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With theoretical constraints such as perturbative unitarity and vacuum stability conditions and updated
experimental data of Higgs measurements and direct searches for exotic scalars at the LHC, we perform an
updated scan of the allowed parameter space of the Georgi-Machacek (GM) model. With the refined global
fit, we examine the allowed parameter space for inducing strong first-order electroweak phase transitions
and find only the one-step phase transition is phenomenologically viable. Based upon the result, we study
the associated gravitational wave signals and find most of which can be detected by several proposed
experiments. We also make predictions on processes that may serve as promising probes to the GM model
in the near future at the LHC, including the di-Higgs productions and several exotic scalar production

channels.
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I. INTRODUCTION

The discovery of the 125-GeV scalar resonance at the
LHC [1,2] has claimed its consistency with the Standard
Model (SM) Higgs boson in terms of particle content.
Nonetheless, as there remain several experimental obser-
vations that ask for new physics explanations, the exact
structure of the electroweak sector is still under intense
exploration. One example is the deviations from the SM
predictions for the hAff, hVV, hZy and hyy couplings, as
given in Refs. [3,4], which still allow a beyond-SM
interpretation. Another example is the electroweak baryo-
genesis problem, the success of which requires the occur-
rence of a strong first-order electroweak phase transition
(EWPT). However, according to the nonperturbative lattice
computations [5-7], the electroweak symmetry breaking
(EWSB) of the SM only occurs through a smooth crossover
transition around the temperature 7 ~ 100 GeV. Thus,
extensions to the SM Higgs sector are called for.

In this work, we study the Georgi-Machacek (GM)
model [8,9], which introduces one complex and one real
scalar triplets that preserve the custodial symmetry at tree
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level after the electroweak symmetry breakdown (EWSB).
The model predicts the existence of several Higgs multip-
lets, whose mass eigenstates form one quintet (Hs), one
triplet (H3), and two singlets (H and %) under the custodial
symmetry, thus leading to rich Higgs phenomenology. For
example, enhancements in the AWW and hZZ couplings
compared to the SM predictions can be achieved through
the additional triplet-gauge interactions, and considerable
deviations from the SM predictions for the di-Higgs
production rates can also be induced through the modifi-
cation to the Higgs self-couplings as well as the new
contribution from H; through the singlet mixing. The
model also has the capability of providing Majorana mass
to neutrinos through the triplet vacuum expectation values
(VEVs). Moreover, as we show in this study, the GM model
can generate strong first-order EWPTs while satisfying all
the current collider measurement constraints in certain
phase space, and can further lead to detectable stochastic
gravitational wave (GW) backgrounds through the bubble
dynamics between the symmetric and broken phases
[10,11]. These salient features of the model arouse in
recent years a series of studies on collider phenomenology
[12-21] as well as the EWPT [22,23].

To explore the phase space of the GM model that
satisfies essential theoretical bounds and experimental
constraints from various LHC and Tevatron measurements,
we perform Bayesian Markov-chain Monte Carlo global
fits in the model with HEPfit [24]. Compared with the
previous work [25], we have updated the experimental data
and refined several fitting setups to achieve more
restraining results. With the parameter samples extracted
from the phase space that satisfies all the mentioned
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constraints, we go on to calculate the EWPT characteristics
by employing a high-temperature approximation for the
thermal effective potential, and predict the GW back-
grounds induced from the bubble dynamics.

The structure of this paper is as follows. In Sec. II, we
review the GM model and give the theoretical constraints to
be imposed on the model. In Sec. III, we choose the model
Lagrangian parameters as our scanning parameters and set
their prior distributions. We then show step by step how
various theoretical and experimental constraints restrict the
parameter space. Based on the scanning result, we further
find the parameter sets that will lead to sufficiently strong
first-order EWPTs in Sec. IV. We calculate the associated
GW spectra and make a comparison with the sensitivities of
several proposed GW experiments. Moreover, we use these
parameter sets to make predictions for the most promising
constraining/discovering modes at the LHC in Sec. V.
Finally, we discuss and summarize our findings in Sec. VI.

II. THE GEORGI-MACHACEK MODEL

The electroweak (EW) sector of the GM model com-
prises one isospin doublet scalar field with hypercharge
Y =1/2," one complex isospin triplet scalar field with
Y =1, and one real isospin triplet scalar field with ¥ = 0.
These fields are denoted respectively by”

o Pans &t
¢=<¢0>, x=\x ] =1 & . )
x° —(&r)*

where the neutral components before the EWSB are para-
metrized as ¢° = (hy +iay)/V2, x° = (h, +ia,)/V2,
and & = he. A global SU(2), x SU(2), symmetry, which
is explicitly broken by the Yukawa and the hypercharge-
U(1) gauge interactions, is imposed on the Higgs potential at

tree level, which can be succinctly expressed by introducing
the SU(2), x SU(2)g-covariant forms of the fields:
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We adopt the hypercharge convention such that Q = 75 + Y.
The sign conventions for the charge conjugate fields are

¢~ =) =0 & =) and y = (rT)"

The Lagrangian of the EW sector is given by

1 1
L= Etr[(DWI))T(D”(I))] + Etr[(D”A)T(D”A)] —V(D,A),
(3)
with the most general potential invariant under the gauge
and global SU(2), x SU(2), x U(2)y symmetries as

1 : 1
V(®,A) = Em%tr[dfcb] + Em%tr[ATA}
+ 4 (r[@T@]) + Ay(tr[ATA])?

+ Atr[(ATA)?] + A4tr[@TD]tr[ATA]

+ Astr <1>T ]tr [ATT*AT?]
+ uztr[A*T“ATb](PTAP)ab, (4)

where ¢¢ and T are the 2 x 2 and 3 x 3 representations of
the SU(2) generators, and the matrix P, which rotates A
into the Cartesian basis, is given by

-1 i 0
0 V2
i 0

=1

The vacuum potential is given by

m% 3 3 2.2
V0—70¢+2m21)A —|—/111)(/) 5(214+ﬂ5)1}¢1}A
3
+3(43 + 34) vy +ZM1U$5UA + 6p23, (5)

where the VEVs®

<h¢> = Vo, <h;(> = \/EUN <h§> =wvy (6)

preserve the custodial SU(2), symmetry by breaking
the SU(2), x SU(2); symmetry diagonally, and satisfy
V=, /0(2/) + 803 246 GeV. The tadpole conditions are
given by
AV(®, A)
oh,,

V(D A)
0 oh,

_oV(@,A)
0 ohe

=0. (7)

Since the last two conditions are equivalent, we eventually
have two linearly independent conditions:

3As elucidated in Ref. [26], one has to choose “aligned” triplet
VEVs for the custodially symmetric potential. Assuming mis-
aligned VEVs would lead to undesirable Goldstone and ta-
chyonic modes in the model.
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Before we discuss the mass spectrum of the scalars, it is
convenient to classify them according to their custodial

3
m} = ~4, 0%, ~ 61403 ~ 3503 ~ S prva,

) ) ) ) ) v3 SU(2), isospins. We decompose the 2 ® 2 representation
ms = —122,v} — 44303 — 24405 — Asvg — i E N @ and the 3 ® 3 representation A into irreducible 1 @ 3

and 1 @ 3 @ 5 representations, respectively. In general, the
@) two singlet fields and the two triplet fields can further mix
respectively with each other, and three Nambu-Goldstone
(NG) modes to be eaten by the weak gauge bosons are
produced from the latter mixing. The physical quintet

We further define

v

M = _mﬂh M3 = —3v2cos puu, (9) (H:*,H%, HY), the physical triplet (Hi,HY), and the
two physical singlets (H,, h) can be related to the original
fields via

to simplify the notations, where tan = v,/ (2v20,).

