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3Unidad Académica de Ciencias Químicas, Universidad Autónoma de Zacatecas, Apartado Postal C-585,

98060 Zacatecas, México

(Received 14 March 2024; accepted 28 May 2024; published 9 July 2024)

In the bestest little Higgs model (BLHM) scenario, we analyze the branching ratios and production cross
section of the heavy Higgs boson H0. The analysis is performed at the tree level and the one-loop level. In
addition, we present results of the possible production of the heavy Higgs bosonH0 via gluon fusion for the
center-of-mass energies and integrated luminosities of the LHC, HE-LHC, and HL-LHC. Our results show
a very optimistic scenario for studying the H0 scalar predicted by the BLHM and for the energies and
luminosities of current and future hadron colliders.
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I. INTRODUCTION

There are convincing theoretical arguments and a wide
range of experimental facts that motivate the need for new
physics beyond the Standard Model (SM), such as the
hierarchy problem, the strong CP problem, the baryon
asymmetry of the Universe, the existence of dark matter,
the fine-tuning of the Higgs boson mass, the origin of
fermionic families, etc. Most of the solutions to these
problems require new interactions and new particles, such
as supersymmetric partners, heavy Higgs bosons, dark
photons, axions, right-handed neutrinos, and monopoles,
among other things.
Many of the proposed new physics models contain an

extended Higgs sector, among which the bestest little Higgs
model (BLHM) [1–7] is one of the viable options because it
provides an exciting way to address the hierarchy problem
without resorting to fine-tuning. In addition, it solves some
issues that are present in the great majority of the other
little Higgs models [the littlest Higgs model [8], a littlest

Higgs model with custodial SUð2Þ symmetry [9], the little
Higgs model [10], the little Higgs model and custodial
SUð2Þ [11], and the simplest little Higgs model [12]], such
as the problem of dangerous singlets [13], a pathology
where collective symmetry breaking does not suppress
quadratically divergent corrections to the Higgs boson
mass, and strong constraints from precision electroweak
observables [14,15] in the gauge sector. Instead, the BLHM
generates a viable Higgs quartic coupling where the real
singlet σ is no longer a dangerous singlet; that is, it no
longer develops a divergent tadpole from radiative correc-
tions [1]. On the other hand, a custodial SUð2Þ sym-
metry [16] and disassociation in the masses of the new
quarks and heavy gauge bosons are implemented in the
BLHM, thus avoiding the constraints from precision
measurements.
The disassociation in the masses of the partners of

fermions (T, B, T5, T6, T2=3, T5=3) and gauge bosons
(Z0, W0�) is achieved by incorporating two independent
symmetry-breaking scales f and F, with F > f. This leads
to new quarks with masses proportional only to the f scale,
while the new gauge bosons acquire masses proportional
to the combination of the f and F scales. Since the new
quarks are now lighter than the new gauge bosons, fine-
tuning in the top sector and electroweak precision con-
straints in the gauge sector are avoided. In the scalar sector,
neutral and charged physical scalar fields also arise:
h0; H0; A0;ϕ0; η0; H�;ϕ�, and η�. The h0 state is assumed
to be light (≈125 GeV), similar to the Higgs of the SM,
while the masses of the rest of the scalars are allowed
to vary.
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In this paper, we explore the production of the heavy
Higgs boson H0 of the BLHM at current and future
colliders such as the LHC and its upgrades, respectively.
The discovery of any Higgs boson beyond the SM will be
unequivocal evidence for the existence of an extended
Higgs sector. Therefore, probing Higgs sectors of extended
models through direct searches for new Higgs bosons at
high-energy colliders or through modifications to SM-like
Higgs couplings tested by precision measurements of the
Higgs coupling take on a transcendental role [17]. The
reason for this is that they open new routes to explore new
physics effects.
Until now, direct and indirect searches for new physics at

a weak scale have produced only unsuccessful results.
However, new physics is expected to emerge at high
masses, which means that it will be necessary to maximize
the center-of-mass energy

ffiffiffi
s

p
of current colliders so that

new heavy particles can be produced in collisions. This
motivates the construction of more energetic colliders with
higher luminosity L. Therefore, the search for new physics
beyond the SM remains a frontier in particle physics
research.
The article is organized as follows. In Sec. II we review

the BLHM. In Sec. III we present and study the tree-level
and one-loop decays of the Higgs boson H0. In Sec. IV we
show the predictions of the BLHM in the production cross
sections of theH0 Higgs for the processes via gluon fusion.
Finally, conclusions are presented in Sec. V.

