h
/
/h
/

A HB\%
Z

The hhZ production at the lepton collider in the GM model.

region (below 500 GeV) will tremendously improve the
sensitivity for this case.

There are also proposals focusing on the electron
colliders aiming at the Higgs properties measurements.
These lepton colliders also provide another opportunity to
search for the Higgs pair production [84]. Hence, we also
investigate the sensitivity of the Higgs pair production at
the lepton collider associated with Z-boson for H5plane
and low mass benchmark. The corresponding processes are
shown in Fig. 15. The cross sections are calculated using
MadGraph and the same model files as mentioned above.
The SM cross section of such a process peaks at around
/s =500 GeV. To maximize the possible sensitivity, we
thus focus on the 500 GeV scenario of the lepton collider.

The unpolarized total cross sections are shown in Fig. 16
for H5plane (left panel) and low mass benchmark (right
panel). The enhancement factor k = “’;—:: is also indicated in
the secondary y-axis on the right-hand side of each plot. We
find that in H5plane, the cross section has a moderate
enhancement with x ~ 2 for all the viable points. However,
in low mass benchmark, k spans a large range, and can even
reach about 30 for a mass around 300 GeV. For H5plane,
the moderate enhancement mainly comes from the large
Annn» as the collision energy is not enough for the resonance
production through either H or H5. While, in the low mass
benchmark, these masses are within the reach of the
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FIG. 17. The ratio between H and H3 induced the cross section with respect to the total cross section in low mass benchmark for one-

step (left) and two-step (right) SFOEWPT.

collision energy, the resonance production of H and/or H;
induce the huge enhancement.

Figure 17 shows the ratio between H and H; induced the
cross section with respect to the total cross section in low
mass benchmark for both one-step (left) and two-step
(right) cases. It is clear that the enhancement in the total
cross section mainly comes from H5 resonance in low mass
benchmark. When the collision energy rises to even higher
values, it is also possible, in H5plane, to enhance the Higgs
pair production through H; and/or H resonance. With the
high precision that we can achieve for the cross section
measurement at the ILC/CEPC, these machines will have
sensitivity for these SFOEWPT viable points.

To give a more concrete sensitive study of such channels,
the polarized cross sections are also calculated for
P(e”,et)=(-80%,30%) and P(e~,e")=(80%,—30%).

We combine the sensitivities from bbbb and bbWW
channels of this process from [85,86] to obtain the con-
straints in the oy, — oy plane [87] which is shown in
Fig. 18." From this plot, we find that almost all the
SFOEWPT viable points in H5plane can be excluded by
this measurement. In the low mass benchmark, most points
can also be excluded. However, we still have both one-step
and two-step SFOEWPT viable points that are beyond the
sensitivity in low mass benchmark.

Some other channels are also possible in complementing
the GW signal studies, especially for the lower mass region.
In [44], the authors studied the sensitivities from the

70LR(0RL) denotes the cross section at beam polarization
configurations of (P+, P-) = (+1,=1)((-1,+1)).
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FIG. 19. The unpolarized cross section of e™e™ — hhZ at /s = 500 GeV (left) and the constraints of the polarized hhZ production

cross section measurement in the op; — 6, plane (right) for xXSM.

loop-induced channel Wy from fermiophobic scalar which
is specific for low mass benchmark. On the other hand, the
diphoton searches [88,89] are also promising. However,
after reinterpreting the bounds from [44], in our case, we
found that they are not yet sensitive enough to reach the
SFOEWPT viable points. Further improvements and
detailed studies are needed for these searches.

In the xSM, the high mass region of the extra Higgs is
not going to be covered by Higgs pair production searches
at the future HL-LHC, and a lot of parameter spaces there
are not going to be probed by the diboson searches due to
the small mixing angle of the SM Higgs and the heavy extra
Higgs suppression effect. These regions can be comple-
mentarily searched for by the gravitational wave space-
based detectors [42]. At the ILC, the Higgs pair search

results are shown in Fig. 19, where the cross sections are
obtained using the same method as in the GM model. We
find that in the xSM model, the cross sections (unpolarized
or polarized) have moderate enhancement. From the
prospects of the future cross section measurement, we
could exclude most one-step as well as two-step points in
the xSM.

In Fig. 20, we show the sensitivities of future hadron and
lepton colliders to the parameter spaces of one-step and
two-step SFOEWPT for H5plane and low mass benchmark
from the Higgs signal strength measurement, with the same
conventions as those in Fig. 8. Here, all the curves are
obtained by fitting the SM-like Higgs signal strength
measurement from each experimental prospect (LHC
[90-97], CEPC [98], ILC [99], and FCC-ee [100,101]).
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FIG. 20. The SFOEWPT viable points (bubble nucleation can occur and v, /T, > 1) in the sin ay — v; plane for one-step (red) and
two-step (blue) phase transition for H5plane (left panel) and low mass benchmark (right panel) scenario. The contours with different
colors represent the constraints from the Higgs precision measurement from different experiments as indicated in the legend. In low mass
benchmark, we also indicate the points having SNR > 10 with solid markers for one-step (green) and two-step (purple) cases.