1 1 2
H5++ =yt H5+ - ﬁ()ﬁ — &), Hg = \/;h){ — \/;]’lg,

1
H;r:—cosﬂqb*—i-sinﬁﬁ(;ﬁ—i-f*), HY = —cos fa, + sin fa,,

sina cosa
h = cosahy ———(V/2h, + h , H, =sinahy, + —— (V/2h, + h , 10
¢ V3 ( X §> 1 @ \/§ ( 4 é) ( )
where the mixing angle a € (—z/2,7/2) is given by
2(M?
tan2a = — ( )122 , (11)
(M?)y, = (M?),,
with
(M?),, = 84,03 = 82,02 sin?
. 1
(M?)y, = (32 + A3)v* cos® B+ M3 sin? B — EM%’
3.
(M?),, = \/;smﬂcosﬁ[(ym+/15)112—M%]. (12)

The mass eigenvalues are then given by

3 .
mj; = mzsii — mzsi — milg’ = (M% - 5/151;2> sin? § + ;0% cos? B+ M3,
1
miy, = m?{; = m12L13 =M —5/15”2’
my = (M?),, sin* a + (M?),, cos* a + 2(M?),, sinacos a,
mi = (M?),, cos® a + (M?),, sin> a — 2(M?), sinacos a, (13)

where we identify & as the 125-GeV SM-like Higgs. We remark here that because of the preserved custodial symmetry at
tree level, the quintet and triplet mass spectra are degenerate, respectively.
The first thing we now observe is the modification to the trilinear Higgs self-coupling, which is given by

Gunn = 24 cos’ adyvy, + 6 cos asin® avy (22, + As)

3
+3 V3cos?asinaldva (244 — As) — ] — 4V/3 sin® afuy + 204 (34, + A3)], (14)
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where the SM counterpart is given by gini = 3m3/v. On the other hand, the singlet mixing also leads to

G = 244, cos? asinavy + 8vV/3 cosasin® ava(d; + 34,)
+2[vV3cosavy (3cos® a —2) + sinavg(1 — 3 cos® a)] (24 + 4s)

3
+\§yl cos a(3 cos® a — 2) + 4v/3u, cos asin’ a. (15)

Because of these two couplings, the di-Higgs production
rate predicted by the GM model can be considerably
different from the SM prediction, making it one of the
most interesting channels to be studied.

Moreover, the couplings of & to the SM fermions f and
weak gauge bosons V = W, Z are modified respectively as

Inrp = Kp X g%(

gnyy = Ky X nga (16)
with
cosa
Kp = —Q———,
F sin 8

8
Ky = sinffcosa — \/;cosﬂsina, (17)

which are sensitive to the current Higgs measurements. In
particular, the GM model is arguably the simplest custo-
dially symmetric model whose «’s can be larger than unity.
Also, because one major contribution to the di-Higgs
production is a box diagram with an inner top loop, the
modifications to the Yukawa couplings also have a large
impact on this process.

Here we briefly comment on the decoupling limit of the
GM model,* which is an important region for the global fit
as the conclusive discovery of new physics has yet been
made to date. The decoupling limit of the GM model is
achieved when v, — 0 and p; — 0, as a result of which we
have
M2>v? and M3—0. (18)

cosff—0, a—-0,

In this limit, the scalar masses reduce to
2 3, 5 2 2
my, = —5151) + M7 + M3,
m%,3 - —%/151)2 + M3,
m%,l - M? - lM%,

2
mi — 81,07, (19)

*We note that the model does not have the limit of alignment
without decoupling.

|
where only 4 remains at the electroweak scale and acts
exactly like the SM Higgs boson. Additionally, the mass
spectrum of the exotic Higgs bosons satisfies the relation

2myy = 3my;, —my,.. (20)

We now discuss the theoretical constraints on the
parameter space. We consider three different sets of
constraints at the tree level: the vacuum stability or the
bounded from below (BFB) condition, the perturbative
unitarity condition, and the unique vacuum condition.’

The BFB condition ensures that there is a stable vacuum
in the potential. As noted in Ref. [27], the BFB constraint
can be satisfied as long as the quartic terms of the scalar
potential remain positive for all possible field configura-
tions, and can be guaranteed by satisfying the following
conditions:

A1 >0,

12 - { —%/13 for/13 ZO,
—13 for ﬂg, < 0,

=245 =24/ (343 1 42)
44>~ (0)4s =2+/A1(Chs +4p) fords <Oand A5 <0,
—w_(8)As —2+/A ({3 +4,) for A5 >0,

fOI‘/lS <0 andi3 20,

(21)

where @ € [w_, w,], and

o0y =g0-n=L[a-n(3+5)]" e
with
B= %(C—%)E[O,l], and CEE,I} (23)

>We remark that the theoretical bounds implemented in this
work are conservative. The loop corrections may break these
constraints [25]. Because of the attention on LHC constraints, we
use more relaxed bounds on the theory side.
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The perturbative unitarity condition requires that the
largest zeroth partial-wave mode of all 2 — 2 scattering
channels be smaller than 1/2 at high energies. Such
constraints of the GM model were first studied in
Ref. [28] and shown to be

1641 + 73 + 114s] £ 1/ (64, = 745 — 114,)% + 362 < 4,
4

240 = A3 4 205 | £ /(201 + 43 — 242)% + 22 < 4z,
5

|/14 +/15| < 271', |2/13 +/12| <, (24)

in the high-energy limit.

The unique vacuum condition [27] requires that there be
no alternative global minimum in the scalar potential to the
custodially conserving vacuum. To examine this condition,
we first parametrize the triplet fields as

1
Rey’ = —=sin¥, & = cos 0, (25)

V2
where 6 € |-z, z]. Then, we scan over the 6 interval and
check whether there is a deeper point in the potential than
the custodially conserving limit lying at 6 = /4.

III. GLOBAL FITTING AND EXPERIMENTAL
CONSTRAINTS

In our global fits in the GM model, we utilize the HEPfit
package which is based upon a Bayesian statistics
approach. The Bayes theorem states that
- d p,m)x p(p
d.m) _ p(d|p.m) X p(plm) (26)

p(d|m)

where p(gf | p. m) is the likelihood, p(p|m) is the prior,” and

p(p
are described by the model parameters p, the data d, and the
prior knowledge m, which is defined by the mean values
and variances of the input parameters. Thus, in addition to
the experimental data that determine the likelihood, a prior
that specifies the a priori distributions of the model
parameters is also required, in which we can freely embed
our preknowledge of the model. Based on the posterior
probability, we sample the restricted parameter space and
attribute the allowed parameter ranges with different

p(p

d, m) is the posterior. These probability distributions

6Conceptually, a prior can either merely specify the preknowl-
edge of the parameter distributions or further embed the behavior
of the model. For example, the tadpole conditions given in Eq. (8)
can have nonphysical solutions, such as duplicate vacua or
imaginary VEVs (note that we have chosen the phase convention
such that v, v, are both real and positive). The exclusion of such
data points can either be thought of as part of the prior or as part
of the likelihood. In this work, we choose to interpret this in the
former way, and consequently, the likelihood contains only the
theoretical and experimental constraints.

confidence levels. A confidence level (CL) is the percent-
age of all possible samples that is expected to include the
true parameters.