II. REVIEW OF THE BLHM

The BLHM [1–7] is based on two independent nonlinear
sigma models. With the first field Σ, the global SOð6ÞA ×
SOð6ÞB symmetry is broken to the diagonal group SOð6ÞV
at the energy scale f, while with the second field Δ,
the global SUð2ÞC × SUð2ÞD symmetry is broken to the
diagonal subgroup SUð2Þ to the scale F, with F > f. In the
first stage, 15 pseudo-Nambu-Goldstone bosons are gen-
erated, which are parametrized as

Σ ¼ eiΠ=fe2iΠh=feiΠ=f; ð1Þ

where Π and Πh are complex and antisymmetric matrices
given by [1]

Π ¼

0
B@

iðϕaTa
L þ ηaTa

RÞ4×4 0 0

0 0 iσ=
ffiffiffi
2

p

0 −iσ=
ffiffiffi
2

p
0

1
CA;

Πh ¼
iffiffiffi
2

p

0
B@

04×4 h1 h2
−hT1 0 0

−hT2 0 0

1
CA: ð2Þ

In Eq. (2), ϕa and ηa (a ¼ 1; 2; 3) are real triplets, h1 and h2
are 4’s of SOð4Þ, and σ is a real singlet. For Higgs fields,

their explicit representation is hTi ¼ ðhi1; hi2; hi3; hi4Þ
[see Eqs. (16)–(23)], while Ta

L;R denote the generators
of the group SOð6Þ, which are provided in Refs. [1,13].
Regarding the second stage of symmetry breaking, the
pseudo-Nambu-Goldstone bosons of the field Δ are para-
metrized as follows:

Δ ¼ Fe2iΠd=F; Πd ¼ χa
τa

2
ða ¼ 1; 2; 3Þ; ð3Þ

where χa represents the Nambu-Goldstone fields and the τa
correspond to the Pauli matrices [1]. These latter are the
generators of the SU(2) group.

A. Scalar sector

In order to generate a viable Higgs quartic coupling in
the BLHM, we must explicitly break some of the sym-
metries under which Higgs fields transform nonlinearly.
For this purpose, two operators are required, each of which
explicitly breaks some of the global symmetries, but neither
by itself would allow the Higgs to obtain a potential:

P5 ¼ diagð0; 0; 0; 0; 1; 0Þ; P6 ¼ diagð0; 0; 0; 0; 0; 1Þ:
ð4Þ

In this way, the quartic potential is written as

Vq ¼
1

4
λ65f4TrðP6ΣP5ΣTÞ þ 1

4
λ56f4TrðP5ΣP6ΣTÞ

¼ 1

4
λ65f4ðΣ65Þ2 þ

1

4
λ56f4ðΣ56Þ2; ð5Þ

where λ65 and λ56 are coefficients that must be nonzero
to achieve collective symmetry breaking and generate a
successful Higgs quartic coupling. From Eq. (5), the first
term breaks SOð6ÞA × SOð6ÞB → SOð5ÞA6 × SOð5ÞB5, the
SOð5ÞA6 transformation protects h1 from getting a poten-
tial, while SOð5ÞB5 does the same for h2. Similarly, the
second term in Eq. (5) explicitly breaks SOð6ÞA ×
SOð6ÞB → SOð5ÞA5 × SOð5ÞB6. This symmetry allows
the singlet σ to get a potential, while the other fields are
protected. At this stage, if Eq. (1) is expanded as a power
series in 1=f and substituted into Eq. (5), the following is
obtained:

Vq ¼
λ65
2

�
fσ −

1ffiffiffi
2

p hT1h2 þ � � �
�

2

þ λ56
2

�
fσ þ 1ffiffiffi

2
p hT1h2 þ � � �

�
2

: ð6Þ

In this expression, a mass term is generated for σ of the
form m2

σ ¼ ðλ65 þ λ56Þf2. There are no mass terms gen-
erated for the Higgs fields.
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While each of the terms in Eq. (6) seems to generate a
Higgs quartic coupling, this quartic coupling can be

eliminated by a redefinition of the σ field as σ → � hT
1
h2ffiffi
2

p
f
,

where the upper and lower signs of the transformation
correspond to the first and second operators in the men-
tioned equation. Collectively, however, the two terms of
Eq. (6) yield a tree-level Higgs quartic coupling, which
occurs after the scalar σ is integrated out [1,13,18].
Therefore,