From Fig. 20, we find that most one-step points in both
H5plane and low mass benchmark can be excluded by the
Higgs signal strength measurements, though we still have a
bunch of points for the two-step case located at around the
alignment limit and escaping the constraint from the signal
strength measurements. The stochastic GWs can be
detected by finding the cross correlation of two indepen-
dent interferometers (SNR) [51], we calculate this quantity
for LISA in low mass benchmark. The SNR > 10 points
which are shown with filled points mostly concentrate in
the region of a large v, for the one-step case. While for the
two-step case, some points close to the alignment limit

10

I
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FIG. 21.

where the signal strength measurements have no sensitivity
can have SNR > 10. We note that the function of SNR (see
Eq. (65) indicating lower sensitivity curves of detectors and
a higher magnitude of the GW spectrum would generally
lead to a larger value of SNR. We can expect that the
Ultimate-DECIGO will generally have a larger SNR, while
Taiji and TianQin will have a relatively lower SNR.

We finally present the sensitivities of future colliders in
the SFOEWPT parameter space, with a conservative
consideration where only the deviation of the SM couplings
is included, with the éx; and dk, for the GM and xSM are
given in Eq. (43) and Eq. (51). We first show in Fig. 21 the
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Collider sensitivities of the triple Higgs coupling and quartic Higgs coupling with the SNR > 10 points. The green and

magenta points represent the two-step and one-step SFOEWPT cases. The circles and the dotted points represent the GM and xSM
model scenarios. The bars and contours are the sensitivities taken from Refs. [76,102].
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measurements of the two couplings (4, and A,;,,) at
future e e~ colliders and the HL-LHC. Ref. [102] provides
the 68% CL and 95% CL results (the inner and outer
horizontal bar regions) of the future e e~ colliders and HL-
LHC measurements, though they only include the cubic
coupling in their analysis based on an effective field theory
approach. Another future ILC precision (brown and blue
lines) is taken from Ref. [76], where the analysis is also
based on an effective field theory approach and we expect
the results for UV-complete models to have much better
precision. For the situation with additional EWSB con-
tributions, i.e., the GM model, we expect the future lepton
hadron colliders to be more powerful, since the phase
transition possibility would be highly restricted by collider
searches, especially the diboson searches.

VI. CONCLUSIONS

Utilizing the Georgi-Machacek (GM) model, we simul-
taneously study Higgs phenomenology and the electroweak
phase transition for the scenario with the eEWSB contri-
bution. Since the custodial symmetry allows cubic terms
among Higgs doublets and isospin triplets, the eEWSB is
found to be helpful to realize different vacuum structures
from the SM as the Universe cools down, and therefore
leads to different strongly first order electroweak phase
transition patterns. We explored two benchmarks of the
GM model to demonstrate this point: H5plane and low
mass benchmark. We find that in H5plane, only one-step
phase transition is allowed with relatively larger deviation
of the triple Higgs coupling. Hence, the Higgs pair searches
at the HL-LHC as well as the hhZ production measurement
at the lepton collider can cover most of the parameter space
of H5plane, while in low mass benchmark, both one-step
and two-step phase transitions are allowed. Compared with
Hb5plane, the deviation of the triple Higgs coupling is much
smaller. Thus, the Higgs pair searches at the LHC are not
sensitive in this case, while the diboson searches are still
possible when we extend the search range to the lower mass
region. For hhZ production at the lepton collider, instead of
the enhancement from triple Higgs couplings, we have the
resonance contributions from relatively light H;/H in low
mass benchmark. Thus relevant measurements are also able
to test most parameter space in low mass benchmark. For

TABLE I. xSM convention vs GM convention.

those points that can not be covered by collider searches,
which are close to the alignment limit, the gravitational
wave search provides a complementary way to probe the
relevant parameter space.

For comparison, we also present the xSM model to show
the situation without eEWSB. We found that: 1) in com-
parison with the GM, most of the SFOEWPT parameter
space of the xSM is able to be covered by the future lepton
colliders due to the relatively large mixing angle; 2) for the
two-step scenario, the GWs come mostly from the second-
step SFOEWPT in the GM model and the first-step
SFOEWPT in the xSM model; 3) in comparison with
the xSM model, the GW signals from the SFOEWPT of the
GM model require much higher precision of the colliders.
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APPENDIX A: EWPT IN THE
SM +REAL SINGLET: xSM MODEL

For the xXSM model, the gauge invariant finite temper-
ature effective potential is found to be [38,42,103]:

V(s T) = =5 [ =T (D) =3 [by = TL(T)}s?