As alluded to earlier, a similar global fit had been
performed in Ref. [25]. This work differs from it in the
following ways. First, the theoretical constraints are refined
according to Ref. [28] (as we discussed in Sec. II) and the
experimental data are updated. Second, we focus on the
parameter space where the exotic Higgs masses are reach-
able according to the LHC sensitivity. Finally, we change our
scheme for the input parameters to achieve stabler numerical
manipulations. We now address the details of the global fit.

A. Prior choices and mass constraints

In a typical Bayesian fit, it is important to select a
reasonable prior, lest the fit leads to unwanted statistical
biases or nonphysical results, while at the same time
embedding our preunderstanding of the model into the fit.
In our work, we choose the following seven potential para-
meters: Ay, A3, A4, As, fi1, py and m3 as the input parameters.
We make this change compared to Ref. [25] because of the
limited precision-handling capability of computers, which
could cause the inference of quartic couplings from the
physical masses and VEVs to suffer from serious propaga-
tion of errors. This is especially important to our fit as all of
the theoretical constraints are imposed on the dimensionless
parameters, which renders a relatively high demand of
numerical precision.

We choose the priors of the dimensionless parameters to
be uniform within the bounds specified by the perturbative
unitarity conditions [27]. As for the other couplings, we
choose to make them Gaussian distributed and, therefore,
they are in general unbounded. Moreover, we choose the
m?3 prior to be uniformly distributed in a logarithmic scale.
Finally, because we only focus on the mass ranges probable
at the near future LHC, we impose auxiliary single-sided
Gaussian constraints on the heavy scalar masses. The
summary of the prior choices is given in Table I.

TABLE L. Input parameters and corresponding prior choices, as
well as the auxiliary constraints on the new scalar masses in our
global fit.

Parameters Feature Shape Mean Error/range
Input Priors

m3/GeV? Log.  Gaussian 102 (1074, 10%)

A Linear Uniform o (=mm)

A3 Linear Uniform < (-m7)

Ay Linear Uniform oo (-mm)

As Linear Uniform <o (-37,37)

u1/GeV  Linear Gaussian 0 (=5 x 10%,5 x 10%)
Uy /GeV Linear Gaussian 0 (=5 x10%,5 x 10°)
Auxiliary Priors

my, .. /GeV R, AsymGaussian 1072 (0, 10°)
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FIG. 1.

Normalized posterior distributions in the a-v, plane with (a) only the prior imposed, (b) theoretical constraints imposed,

(c) theoretical constraints and Higgs signal strength constraints imposed, (d) theoretical constraints, Higgs signal strength constraints,
and direct search constraints imposed. The dashed and solid curves represent the contours of k and ky, respectively.

B. Experimental data from the colliders

We mainly consider data from the LHC Higgs signal
strength measurements and exotic scalar searches as our
experimental constraints, supplemented with a few data
from Tevatron. Based upon those used in Ref. [25], we
update with the latest data.

We show in Table III in the Appendix the current
sensitivity of each individual channel for the Higgs signal
strengths. The new data that we add are quoted from
Refs. [35-40]. We define 6 to be the ratio of the smallest
uncertainty of all individual measurements in one table cell of
Table I1I (6,,;,) to the weight of the corresponding production
channel (w).7 We then use 6 to give an estimate on the current

"For example, the smallest uncertainty of the 13-TeV gg —
h — WW measurements is given by Ref. [35], which gives the
signal strength u = 1.08f8"11§ , and thus o,;, = 0.18. The weight w
is 100% in this case, and eventually we have 6 = o,,;,/w = 0.18.
As such, the corresponding cell in Table III is painted green

according to the color scheme shown under the table.

sensitivity of each individual channel. We remark that 6 relies
on the individual measurements instead of the combined
ones, and thus this quantity is only intended to deliver arough
precision estimate for each channel.

The direct search data are listed in the Appendix, with
the old data (Tables IV, V, VI, and VII) separated from the
new ones (Tables VIII and IX).

C. Global fit results

We show in Fig. 1 the results of the global fits, with
different constraints imposed, in the a-v, plane. With our
chosen prior, most of the data accumulate around the
origin, which corresponds to the decoupling limit, as shown
in Fig. 1(a). After we impose the theoretical constraints, the
data start to show a tendency towards the region around
kp ~ 1 in Fig. 1(b). This is because the theoretical con-
straints tend to suppress the magnitudes of 4;, which would
in turn exclude the region where M3, — 0 or M3, — M7, > 1
and thus cause the posterior of « to disfavor the point 0.
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Moreover, since the upper bound imposed on my, when
a > 0, which is given by [16]

1 2sinacosa
m%h S§(4ﬂ4+ﬂ5)’02+ \/;mm%, (27)
is suppressed by the theoretical constraints, the a > 0
region is in tension with our prior setting that favors large
exotic scalar masses. As a result, the region where xp ~ 1,
which has already been favored by the prior, becomes
dominant in the posterior distribution.

Once the Higgs signal strength constraints are applied, the
allowed phase space becomes apparently restricted, as shown
in Fig. 1(c). The region around a ~ 0 becomes excluded
because the signal strengths in the WW and ZZ channels are
measured to be larger than the SM predictions, thus favoring
the region where xy, > 1.0. Finally, in Fig. 1(d), we observe
that the direct search data further exclude more of the region
where xy > 1.05 and « > 1.0 because the data with larger
H§5 branching ratios to certain channels, as discussed in
Ref. [16], are excluded by the experiments.

Before closing this section, we would like to add a
remark on the m? parameter. While m? has to be negative in
the SM to generate a nontrivial vacuum, this is not
necessary for the GM model, as the VEV in the ¢, direction
can be induced by the interactions between ® and A. We
find from the results of the global fit that m? is bounded
from above at ~9000 GeV2. When m? increases, stronger
interactions between the doublet and triplet fields are
required to induce a VEV in the ¢, direction, and
eventually this will be bounded by the theoretical con-
straints. This phenomenon is crucial to the discussion of
EWPT in the next section.

IV. ELECTROWEAK PHASE TRANSITION AND
GRAVITATIONAL WAVES

In this section, we discuss the EWPTs and the spectrum
of induced GWs in the GM model. At high temperatures,
thermal corrections dominate in the total potential and
stabilize at the origin where the electroweak symmetry is
preserved. When the temperature drops to a critical
temperature 7., where the potential develops another
minimum of equal height to the origin, a nontrivial

symmetry-breaking phase Z(T =T¢) starts to form. If
there exists a sufficiently high and wide potential barrier
between the symmetric-phase vacuum and the broken-
phase vacuum, then a first-order phase transition would
take place. As the temperature further decreases, the
potential barrier also lowers while the potential difference
between the true and false vacua increases, eventually
leading to bubble nucleation in the field plasma.
Collisions of these vacuum bubbles induce the production
of stochastic GWs. In the following, we discuss the details
of these dynamics in the GM model.