Vq ¼
λ56λ65

λ56 þ λ65

�
hT1h2

�
2 ¼ 1

2
λ0
�
hT1h2

�
2: ð7Þ

Equation (7) has the desired form of a collective quartic
potential [1,13] and reaffirms that both terms of Eq. (6) are
indeed necessary to generate a Higgs quartic coupling.
In the absence of gauge interactions, not all scalars

obtain mass. Therefore, the following potential is added to
generate them:

Vs ¼ −
f2

4
m2

4Tr
�
Δ†M26ΣM

†
26 þ ΔM26Σ†M†

26

�
−
f2

4

�
m2

5Σ55 þm2
6Σ66

�
; ð8Þ

where m4, m5, and m6 are mass terms and Σ55 and Σ66

represent the elements of the matrix Σ given in Eq. (1). On
the other hand, M26 is a 2 × 6 matrix that contracts the
SUð2Þ indices of Δ with the SO(6) indices of Σ:

M26 ¼
1ffiffiffi
2

p
�
0 0 1 i 0 0

1 −i 0 0 0 0

�
: ð9Þ

Expanding the operator Δ [see Eq. (3)] as a power series in
1=F and substituting it into Eq. (8), we obtain

Vs ¼
1

2
ðm2

ϕϕ
2
a þm2

ηη
2
a þm2

1h
T
1h1 þm2

2h
T
2h2Þ; ð10Þ

with

m2
1 ¼

1

2
ðm2

4 þm2
5Þ; ð11Þ

m2
2 ¼

1

2
ðm2

4 þm2
6Þ: ð12Þ

It is evident from Eq. (10) that the fields h1, h2, ϕa, and ηa
get their masses.
In order to destabilize the origin and trigger electro-

weak symmetry breaking, the following potential is also
introduced:

VBμ
¼ m2

56f
2Σ56 þm2

65f
2Σ65; ð13Þ

where Σ56 and Σ65 denote the elements of the matrix Σ
together with their mass parameters m56 and m65, respec-
tively. Finally, we have the full scalar potential of the
BLHM,

V ¼ Vq þ Vs þ VBμ
: ð14Þ

From this full potential, the potential for the Higgs doublet
fields is obtained. For this task, one minimizes the potential
of Eq. (14) with respect to the scalar σ and substitutes the
resulting solution for σ back into Eq. (14). This results in
the following Higgs potential [1,3,19]:

VHiggs ¼
1

2
m2

1h
T
1h1 þ

1

2
m2

2h
T
2h2 − BμhT1h2 þ

λ0
2

�
hT1h2

�
2;

ð15Þ

where the components of the Higgs doublets (h1, h2), Bμ,
and λ0 are explicitly expressed as

h11 ¼ cos αh0 − sin αH0 þ v sin β; ð16Þ

h21 ¼ sin αh0 þ cos αH0 þ v cos β; ð17Þ

h12 ¼ cos βA0; ð18Þ

h22 ¼ sin βA0; ð19Þ

h13 ¼
1ffiffiffi
2

p �
cos βðH− þHþÞ�; ð20Þ

h14 ¼
iffiffiffi
2

p �
cos βðH− −HþÞ�; ð21Þ

h23 ¼
1ffiffiffi
2

p �
sin βðH− þHþÞ�; ð22Þ

h24 ¼
iffiffiffi
2

p �
sin βðH− −HþÞ�; ð23Þ

Bμ ¼ 2
λ56m2

65 þ λ65m2
56

λ56 þ λ65
; ð24Þ

λ0 ¼ 2
λ56λ65

λ56 þ λ65
: ð25Þ

For the Higgs potential to reach a minimum, one must have
m1m2 > 0, while electroweak symmetry breaking requires
that Bμ > m1m2.
Electroweak symmetry breaking in the BLHM is imple-

mented when the Higgs doublets acquire their vacuum
expectation values (VEVs), hh1iT ¼ðv1;0;0;0Þ and hh2iT ¼
ðv2; 0; 0; 0Þ. These VEVs minimize the Higgs potential of
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Eq. (15), thus generating the following relations:

v21 ¼
1

λ0

m2

m1

ðBμ −m1m2Þ; ð26Þ

v22 ¼
1

λ0

m1

m2

ðBμ −m1m2Þ: ð27Þ

The VEVs can be expressed in terms of the parameters v
(the SM VEV) and tan β as follows:

v2≡ v21þ v22 ¼
1

λ0

�
m2

1þm2
2

m1m2

�
ðBμ −m1m2Þ≃ ð246 GeVÞ2;