1 1 1 b b
+ZM4 +Za1hzs +Za2h2s2 +?3s3 +Z4S4’
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with the thermal masses given by
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2m3, +m% +2m? A a,
I,(T) = ( 402 2 "4 T2,
b
1,(7) = (% + Z4> 72, (A2)

Identifying the coefficient for terms with the same power
of different fields, we can get the correspondence between
the parameters in the GM and xSM, which is listed in
Table I.

APPENDIX B: THE h® OPERATOR
FOR GM AND xSM MODELS

The dimensional six operator 4° can modify both cubic
and quartic Higgs couplings, with the Higgs potential for
the Higgs boson given by

2
Hiv o *nopa 1 6
=—-—=h"+—h"+-—=h°
2T T RA
Here, the A indicates the scale where the heavy particles are
integrated out. The minimization conditions lead to the
following relations:

Vh

SM+ k6 (BI)

, mi 3t mi  30?
Hy == ~x2> B YVE
2 4A 20 2A
In this scenario, the requirement of the EW minimum being
the global minimum leads to

(B2)

FIG. 22. The Feynman diagram for (H"H)? operator.

The cubic and quartic Higgs couplings are modified by the
dimension-6 operator as

3m2 63 3m? 3607

A — =+ (B4)
The phase transition dynamics are estimated after taking into
account the thermal correction of c¢j, as in Ref. [47]. As
studied in Refs. [46,47], to obtain a SFOEWPT with the /#°
operators, the additional contribution to the quartic Higgs
coupling 4 should compensate its negative value and there-
fore ensure the possibility of the SFOEWPT. For related
collider signals in synergy with gravitational waves study, we
refer to Refs. [104—106]. See Refs. [107-109] for the GW and
baryogenesis studies within the EFT framework with non-
linearly realized electroweak gauge symmetry, and
Ref. [110] for a study of symmetry breaking patterns and
gravitational waves in SMEFT with varying couplings.

Suppose the extra Higgs is much heavier than the SM
Higgs; the (HTH)? operator can be obtained after integrat-
ing out the heavy Higgs in Fig. 22. For the GM model, the

2
Az v /my, (B3) relevant interactions are given by
|
GM 3 2 )
AN = - cos ag(py cosay, — 2sinay,(u; —4u,)),

3 A
}g}%[H = cos4ay (_3}“1 =34 — A3+ 34+ 75> +34 + 34 + A3+ A4 + =,

3
IGM = \/7’003 oy (3uy sinaZ; + 8u, cos ;).

2

(B5)

Using the equation of motion on Eq. (40), the coefficients of cy4,cq, cg for the GM are obtained as follows:

A 1
™M = ) costay + sin*ay <ﬂz + g) + Aygsin’aycos’ay + gissin22ay -

3cos’ay (cos 2ay (8uy — 3u1) + py — 8uy)?
128(misin’ay + mjcos’ay)

’

= 3cos?ay (cos 2a(8uy — 3u1) + g — 8up)?

+ 641 + 61y + 243 + 244 + As) — cosZay(cos 2ay (3uy — 8us) — py + 8uy) (Buysin®ay + Suscos’ay)),

7 3costay (cos 2ay (8uy — 3uy) + py — 8uy)*

GM 1
C =
6 2048(m3sin*ay + mjcos’ay)
x (4(m3sin®ay + micos’ay)(cos day (=64 — 61y — 225 + 614 + 34s)
GM _ !
8 32768(m3sin’ay + mjcos*ay)

x (3(8A;sin*ay + sin®2ay (224 + As)) + 8cos*ay (31, + 13)).

In the small mixing limit, the above relations reduce to

(B6)
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3ui(m3 (244 +As) = pipa) | 3app
M = 32m8 + 256 (24puamt — pym3 (3(ui — 24p 1y + 64413)

+16m3 (204 + As)) + 8m5(uy (124; + 124, + 423 — 11(244 + A5)) + 163244 + 4s5))) + O(ay),

v _ 3HiBh + ) | 3agud
s 256m3 512m2'0

— 8ym3 (34, + 1)) + O(a)). (B7)

(m2 (31 (=244, — 815 + 244 + As) + 6445 (342 + 13))

The cubic and quartic couplings relevant for Fig. 22 in xSM are

1
Mion = 1(3(02 — by —A)cosday + ay +3(by + 1)),

3 .
23M = Zay sinag; cos ay + 2b; cos ajy,

2

1
253N = 5 cos ap(ay cos @ - 2(ay - 2bs) sinay) (B8)

As in the GM model, one can use the equation of motion on Eq. (49) to obtain the coefficients of cy4,cq, cg in XSM as
follows:

. 1, . ) cos?ay((4bs — 3a,) cos 2ay + a, — 4bs)?
cISM — i (apsinaycos’ay + bysin*ay + Acos*ay) — 128(bacos’a, — fsin’ay) ,
1
XSM _ 20, ((4by — 3 2 — 4b3)?
“ 1024(bycos’ay — u*sin*ay)? cos”ay ((4bs = 3a,) cos 2ay + a, 3)
X ((3cosday(ar — by —A) + ay + 3(by + 1)) (bycos’ay — u’sin*ay)
1
— g cos ay((3a, — 4b3) cos 2ay — ay + 4b3)(3a;sin®ay cos ay + 4bscos’ay)),
v costag((4by — 3ay) cos 2ay + a; — 4by)*(axsin®aycos’ay + bycos*a + Asin*ay) (B9)
M — )
8 16384 (bycos2ay — pPsinay)*
In the small mixing limit, one has
XSM a% - 8b2/1 i a%_l(a%(6b2 - ,le) - 8611b2b3 + 8b%(a2 - 2&)) + 0( 3 )
C —_ - a b
4 32b, 3253 "
2 2
xSM:_al(alb3_302b2)_ apay 3p 4a2b~ (12 — 3b
c6 192b% 256b3 (al 2 + al 3(:“ 2)
+4a,by(a2(11by — 24%) — 6by (b4 + A) + 4b3) — 32a,b3b3) + O(a3;),
SM aéllb4 a?a%] 2 3
X = ((ll(azbz + 4b4(ﬂ — 3b2)> + 16b2b3b4) + 0((1}_]) (BIO)

ST 102463 T 102403

As studied in Ref. [111], the additional contribution to the 4* can be reached, which captures the residual effects of the high
dimensional operators.
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Up to now, we have calculated the high dimensional
operators for the Higgs field with the method of CDE to
match the UV models to the SMEFT [112]. These high
dimensional operators, especially the (H'H )34, are usually
adopted to study phase transition in the literature. However,
according to Fig. 23, which shows the distributions of m?
and m3 in both H5plane and low mass benchmark, the EFT
approach does not apply for the GM model under study,
especially the two-step case, as the basic assumption to
integrate out the heavy d.o.f. is not fulfilled. The corre-
sponding cases in xSM are also demonstrated in Fig. 24.

The fields of the light d.o.f. are usually necessary for the
multistep phase transition; see Refs. [9,12,16-18,20]. In

|

this situation, one could not employ the effective field
theory (EFT) approach explored in the literature (e.g.,
[46,47]) to study the phase transition. Even for the one-step
phase transition, there are also some mismatches between
the EFT approach and the UV complete model studies,
especially for the scenario where not so small mixing
among the SM Higgs and extra Higgs is present (see the
study of Ref. [113] for the “xSM” studies). We leave the
detailed survey on the match for the phase transition
dynamics between UV-complete models and the EFT
approach to further studies. Indeed, the EFT approach
for integrating out heavy degrees freedom is valid for the
negligible mixing cases.

APPENDIX C: SOME COUPLINGS IN GM MODEL

ie*vsin(0y)7° ie*vsin(0y)7°
= = LT Cl
IHIw-w 5 \/§s%v IH)zz \/—CWSW (C1)
ie*vsin(0y) g ie*vsin(0y) g
T+ =, Tt — T = A, C2
Iuiw=z 2ewss, IHFFww \ﬁs%v (C2)
ie2v sin(ay) cos(GH)g”” \ﬁezv cos(ay) sin(0y) 7
Iaw-w+ = 25 + 3 ; (C3)
Sw Sw
ie2vsin(ay) cos(0y)F° \ﬂe vcos(ay) sin(0y)g”’
JHuzz = o) D) , (C4)
2¢wSw Ciy Sy
ie?v cos(ay) cos(Oy) 7 \ﬁezvsm(a,{) sin(6y) 7"
Inw-w+ = 22 - 5 , (C3)
Sw Sw
ie?v cos(ay) cos(Oy) 7 ’\@62” sin(ay ) sin(0p)g”
9nzz = D) ) - ) s (C6)
Cwsw CwSw
\@e sin(ay) cos(0y) cos(ay) sin(6y)
91z = ~ - ) (C7)
CwSw 2CWSW
P 2i sin(ay )cos? (ay)m2 sec(Oy) 2’\/75111(041) sin(2ay;)mj, csc(6y) _isin(ag)cos®(ay)my sec(Oy)
Hhh = ’ ;
i\ﬁ sin(ay) sin(2ay )m?% csc(0y)
Ve — 2iv/2u; sin(ag )cos?(ay) cot(y) + iv/2u;sin’ (ay) cot(0y)
v
— V3, sin(ay) sin(2ag )cot? (0 ) + iv3u, sin(ay) sin(2ay), (C8)
3icos® (ay)m? sec(0y)  2iv/6sin’ (ay)m? csc(y)
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