- , 108
15+ tunneling path
< 10f <
= =
< <
° e
>
0 = 1 L L
0 50 100 150 200 250 10°
h¢ (GeV)

FIG. 2. A schematic example of the first-order phase transition
tunneling paths in the h;-h, plane. The peak of the potential
barrier at T = T¢ is denoted by 7, ic represents the potential
minimum at T, and ¥ is the EW minimum at 7 = 0. The red
solid curve represents the phase transition tunneling path, and the
red dashed curve represents the extension of the tunneling path
towards 7. The color map and the contours illustrate the potential
distribution around the tunneling path at 7 = T.

A. Electroweak phase transitions

In our study, we assume that the EWPT takes place at a
sufficiently high temperature such that the one-loop
thermal corrections dominate over the Coleman-
Weinberg potential, allowing an expansion of the thermal
corrections to O(T?). The overall potential at T > 0 is
then given by

- - 1
VHT(h, T) = Vo(h) + 3 (Zphy + Zhy +Zehf) T2, (28)

where V,, is the tree-level potential, i = (hg.he, hy) and
the thermal mass contributions
3¢  ¢* 3, 1
Y= 42424, + =+ —yZcse
1 =76 T1e TPt Tgreseh
o g2 g/2 1 ]ﬂz 7&3 2&4

Yy = [
=St Tt 3 T
2
g 1112 7/13 2/14
Y=L 42 8 T 29
=573 373 (29)

with y, = v2m,/ v, being the top Yukawa coupling, and g
and ¢ being respectively the SU(2), and U(1), gauge
couplings. Assuming that the custodial symmetry is still
preserved at 7 > 0, we set h; = h,/ V2 = h,. Obviously,
the potential minimum approaches ¥ = (vg,vs) as T
decreases. Figure 2 shows a schematic example of the phase
transition tunneling paths in the hj-hy plane in the GM
model.® The thermal potential (Zphy + Zhy + Zch7)T?/2,
especially the hé term, is the primary source of the potential

*While most benchmarks from our global fit give concave paths,
there are also benchmarks that give either straight or convex paths.
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barriers, since it can lift the potential much higher than V|,

when 71 is small and T is high. On the other hand, V plays
the main role in determining the shape of the tunneling path,
which is crucial to the phase transition characteristics.

We divide the EWPT calculation into two steps. First, we
run a preselection to derive the critical VEVs (¥¢’s) and
T’s of the data generated by HEPfit by numerically solving
the equations VHT (3¢, T¢) = VHT(0, T) and VVET = 0.
Since the preselection is just a simple procedure to pin
down v¢’s and T¢’s of the data, we use cosmoTransitions [41]
to determine the order of the EWPT as well as to calculate
the bubble dynamics.

To ensure the validity of the high-7" expansion, we focus
on the data points with T > 60 GeV. Roughly 10% of the
data points are found to generate strong first-order EWPTs.
Among all the points generated by HEPfit, we have found no
two-step EWPTs as claimed in Ref. [23], which is partly
due to the direct search data for the samples with larger v Ag
and partly due to the fact that our Bayesian scan fails to find
those samples with smaller v,, particularly in the v, — 0
limit as found in Ref. [23], which could lead to two-step
phase transitions. This highlights how collider experiments
can shed light on possible phase transition types of the
model in the early Universe.

Figure 3 is a scatter plot of 7, calculated using the
aforementioned preselection method under different con-
straints. We also present the 7, data that pass all the
mentioned constraints and are further determined by
cosmoTransitions to be of first-order and second-order phase
transitions. After we impose the theoretical constraints, we
observe that the BFB condition would exclude the data with
|vc| > v (the region to the right of the dashed curve), as can
be seen by comparing the distributions of the green
(perturbative unitarity and unique vacuum constraints
imposed) and gray (all theoretical constraints imposed)
data points. This is because the V’s of these excluded data

points are not bounded from below when |E| — o0, and
hence the VZT’s would create ¥¢’s beyond ¥ when T
increases. If we further impose either the Higgs signal
strength or direct search constraint, the allowed range for
hTin becomes even more restricted. The experimental
constraints are thus responsible for the smaller v/’s of
the strong first-order EWPTs and the limitation on the
values of wv¢/Tc. This implies that the collider

9Following the procedure outlined in Ref. [23], we use GMCalc
v1.4.1 [42] with its default setting along with the constraints of the
S parameter, b — sy, and B, — u"u~ to generate parameter
samples. Among such samples, cosmoTransitions finds that about
0.09% gives rise to two-step phase transitions. The smallest value
of v, in these samples is about 22.7 GeV. We have checked that
they are all ruled out by direct search data, with some of the most
constraining channels being tt — H; — ¢t [43], VV — Hsii —
WEW=[> (¢v)(¢v)] [44] and bb — HY — hZ — (bb)Z [45].

10?

10t

10°

hpin (GeV)

priors only
= Th(P+U)

Th+HS ]
all constraints 4

= 2" order

s 15t order

hyn (GeV)

FIG. 3. Scatter plot of U screened by the preselection method
under different constraints. The light-gray, green, gray, red,
orange and light blue points denote the data that pass the prior,
the perturbative unitarity (P) and unique vacuum (U) constraints,
the theoretical constraints, the theoretical and direct search
constraints, the theoretical and Higgs signal strength constraints,
and all of the above-mentioned constraints, respectively. The
dark-blue first-order and blue second-order phase transition data
points also pass all the constraints, and are further processed by
cosmoTransitions, all with T~ > 60 GeV. The black dashed curve
denotes the contour of |v¢| = v.

measurements are in fact good probes to the EWPT
behavior of the GM model. We will illustrate this in more
detail in Sec. V.

We also illustrate the impact of the m? termin Vy on v and
ve/ T in Fig. 4. The black hatched region is first excluded
because of the failure of high-7" expansion. Some of the
points falling within the red hatched region can give rise to
first-order phase transitions. As m? increases, V|, becomes
shallower in the h, direction, implying that the thermal
corrections needed to lift the broken phase to the critical
value are smaller, thus tending towards a lower T.
Meanwhile, an increasing m? also lengthens the potential
barrier and thus the transition path, which in turn enhances
the phase transition strength v-/T. Based on the same
argument, we can see that as m% decreases, T'¢ then tends to
increase and v/ T tends to decrease. Consequently, as can
be seen from the plot, most of the first-order phase transitions
occur around 7'~ 70 GeV and are strong, with some of
their v/ T reaching 2.5-4 when m? ~ —2500 GeV>.

B. Gravitational waves

We now discuss the GWs induced from the bubble
dynamics during EWPTs. The information of the stochastic
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2000

m? (GeV?)

Tc (GeV)

FIG. 4. Scatter plot of the data points that pass all of the
theoretical and experimental constraints in the T¢-m? plane. The
color bar indicates the value of v./T¢. The first-order EWPT
data points are contained in the red hatched region. We remark
that the data points in the black hatched region violate the high-7
assumption. Also, vc’s and T’s are derived using the prese-
lection method, while the first-order EWPT data are further
processed with cosmoTransitions.