ð28Þ

tan β ¼ v1
v2

¼ m2

m1

: ð29Þ

After electroweak symmetry breaking, the scalar sector of
the BLHM generates several massive states: two physical
scalar fields (H�) and three neutral physical scalar fields
(h0,H0, A0). The lightest state, h0, is identified as the Higgs
boson of the SM. On the other hand, the four parameters
in the Higgs potential m1; m2; Bμ, and λ0 can be replaced
by another more phenomenologically accessible set [3],
that is, the masses of the states h0 and A0, the angle β, and
the VEV v:

1 < tan β <

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1 −

m2
h0

m2
A0

��
1 −

m2
h0

4πv2

�r
m2

h0
m2

A0

�
1þ m2

A0
−m2

h0
4πv2

� − 1

vuuuuut ; ð30Þ

Bμ ¼
1

2
ðλ0v2 þm2

A0
Þ sin 2β; ð31Þ

λ0 ¼
m2

h0

v2

�
m2

h0
−m2

A0

m2
h0
−m2

A0
sin2 2β

�
; ð32Þ

tan α ¼
Bμ cot 2β þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðB2

μ=sin2 2βÞ − 2λ0Bμv2 sin 2β þ λ20v
4sin2 2β

q
Bμ − λ0v2 sin 2β

; ð33Þ

m2
H� ¼ m2

A0
¼ m2

1 þm2
2; ð34Þ

m2
H0

¼ Bμ

sin 2β
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2
μ

sin2 2β
− 2λ0Bμv2 sin 2β þ λ20v

4sin2 2β

s
; ð35Þ

m2
σ ¼ ðλ56 þ λ65Þf2 ¼ 2λ0f2Kσ with 1 < Kσ <

16π2

λ0ð8π − λ0Þ
: ð36Þ

The variables λ56 and λ65 in Eq. (36) represent the
coefficients of the quartic potential [1], both variables take
values different from zero to achieve the collective breaking
of the symmetry and generate a quartic coupling of the
Higgs boson [1,3].

B. Gauge sector

The kinetic terms of the gauge fields in the BLHM are
given as follows:

L ¼ f2

8
TrðDμΣ†DμΣÞ þ F2

4
TrðDμΔ†DμΔÞ; ð37Þ

where the covariant derivatives are given by

DμΣ ¼ ∂μΣþ igAAa
1μT

a
LΣ − igBΣAa

2μT
a
L

þ igYB3
μ

�
T3
RΣ − ΣT3

R

�
; ð38Þ

DμΔ ¼ ∂μΔþ igAAa
1μ

τa

2
Δ − igBΔAa

2μ

τa

2
: ð39Þ

In these expressions, Ta
L are the generators of the group

SOð6ÞA corresponding to the subgroup SUð2ÞLA, while T3
R

represents the third component of the SOð6ÞB generators
corresponding to the SUð2ÞLB subgroup; these matrices are
provided in Ref. [1]. gA and Aa

1μ denote the gauge coupling
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and field associated with the gauge bosons of SUð2ÞLA.
gB and Aa

2μ represent the gauge coupling and the field
associated with SUð2ÞLB, while gY and B3

μ denote the
hypercharge and the field. When Σ and Δ get their VEVs,
the gauge fields Aa

1μ and Aa
2μ are mixed to form a massless

triplet Aa
0μ and a massive triplet Aa

Hμ,

Aa
0μ ¼ cos θgAa

1μ þ sin θgAa
2μ;

Aa
Hμ ¼ sin θgAa

1μ − cos θgAa
2μ; ð40Þ

with the mixing angle

sg ≡ sin θg ¼
gAffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

g2A þ g2B
p ; cg ≡ cos θg ¼

gBffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2A þ g2B

p ;

ð41Þ
which are related to the electroweak gauge coupling g
through

g ¼ gAgBffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2A þ g2B

p : ð42Þ

On the other hand, the weak mixing angle is defined as

sW ≡ sin θW ¼ gYffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ g2Y

p ; cW ≡ cos θW ¼ gffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ g2Y

p :