GWs generated by the bubble dynamics of the strong first-
order phase transitions can be completely accessed with
two primary parameters: agy and fgw/H, [46]. We adopt
the model-independent methods from Refs. [47-49], which
are based on the trace of the energy-momentum tensor, and
define the strength parameter,

2
thcol (f) =167 x 1073 ( H, ) (KcolaGW
ﬁGW 1 + aGgw

agw

’

T=T,

(30)

1 [ .dAVET(T) 1
= T—L 2 (145 |AVEN(T
3a)s[ dr < +c§> r )}

where w; is the enthalpy density of hydrodynamics in the
plasma outside the bubble (in the symmetry-preserving
phase), ¢, is the speed of sound, and AVHT(T)=
VHT(R(T),T) — VHT(0,T) is the potential difference
between the broken phase and the symmetric phase at
temperature 7. agw is related to the maximum available
energy budget for GW emissions. Next, by assuming that
the percolation takes place soon after the nucleation of the
true vacua, which leads to the commonly used condition
T, ~T, where T, is the GW generation temperature and 7',
represents the nucleation temperature [50,51], fgw/H,, is
defined as

: 31
Hoovar (31)

T =T,

Pow _ T d <S3(T)>

where S5 denotes the three-dimensional on-shell Euclidean
action of the instanton. As fgw/H, is the inverse ratio of
first-order EWPT duration to the universe expansion time
scale, it defines the characteristic frequency of the GW
spectrum produced from the phase transition.

The main sources of the GWs generated during EWPTs
are bubble collisions, sound waves, and turbulence, which
have been well studied in the literature [10,52]. According
to the numerical estimations performed in Refs. [53-58],
the GW spectra are given by

3'8(f/fc01)2'8

2/100\3/ 0.1123
9. ) \042+ 02 ) 1+28(f/fe)*®’

o H,\ [ ket 27100\ 3 \3 7 7/2
Qg (f) = 2.65 x 1076 =~ —GW> ( ) w(—) <7) :
) ) (ﬂcw) <1+agw . ) ") \a53(/10 )

Qi (f) = 3.35 % 10_4( . ) (M)E<]OO) s 75 :
ﬂGW 1"—aGW Gx (1 +f/fturb) (1 +8”f/H0)

where g, is the number of degrees of freedom at the domain
wall decay time, which is =86 in our study.10 Keol» Ksw
and k. are the transformation efficiencies of the
first-order phase transition energy to kinetic energy,
bulk motion of the fluid and turbulence, respectively,
given by

""The relativistic degrees of freedom for all of the particles in
the GM model in the early Universe are determined at
T = 65 GeV, which is the mean of T, in our studied samples.

3
(f/fturb) (32)
1 4 3aGW
=———10.715 — ,
Kol = 1770 71500y [ %W o7\ ]
o — aGw
™ = 0.73 + 0.083 y/agw + aow
Kb = SturbKsws (33)

with the fraction of turbulent bulk motion (&,,,) assumed to
be about 10%. The redshifted peak frequency of the GW
spectra are given by
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— 0.62 Paow T Gx d
—16.5x 10~ mH " ,
Seo o M (1.8—0.11) —1—1}2)( 100 GeV ) \ 100

)

= 1.9 x 102 mH ow
Sow x mzwi< )(100GeV><

_ Paow
— 27 % 10-2 mHz x —
S XM < 100 Gev

where the bubble wall velocity v, ~ 1. Recent studies
indicate that the contribution to the total GW spectrum
from bubble collisions is negligible as very little energy
is deposited in the bubble walls [59]. In the following, we
will restrict ourselves to the case of nonrunaway bubbles,
where the GWs can be effectively produced by the sound
waves and turbulence. Figure 5 shows the GW spectra,
represented by the yellow band based upon our two
thousand data points, and the power-law integrated
sensitivities of various GW experiments. We can see
that the stronger the phase transition strength is, the
larger the GW amplitude and the lower the peak
frequency. This can be derived from Egs. (32) and
(34): when the phase transition strength is stronger, T
tends to be lower as implied in Fig. 4, and so does T,
which leads to a larger agw « 7,> and a smaller
Pow/H, < T,. The result shows that the GWs induced
from the strong first-order EWPTs of the GM model can
possibly be detected in TAJI [60], DECIGO [34] and BBO
[31] for ve/T¢ € [1,3.5], but not in LisAa [61].

The detectability of the GW signals is evaluated by
the corresponding signal-to-noise ratio (SNR) [10,58],
given by

. N BBO
10 e LISA
Taiji
10711 T~ DECIGO -
SFOEWPT
10715_ 4
5
c 10—19_
o~
Ry
10—23_
10—27.
10—31_
107 1073 1072 107  10° 100 102
f(Hz)
FIG.5. Spectra of GWs induced by the strong first-order EWPT

data, as well as the power-law integrated sensitivities of various
GW experiments.

) (34)
[

where hZQCXp is the effective noise energy density. A is the
number of independent observatories of the experiment,
which equals one for the autocorrelated experiments, and
equals two for the cross-correlated experiments. 7 is the
duration of the observation in units of year, assumed here to
be four for each experiment as done in Ref. [58]. We
summarize our assumptions and the features of interferom-
eters in Table II. We then extract the GW SNR thresholds
assuming 7, = 65 GeV from the documentations of the
experiments. This temperature is chosen to be the same as the
average value of T',, for our strong first-order EWPT samples.
In Fig. 6, the GW SNR thresholds are illustrated in the
acgw-Pow/H, plane, on which we also scatter our data. The
datain the regions to the right of the curves are above the SNR
thresholds of the corresponding GW observatories. As can be
seen in the plot, most of our data are detectable and able to be
separated from the instrumental noise in BBO and DECIGO.
The SNR threshold curves would have a small shift toward
the lower left if we choose a slightly higher T,,.

V. PREDICTIONS

In this section, we summarize and predict some of the
most important and experimentally promising observables
with our data, including those that are discussed in Sec. III
and those that can further generate strong first-order
EWPTs and GWs through bubble dynamics, as discussed
in Sec. IV. In the following plots, the former are presented
with gray scatter points and the latter are shown with
colored histograms.

Figure 7 shows the prediction in the a-v, plane. The
strong first-order phase transition data accumulate around
va € [15,20] GeV and a € [-15°, —10°], corresponding to
kp~1 and ky € (1.0, 1.05), while they are mostly con-
fined within v, € [5,25] GeV and a € [-25°,0°]. No data
show up in the decoupling region because a SM-like

TABLE II. Summary of the parameters and assumptions used
for the projected space-based interferometers. TAJI is not listed
here because it does not release the effective noise energy density.

Experiment Frequency range py,, N 7 g [yrs] References

LISA 1075 -1 Hz 10 1 4 [29,30]
DECIGO  107% - 10% Hz 10 2 4 [31-33]
BBO 1073 - 10? Hz 10 2 4 [32-34]
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FIG. 6. Scatter points of our data in the agw-fgw/H, plane.
The color bar denotes 7', of the data. The dashed curves represent
the SNR thresholds of the listed GW experiments. The data
to the right of the curves are detectable in the corresponding
experiments.

potential could only induce a smooth crossover rather than
strong first-order EWPTs.

In Fig. 8, we show the prediction in the «,,-kz, plane,
where k7, and k,, are the ratios of the loop-induced hZy
and hyy couplings to the respective SM predictions.
Compared to the result given in Ref. [25], we do not
observe any data points around kz, ~ 0.1 after imposing the
Higgs signal strength constraints, and we find that it is ruled
out by the new 13-TeV h — Zy measurements [39,40]. Our
results show that hZy and hyy couplings are positively
correlated and, while most data give kz, ~ 1.02 and «,, ~
1.03 at the HEPfit level, the peak in the k,,-k, plane starts to
approach (1.03, 1.05) after we require strong first-order
EWPTs. Thus, a more precise measurement of these
couplings can be a good probe to the EWPT behavior of
the GM model.

Let us define the mass differences and the mass
squared differences respectively as Am;; = my, — my,
and Am%j = m%,l_ - m%,j, for i, j = 1, 3, 5. Figure 9 shows
various mass relations according to our scan results. As
indicated by the gray points in Fig. 9(a), the constrained
parameter space tends towards Amj; € (=70, 120) GeV,
Amss € (—120,450) GeV, and Am5 € (—200,550) GeV.
We find that Amjs reaches its minimum when my ~
700 GeV and its maximum when my, ~ 850 GeV. After
imposing the requirements of strong first-order EWPTs,
all the data predict exclusively the mass hierarchy
myg, > mg, > myg,, and most of them prefer a mass
difference of around 50 GeV between H; and H; and
around 100 GeV between H; and Hs. Such a mass

I "

5
d?N/(da dva) (1/(° x GeV))

FIG. 7. The predictions of our data in the a-v, plane. The gray
scatter points represent the data that pass the HEPfit-level con-
straints, while the 2D colored histogram denotes the number
density of the data that can further induce strong first-order
EWPTs with T > 60 GeV. The same plotting scheme is applied
to all the following plots. The dashed curves and solid curves
represent the contours of kr and ky respectively.

hierarchy would limit certain scalar decay modes, such
as H — H(Z, which has been searched for in the experi-
ments A%Z and A‘{ZZ ,, as defined in the Appendix, and thus is
another good probe to the EWPT behavior of the model.
With the auxiliary dashed line, one can also see that Aniss
is always larger than Am,; for strong first-order EWPTs.
Figure 9(b) shows the distribution in the Am?3s-Am?, plane,
to be compared with the mass relation predicted in the
decoupling limit, given by Eq. (20) and indicated by the
dot-dashed line. Figure 9(c) illustrates that the Hs mass

1.10 . T T T
1.08 E
1.06 E
5
1.04+ i x
3
> >
N >
X 1.02f E X
100 2
-~
1.00 g
: o
0.98 ; i
0.96 i
0.90 0.95 1.00 1.05 1.10 1.15
Kyy
FIG. 8. Prediction of our data in the k,,-kz, plane. The plotting

scheme is the same as Fig. 7.
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FIG. 9. Predictions of our data in (a) the Am 3-Amss plane, (b) the Am?3,-Am?, plane, and (c) the mpy ,-Am;s plane. The plotting
scheme is the same as Fig. 7. The slope of the dashed line in plot (a) is 1, and that of the dot-dashed line in plot (b) is 1/3.

falls in the range of [150, 1500] GeV for the data points
with strong first-order EWPTs. When my < 500 GeV,
there are possibilities that a larger mass gap exists between
H; and Hs, making my, fall around 650 GeV.

The di-Higgs production cross sections are calculated
with HPAIR [62] for the 13-TeV LHC collisions and
illustrated in Fig. 10. At the leading order, the two triangle
diagrams mediated by /& and H, as well as the box diagram
with ¢ running in the loop, give the most dominant

contributions. We also show the current 95% CL upper
limit given by ATLAS [63]."" We observe that except for a
small patch of the parameter space with gSM /goM ~ 1.2,
most of our data survive the ATLAS constraint and
correspond to goM /gahh € [1.4,2.0]. We discover that the

"The latest CMS constraint [64] is looser than the ATLAS
constraint.
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FIG. 10. Predictions of the di-Higgs production cross sections
against goM /g™ " as well as the ATLAS bound at 95% CL.
The plotting scheme is the same as Fig. 7.

strong first-order EWPT data would always lie in the
region where giM /g™ > 1, and there are two peaks in
the relative cross section distributions. We find that the left
peak has a larger relative cross section because the
associated values of my —are lighter, while those for the
right peak are heavier and lead to smaller relative cross
sections. Though with a relatively small portion, the
data points with giM /g?M € (1.1, 1.4) have the prediction
that oy (g9 = hh)/osm(gg = hh) ~ O(2 — 20), to which
future experiments are sensitive. However, most of our
data points have gSM/g"™M above ~1.5 with ogy(gg9 —
hh)/osym(gg — hh) being smaller than the current sensi-
tivity by at least 1 order of magnitude.

Finally, we show some of the most constraining direct
search channels for the GM model in Fig. 11. We also
show the corresponding 95% CL upper limits, which are
given by ATLAS and CMS, including A%, C5%%,

CECE R0 AWZ ~WZ AWZ AWZ  AbbZ  bbZ
Cih s Cisa s Al G5, AlsS, AsSs A3, €137, and

Cll’é’é. We remark that for each figure, the region below the
gray area is not excluded, but is simply too unlikely to be
sampled under the constraints imposed. From these
results, we observe that the constraints from the HY
channels are stronger than those from the Hi channels,
while the HE channels impose stronger constraints than
the H? and H* channels do. We can see that most of the
mass ranges favored by the strong first-order EWPT data
points are highly constrained, and thus these collider
measurements also serve as good probes to the EWPT
behavior of the GM model.

VI. DISCUSSIONS AND SUMMARY

We have performed global fits for the GM model with HEPfit
to acquire the allowed phase space. The considered constraints
include theoretical bounds of vacuum stability, perturbative
unitarity, and the unique vacuum, as well as experimental data
of Higgs signal strengths and direct searches for exotic Higgs
bosons. We calculate v.’s and 7'-’s for the allowed phase
space screened by HEPfit using the preselection method under
the high-T" assumption, and then process the data with v¢ >
60 GeV by utilizing the cosmoTransitions package. Based upon
the scan results, we calculate the GW spectra induced by the
bubble dynamics during the EWPT.

By comparing the results obtained at different levels of
constraints in HEPfit, we demonstrate the tendency of each
constraint level in the a-v, plane and identify the favored
Kp-Ky region. In particular, we find that there is an accu-
mulation of data points around (kz, ky) ~ (0.99, 1.03) at all
levels. In the vicinity of this point, k¢ is almost one, and thus
the cross sections of the ggF, bbH, and ttH production modes
are nearly identical to the respective SM predictions.
Moreover, since ky > 1, the cross section of the VBF
production mode would enhance, and so would the partial
widths of the & — V'V decays. Therefore, the WW and ZZ
signal strengths are mostly enhanced within this region. We
also study the previously unexplored region where m} > 0
and find that a nonzero v, can still be induced from the
interactions between @ and A, although such a scenario is
disfavored by the study of EWPT.