ð43Þ
In the BLHM, the masses of the new gauge bosons

(Z0 yW0�) are also generated:

m2
Z0 ¼ m2

W0� þ g2s2Wv
4

16c2Wðf2 þ F2Þ
�
s2g − c2g

�
2; ð44Þ

m2
W0� ¼ g2

4c2gs2g
ðf2 þ F2Þ −m2

W� : ð45Þ

C. Yang-Mills sector

The gauge boson self-interactions arise from the follow-
ing Lagrangian terms:

L ¼ F1μνF
μν
1 þ F2μνF

μν
2 ; ð46Þ

where Fμν
1;2 are given explicitly as

Fμν
1 ¼ ∂

μAαν
1 − ∂

νAαμ
1 þ gA

X
b

X
c

ϵabcAbμ
1 Acν

1 ; ð47Þ

Fμν
2 ¼ ∂

μAαν
2 − ∂

νAαμ
2 þ gB

X
b

X
c

ϵabcAbμ
2 Acν

2 : ð48Þ

The indices a, b, and c run over the three gauge fields
[20] and ϵabc is the antisymmetric tensor.

D. Fermion sector

In the BLHM, the fermionic sector is divided into two
parts. First, the massive fermion sector is represented by the
Lagrangian of Eq. (49). This sector includes the top and
bottom quarks of the SM and a series of new quarks
arranged in four multiplets: Q and Q0, which transform
under SOð6ÞA, and Uc and U0c

5 , which transform under the
group SOð6ÞB. Second, in the sector of light fermions
contained in Eq. (58), all the interactions of the remaining
fermions of the SM with the exotic particles of the BLHM
are generated.
For massive fermions, the Lagrangian that describes

them is given by [1]

Lt ¼ y1fQTSΣSUc þ y2fQ0TΣUc þ y3fQTΣU0c
5

þ ybfqT3 ð−2iT2
RΣÞUc

b þ H:c:; ð49Þ

where S ¼ diagð1; 1; 1; 1;−1;−1Þ. The explicit represen-
tations of the multiplets involved in Eq. (49) are arranged as
follows:

QT ¼ 1ffiffiffi
2

p �ð−Qa1 −Qb2Þ; iðQa1 −Qb2Þ; ðQa2 −Qb1Þ;

iðQa2 −Qb1Þ; Q5; Q6

�
; ð50Þ

Q0T ¼ 1ffiffiffi
2

p �
−Q0

a1 ; iQ
0
a1 ; Q

0
a2 ; iQ

0
a2 ; 0; 0

�
; ð51Þ

qT3 ¼ 1ffiffiffi
2

p �
−t̄L; it̄L; b̄L; ib̄L; 0; 0

�
; ð52Þ

UcT ¼ 1ffiffiffi
2

p �ð−Uc
b1
−Uc

a2Þ; iðUc
b1
−Uc

a2Þ; ðUc
b2
− Uc

a1Þ;

iðUc
b2
− Uc

a1Þ; Uc
5; U

c
6

�
; ð53Þ

U0cT ¼ ð0; 0; 0; 0; U0c
5; 0Þ; ð54Þ

UcT
b ¼ ð0; 0; 0; 0; bc; 0Þ: ð55Þ

For simplicity, the Yukawa couplings yi (i ¼ 1; 2; 3) are
assumed to be real [1,2]. These Yukawa couplings can also
be written in terms of the Yukawa coupling of the top quark
in the following way:

yt ¼
mt

v sin β
¼ 3y1y2y3ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðy21 þ y22Þðy21 þ y23Þ

p : ð56Þ

From Eq. (56), it is clear that the top Yukawa coupling is
related to the three Yukawa couplings of the model, which
in turn are part of the fine-tuning measure in the BLHM
[1,18], Ψ, defined as
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Ψ¼ 27f2