We find that the experimental constraints impose a
relatively strong bound on the ¥ distributions, especially
in the &, direction. Furthermore, we show the impact of V,
on T¢ and v/ T, especially regarding that m? has a major
impact on the depth of the overall potential and thus on the
EWPT characteristics.

In the calculation of the induced GW spectra, we find
that the peak frequency lies roughly within [102, 1] Hz and
the corresponding amplitude 4?Qgyw can reach up to 10712,
which can be possibly detected by TAJI, DECIGO or BBO in
the near future, but not in LISA.

We calculate kz, and find that the strong first-order EWPT
phase space only affords a small deviation from the SM
prediction. We also observe that the strong first-order EWPT
data points all prefer the “inverted” mass hierarchy, my, >
my, > mpy_, with the masses lying within [0.5, 1.5] TeV.

Finally, we list some of the most constraining or physically
interesting experiments, including the di-Higgs productions
and several direct searches for exotic scalars. According to
the HEPfit results, the di-Higgs production cross sections
range from 0.3 to 30 times the SM prediction, and most data
still lie below the sensitivity of the latest ATLAS
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FIG. 11. The predictions of the most constraining direct search channels: (a) g9 —» H, — ZZ[— ££(¢¢,w)], (b) pp - H, - ZZ,
) VV - H5ii - WEW*, (d) W*Z - H5i — W*Z, and (e) gg — Hy — hZ — bbZ. The colored curves indicate the 95% CL limits
imposed by the LHC measurements. The plotting scheme is the same as Fig. 7.
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measurement [63]. The direct search channels we choose to
show are g9 — H, - ZZ, pp—>H, - ZZ,
VV > HE > WEW+, WEZ > Hf > W*Z and gg —
Hy — hZ — bbZ at /s = 13 TeV, which serve as the most
promising probes to the GM model in the near future LHC
experiments.
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APPENDIX: LIST OF EXPERIMENTAL
REFERENCES

This Appendix consists of several tables that list our
experimental inputs.

Higgs signal strength inputs applied in our fits. The Higgs decays are listed in separate columns,

with the corresponding SM branching ratios shown in the second row. In lines three to ten, we cite the results
from the LHC and Tevatron, ordered by production mechanism and +/s. For the LHC data, we indicate the share
of Higgs production in pp collisions for each channel in the second column. The cell colors show the rough
estimates on the current precision of the signal strength measurements according to the parameter &, which is
defined as the ratio of the smallest uncertainty of all individual measurements in one table cell (o,,;,) to the
weight of the corresponding production channel (w). The green, yellow, and red cells denote the channels with &
less than 0.5, between 0.5 and 1, and greater than 1, respectively. For the Zy and pu decays, no information of
the individual production modes is available, and thus we assume the SM compositions in the second column to
analyze them. In comparison with Ref. [25], the udpated 13-TeV analyses are quoted from Refs. [35-40].

bb Ww TT YAVA ¥y Zy i

SM Br| 57.5% 21.6% 6.3% 2.7% 2.3%0 1.6%0 0.2%0
ggFs  87.2% [65, 66] (67, 68] [69, 70] [71, 72]
ggFi3 87.1% [29, 73] |[29, 74, 75]| [29, 76] |[29, 77, 78] 8 TeV 8 TeV
VBFs 7.2% [65, 66] | (67, 68] | [69, 70] | [71, 72| A [79, 80] [81]
VBF13 7.4%| (31, 82] [30, 73] |[29, 74, 75]| [29, 76] |[29, 77, 78]
Vhg 5.1%| [83, 84] [66, 85] [67, 68] [69, 70] [71, 72]
Vhis  4.4%| [31, 86] [73, 87 [75] [29, 76] |[29, 77, 78] 13 TeV 13 TeV
tthg 0.6%| [88, 89 [69, 70] | [71, 72] |[33, 34, 90, 91]|[92, 93]
tthig  1.0%|[31, 32, 94]|[73, 95, 96]|[29, 95, 96]|[76, 95, 96] |[29, 77, 78]
Vhy [97, 98]
ttho [97]

’0<&<0.5‘0.5§&§1.0H&> 1.0‘ (6 = Tin/w)
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TABLE 1IV. Neutral heavy Higgs boson searches relevant for the GM scalars with fermionic final states.

§ = Y. HY.
Label Channel Experiment Mass range [TeV] L [b71]
All, it — ¢§° - 1t ATLAS [43] [0.4, 1] 36.1
Al bb — ¢0 — 1t ATLAS [99] (0.4, 1] 13.2
cLh bb - ¢ — bb CMS [100] [0.1, 0.9] 19.7
chb g9 — ¢° — bb CMS [101] [0.33, 1.2] 19.7
C pp = ¢° = bb CMS [102] [0.55, 1.2] 2.69
chh, bb — ¢° — bb CMS [103] [0.3, 1.3] 35.7
AF Ry ATLAS [104] [0.09, 1] 20
cy CMS [105] [0.09, 1] 19.7
Ag, bb = ¢° = 1z ATLAS [104] [0.09, 1] 20
cy CMS [105] [0.09, 1] 19.7
ATS g9 — ¢° = 11 ATLAS [106] (0.2, 2.25] 36.1
cT, CMS [107] [0.09, 3.2] 35.9
AT, bb = ¢° = 1z ATLAS [106] [0.2, 2.25] 36.1
7, CMS [107] [0.09, 3.2] 35.9

TABLE V. Neutral heavy Higgs boson searches relevant for the GM scalars with vector boson final states.
¢* =HY, H), H) and £ = e, p.

Label Channel Experiment Mass range [TeV] L [fb71]
AL 99— 0 = 7y ATLAS [108] [0.065, 0.6] 20.3
Aq}; pp = ¢° = yy ATLAS [109] [0.2, 2.7] 36.7
cr g9 = ¢° = yy CMS [110] [0.5, 4] 35.9
AL pp = ¢° = Zy — (il)y ATLAS [111] [0.2, 1.6] 20.3
ngy CMS [112] [0.2, 1.2] 19.7
AT 99 = ¢° = Zy|= (£6)y] ATLAS [113] [0.25, 2.4] 36.1
A?gy g9 = ¢° - Zy[— (qq)7] ATLAS [114] [1, 6.8] 36.1
e, 99— 0 = Zy CMS [115] [0.35, 4] 35.9
AgZZ g9 — ¢0 — 77 ATLAS [116] [0.14, 1] 20.3
AZZ VV 0 - 77 ATLAS [116] [0.14, 1] 203
AL 99— §° — ZZ|— (£6)(6,w)] ATLAS [117] (0.2, 1.2] 36.1
e VV = 0 — 27— (£2) (£, m)] ATLAS [117] [0.2, 1.2] 36.1
220 99 = ° = ZZ|— (£¢,w)(qq)] ATLAS [118] [0.3, 3] 36.1
A2 VV = 0 = ZZ]—> (¢6.w)(qq)] ATLAS [118] [0.3, 3] 36.1
c22X pp = ¢ = ZZ|—> (¢€)(qq.w. £€)] CMS [119] [0.13, 3] 35.9
i pp = ¢° > ZZ[~ (qq)(w)] CMS [120] (1, 4] 35.9
AXVW g9 — ¢0 > WW ATLAS [121] [0.3, 1.5] 20.3
ALY VV = ¢ - WW ATLAS [121] [0.3, 1.5] 20.3
A 99 = ¢° > WW[— (ev)(uv)] ATLAS [122] [0.25, 4] 36.1
A2 VV = @0 > WW[= (ev) ()] ATLAS [122] [0.25, 3] 36.1
v (99 + VV) = ¢° = WW = (£0)(¢v) CMS [123] [0.2, 1] 23
AIgZQ g9 — 450 - WWI[- (¢v)(qq)] ATLAS [124] [0.3, 3] 36.1
A0 VV = ¢0 > WW[— (£0)(qq)] ATLAS [124] 0.3, 3] 36.1
cy pp = ¢° - VV CMS [125] [0.145, 1] 24.8
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TABLE VI. Neutral heavy Higgs boson searches at the LHC relevant for the GM scalars with final states including
Higgs bosons. ¢° = H), H), H?, ¢” = HY,H}, V=W, Z and £ = e, p.