8π2λ0v2cos2β
jy1j2jy2j2jy3j2
jy2j2− jy3j2

log

�jy1j2þjy2j2
jy1j2þjy3j2

�
: ð57Þ

As for the light fermions, their Lagrangian is

Llight ¼
X
i¼1;2

yufqTi Σuci þ
X
i¼1;2

ydfqTi ð−2iT2
RΣÞdci

þ
X

i¼1;2;3

yeflTi ð−2iT2
RΣÞeci þ H:c:; ð58Þ

with

qTi ¼ 1ffiffiffi
2

p ð−ūiL; iūiL; d̄iL; id̄iL; 0; 0Þ; ð59Þ

lTi ¼ 1ffiffiffi
2

p ð−ν̄iL; iν̄iL; ēiL; iēiL; 0; 0Þ; ð60Þ

ucTi ¼ ð0; 0; 0; 0; uci ; 0Þ; ð61Þ

dcTi ¼ ð0; 0; 0; 0; dci ; 0Þ; ð62Þ

ecTi ¼ ð0; 0; 0; 0; eci ; 0Þ: ð63Þ

With respect to the Yukawa couplings yf (f ¼ u; d; e; b),
these are associated with the masses of the fermions as

m2
f ¼ y2fv

2sin2 β

�
1 −

v2

3f2

�
: ð64Þ

Since the top-quark loops provide the largest divergent
corrections to the Higgs mass in the SM, the heavy-quark
sector in the BLHM scenario is the most crucial for solving
the hierarchy problem. The new heavy quarks arising in the
BLHM are T, T5, T6, T2=3, T5=3, and B, whose associated
masses are given as

m2
T ¼ ðy21 þ y22Þf2 þ

9v21y
2
1y

2
2y

2
3

ðy21 þ y22Þðy22 − y23Þ
; ð65Þ

m2
T5

¼ ðy21 þ y23Þf2 −
9v21y

2
1y

2
2y

2
3

ðy21 þ y23Þðy22 − y23Þ
; ð66Þ

m2
T6

¼ m2

T2=3
b

¼ m2

T5=3
b

¼ y21f
2; ð67Þ

m2
B ¼ ðy21 þ y22Þf2; ð68Þ

where v1 ¼ v sin β y v2 ¼ v cos β. The mass terms for the
new quarks, Eqs. (65)–(68), are calculated under the
assumption that y2 ≠ y3; otherwise, the masses of T and
T5 are degenerate at lowest order [2,18].

E. Currents sector

The Lagrangian that describes the interactions of fer-
mions with the gauge bosons is [1,18]

L ¼ Q̄τ̄μDμQþ Q̄0τ̄μDμQ0 −Uc†τμDμUc −U0c†τμDμU0c

−Uc†
b τμDμUc

b þ
X
i¼1;2

q†i τ
μDμqi þ

X
i¼1;2;3

l†i τ
μDμli

−
X

i¼1;2;3

ec†i τμDμeci −
X
i¼1;2

uc†i τμDμuci −
X
i¼1;2

dc†i τμDμdci ;

ð69Þ

where τμ and τ̄μ are defined according to Ref. [21]. On the
other hand, the covariant derivatives are defined as follows:

DμQ ¼ ∂μQþ
X
a

ðigAAa
1μT

a
LQÞ þ igYB3μðT3

R þ Tþ
X ÞQ;

ð70Þ

DμQ0 ¼ ∂μQ0 þ
X
a

ðigAAa
1μT

a
LQ

0Þ þ igYB3μ

�
1

6

�
Q0; ð71Þ

DμUc ¼ ∂μUcþ
X
a

ðigBAa
2μT

a
LU

cÞþ igYB3μðT3
RþT−

XÞUc;

ð72Þ

DμU0c ¼ ∂μU0c þ igYB3μT−
XU

0c; ð73Þ

DμUc
b ¼ ∂μUc

b þ igYB3μ

�
1

3

�
Uc

b; ð74Þ

Dμqi ¼ ∂μqi þ
X
a

ðigAAa
1μT

a
LqiÞ þ igYB3μðT3

R þ Tþ
X Þqi;

ð75Þ

Dμli ¼ ∂μli þ
X
a

ðigBAa
2μT

a
LliÞ þ igYB3μT3

Rli; ð76Þ

Dμeci ¼ ∂μeci þ igYB3μTe
Xe

c
i ; ð77Þ

Dμuci ¼ ∂μuci þ igYB3μT−
Xu

c
i ; ð78Þ

Dμdci ¼ ∂μdci þ igYB3μTd
Xd

c
i : ð79Þ

III. HEAVY HIGGS BOSON DECAYS
IN THE BLHM

Recently, the first experimental evidence for the decay
of the Higgs boson of the SM (hSM0 ) into a photon and a
Z boson was presented, with a statistical significance of
3.4 standard deviations [22,23]. The result is derived from
a combined analysis of the searches performed by the

E. CRUZ-ALBARO et al. PHYS. REV. D 110, 015013 (2024)

015013-6



ATLAS and CMS collaborations. In addition to this search
channel, the diphoton decay of the SM Higgs is also a
verified fact [24]. The hSM0 → γγ; γZ processes are essential
particle physics as they are sensitive to possible contribu-
tions from physics beyond the SM and can even probe
scenarios where the SM-like Higgs boson emerges.
Although the hSM0 → γγ; γZ decay channels have small
branching fractions, they provide a clean final-state top-
ology, which can reconstruct the diphoton invariant mass
and photon-Zð→ ll; l ¼ e or μÞ invariant mass with high
precision [22,24]. A new window to explore physics not
described by the SM has opened with the discovery of the
first fundamental scalar particle, hSM0 . Many of the extended
models postulate the existence of heavy states. Linked to
this, the search for additional scalar particles is being
carried out by the ATLAS and CMS collaborations at the
CERN LHC using data from increasingly energetic colli-
sions. These facts motivate our study of the production of
the H0 Higgs of the BLHM at the LHC. For this purpose,
we calculate the total decay width of the H0 Higgs, where
we consider direct search channels with SM final states. In
the following, we describe the different decay modes of the
Higgs boson H0.

A. Two-body decays of the Higgs boson
H0 at tree level

In the BLHM, the Feynman diagrams representing the
two-body decays of the H0 Higgs at tree level are shown in
Fig. 1. To calculate the partial decay widths of H0, we use
the Feynman rules for the interaction vertices provided in
Refs. [5–7,25,26] and whose effective couplings we report
in Appendix A.
The decay widths of H0 → t̄t;WW; ZZ; h0h0 can be

written as follows:

ΓðH0 → t̄tÞ ¼ Ncg2H0tt
mH0

8π

�
1 −

4m2
t

m2
H0

�
3=2

; ð80Þ

ΓðH0 → WWÞ ¼ g2H0WWm
3
H0

64πm4
W

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
W

m2
H0

s

×

�
1 −

4m2
W

m2
H0

þ 12m4
W

m4
H0

�
; ð81Þ

ΓðH0 → ZZÞ ¼ g2H0ZZ
m3

H0

128πm4
Z

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
Z

m2
H0

s

×

�
1 −

4m2
Z

m2
H0

þ 12m4
Z

m4
H0

�
; ð82Þ

ΓðH0 → h0h0Þ ¼
g2H0h0h0

32πmH0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
h0

m2
H0

s
; ð83Þ

where Nc ¼ 3, is the color factor and gH0tt; gH0WW; gH0ZZ,
and gH0h0h0 represent the couplings of the interaction
vertices involved in the tree-level processes, which are
given in Appendix A [5–7,25,26].

B. Three-body decays of the Higgs boson
H0 at tree level

Concerning the three-body decays of the H0 Higgs, the
Feynman diagrams that arise for these processes are shown
in Fig. 2. The scalar particles and gauge bosons of the
SM and the BLHM mediate these processes. The effec-
tive couplings for the interaction vertices are given in
Appendix A [5–7,25]. We only provide the decay ampli-
tudes because the expressions generated for the partial
widths are quite lengthy. The analytical expressions for the
decay widths of the H0 Higgs decaying to three bodies
can be calculated using the generic formula described in
Eq. (84) [27,28],

dΓðH0 → ABCÞ
dxadxb

¼ mH0

256π3
jMðH0 → ABCÞj2: ð84Þ

It is worth mentioning that for some decay channels of
theH0 Higgs, specific interaction vertices (Z0WW, h0WW0,
and h0ZZ0) cancel out. This happens because in the
BLHM the gauge couplings gA and gB, associated with
the gauge bosons SUð2ÞLA and SUð2ÞLB, can be para-
metrized in a more phenomenological fashion in terms
of a mixing angle θg, tan θg ¼ gA=gB. For simplicity, it is
assumed that tan θg ¼ 1 [6,18], which implies that the
gauge couplings gA and gB are equal, i.e., sin θg ¼ cos θg
(sg ¼ cg). This fact leads to no contribution from specific
decay amplitudes. The only contributing amplitudes are

FIG. 1. Feynman diagrams corresponding to the two-body
decays of the H0 Higgs at tree level.
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given in Eqs. (85)–(87):