Label Channel Experiment Mass range [TeV] L [fb~1]
Al g9 — HY — hh ATLAS [126] [0.26, 1] 20.3
Cgb pp — H(l) — hh —> (bb)(bb) CMS [127] [0.27, 1.1] 17.9
Céﬂb pp = H) — hh — (bb)(yy) CMS [128] [0.260, 1.1] 19.7
Céng g9 = H? — hh — (bb)(z7) CMS [129] [0.26, 0.35] 19.7
2 pp — HY — hh[— (bb)(r7)] CMS [130] [0.35, 1] 18.3
A pp — HY — hh — (bb)(bb) ATLAS [131] [0.26, 3] 36.1
c CMS [132] [0.26, 1.2] 359
A%Zb pp — HY = hh[— (bb)(ry)] ATLAS [133] [0.26, 1] 36.1
C%'Zh pp = HY = hh — (bb)(yy) CMS [134] [0.25, 0.9] 359
A2 pp = HY = hh — (bb)(z7) ATLAS [135] [0.26, 1] 36.1
C%Ig’,zf CMS [136] [0.25, 0.9] 359
C%’;?{ pp — HY = hh|— (bb)(z7)] CMS [137] [0.9, 4] 359
cabv pp = HY = hh — (bb)(VV - Cutv) CMS [138] [0.26, 0.9] 359
A%gzw g9 = HY = hh — (yy)(WW) ATLAS [139] [0.26, 0.5] 36.1
AbbZ 99 = HY — hZ — (bb)Z ATLAS [140] [0.22, 1] 20.3
c2 g9 — HY — hZ — (bb)(¢¢) CMS [141] [0.225, 0.6] 19.7
Ag’z g9 — H(3] — hZ - (‘L’T)Z ATLAS [140] [0.22, 1] 20.3
c 99 = H} - hZ - (z7)(¢7) CMS [129] [0.22, 0.35] 19.7
AbLZ ATLAS [45] [0.2, 2] 36.1
C/]?/;Zl g9 — H) — hZ — (bb)Z CMS [142] [0.22, 0.8] 359
chz CMS [143] [0.8, 2] 359
ALz ATLAS [45] [0.2, 2] 36.1
CoZ, bb — HY — hZ — (bb)Z CMS [142] [0.22, 0.8] 35.9
coe, CMS [143] [0.8, 2] 359
Cg’z pp = ¢ = ¢VZ — (bb)(£7) CMS [144] [0.13, 1] 19.8
Af]ﬁf 99— HY - H)Z — (bb)Z ATLAS [145] [0.13, 0.8] 36.1
A‘]@Zb bb — H} - HYZ — (bb)Z ATLAS [145] [0.13, 0.8] 36.1
TABLE VII. Charged heavy Higgs boson searches at the LHC relevant for the singly and doubly charged scalars

in the GM model, with V =W, Z and £ = e, u.

Label Channel Experiment Mass range [TeV] L [fb~1]
A pp = HE = 50 ATLAS [146] [0.18, 1] 19.5
cw pp— Hf > 1tv CMS [147] [0.18, 0.6] 19.7
ATY P ATLAS [148] [0.15, 2] 36.1
ct pp—=Hy =TV CMS [149] [0.18, 3] 12.9
AL pp = HE > 1b ATLAS [150] [0.2, 0.6] 20.3
c pp — HY > b CMS [147] [0.18, 0.6] 19.7
At pp — H; — b ATLAS [151] [0.2, 2] 36.1
AYZ WZ — HE » WZ[— (qq)(¢¢)) ATLAS [152] (0.2, 1] 20.3
AVZ ATLAS [153] [0.2, 0.9] 36.1
Ccl4 WZ —» HE - WZ[— (¢v)(£7))] CMS [154] (0.2, 0.3] 15.2
cY CMS [155] (0.3, 2] 35.9
AW, pp = HEEHIT o (WEWH)(WFWF) ATLAS [156] [0.2, 0.7] 36.1
gttt VV > HE: S WEWE ]S (£20)(¢40)] CMS [157] (0.2, 0.8] 19.4
coe VV = HEE = WEW=[> (£50)(650))] CMS [158] (0.2, 1.0] 35.9
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TABLE VIII. Newly added direct searches for neutral heavy Higgs bosons.

Label Channel Experiment Mass range [TeV] L [fb~1]
chy pp = ¢° > hh CMS [159] [0.27, 3] 359
(09 bb — ¢ = up ATLAS [160] [0.2,1] 36.1
s g9 = ¢° = up ATLAS [160] [0.2,1] 36.1
Aby, bb — ¢° = bb ATLAS [161] [0.45,1.4] 27.8
s bb — ¢° = up CMS [162] [0.13,1] 36.1
c g9 = ¢° = up CMS [162] [0.13,1] 36.1
cly g9 — HY - £5¢F T CMS [163] [0.22, 0.4] 359
c pp = ¢° = WEWT CMS [164] [0.2, 3] 359
chy VV = ¢0 - WEWT CMS [164] [0.2, 3] 359
Al, g9 = ¢° = T ATLAS [165] [0.2, 2.5] 139
A%, bb = ¢° = 7T ATLAS [165] [0.2, 2.5] 139
A 99— ¢° = ZZ — (¢66€) + (¢w) ATLAS [166] [0.21, 2] 139
AlGh VV = ¢° - ZZ — (£666) + (£6w) ATLAS [166] [0.21, 2] 139
TABLE IX. Newly added direct searches for heavy charged Higgs bosons.

Label Channel Experiment Mass range [TeV] L b1
Cy pp - Hif - t*v CMS [167] [0.08, 3] 359
ct pp — Hf —>1b CMS [168] [0.2, 3] 359
A, pp — Hi*HIT — (WEWH)(WTWT) ATLAS [169] [0.2, 0.6] 139
A1z pp = Hy*Hi s - WEW=WFZ ATLAS [169] [0.2, 0.6] 139
iy VV = HEF — WEWE [ (2v)(¢))] CMS [44] [0.2, 3] 137
Cl%5 WAZ - Hi > WEZ[-> (¢v)(£7))] CMS [44] [0.2, 3] 137
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