MðH0 → WZZÞ ¼ igWWZ

	
−

gH0WW

ðk1 þ k2Þ2 −m2
W

��
kμ1 þ 2kμ2

�
gαν − ð2kν1 þ kν2Þgαμ þ

�
−2kα2 þ

m2
Z

m2
W
ðkα1 þ kα2Þ

�
gμν

þ ðkα1 þ kα2Þðkμ1kν1 − kμ2k
ν
2Þ

m2
W

�
þ gH0WW

ðk2 þ k3Þ2 −m2
W

�
ð2kα2 þ kα3Þgμν þ

ðkα3kν3 − kα2k
ν
2Þðkμ2 þ kμ3Þ

m2
W

þ
�
−2kμ2 þ

m2
Z

m2
W
ðkμ2 þ kμ3Þ

�
gαν − ðkν2 þ 2kν3Þgαμ

�
þ gH0ZZ

ðk1 þ k3Þ2 −m2
Z

�
−ðkμ1 þ 2kμ3Þgαν

− ðkν1 − kν3Þgαμ þ ð2kα1 þ kα3Þgμν þ
ðkα3kμ3 − kα1k

μ
1Þðkν1 þ kν3Þ

m2
Z

�

ϵ�μðk1Þϵ�νðk2Þϵ�αðk3Þ; ð85Þ

MðH0 → h0WWÞ ¼ i

	�
gh0H0H0

gH0WW

ðk2 þ k3Þ2 −m2
H0

þ gH0h0h0gh0WW

ðk2 þ k3Þ2 −m2
h0

þ gH0WWgh0WW

ðk1 þ k2Þ2 −m2
W

�
gμν

−
gh0WWgH0WWðkμ1 þ kμ2Þðkν1 þ kν2Þ

m2
Wððk1 þ k2Þ2 −m2

WÞ


ϵ�μðk2Þϵ�νðk3Þ; ð86Þ

MðH0 → h0ZZÞ ¼ i

	�
gh0H0H0

gH0ZZ

ðk2 þ k3Þ2 −m2
H0

þ gH0h0h0gh0ZZ
ðk2 þ k3Þ2 −m2

h0

þ gH0ZZgh0ZZ
ðk1 þ k2Þ2 −m2

Z

�
gμν

−
gh0ZZgH0ZZðkμ1 þ kμ2Þðkν1 þ kν2Þ

m2
Zððk1 þ k2Þ2 −m2

ZÞ


ϵ�μðk2Þϵ�νðk3Þ: ð87Þ

C. Two-body decays of the Higgs boson H0 at one-loop level

This subsection determines the amplitudes and partial decay widths of the H0 Higgs at the one-loop level. In Fig. 3,
we show the Feynman diagrams associated with the H0 → γγ; γZ; gg decays which are mediated by fermions
(t;T;T2=3;T5;T6) and gauge bosons (W�;W0�) of the SM and BLHM. These H0 decays are absent at the tree level
in the BLHM. However, they arise at the one-loop level, which is of great interest since they not only help to examine

FIG. 2. Feynman diagrams corresponding to the three-body decays of the H0 Higgs at tree level.
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higher-order corrections to the theory but also provide information about possible contributions from new particles
circulating in the loop.
In the following, all calculations at the one-loop level are carried out using the unitary gauge and the Passarino-Veltman

reduction scheme [29]. In this way, we find that the total amplitude for the first decay H0 → γγ can be written as

MðH0 → γγÞ ¼ �
Aγγ
f þ Aγγ

W þ Aγγ
W0
�ðkν1kμ2 − k1 · k2gμνÞϵ�μðk1Þϵ�νðk2Þ; ð88Þ

where the form factors Aγγ
f , A

γγ
W , A

γγ
W0 are defined as follows:

Aγγ
f ¼ Nc

2π2m2
H0

X
f¼t;T;T5;T6;T2=3

gH0ffðgAffÞ2mfQf

�
2 − ðm2

H0
− 4m2

fÞC0ðm2
H0
; 0; 0; m2

f; m
2
f; m

2
fÞ
�
; ð89Þ

Aγγ
W ¼ gH0WWðgWWAÞ2

8π2m2
H0

�
6
�
m2

H0
− 2m2

W

�
C0

�
m2

H0
; 0; 0; m2

W;m
2
W;m

2
W

�
−
m2

H0

m2
W

− 6

�
; ð90Þ

Aγγ
W0 ¼ gH0W0W0 ðgW0W0AÞ2

8π2m2
H0

�
6
�
m2

H0
− 2m2

W0
�
C0

�
m2

H0
; 0; 0; m2

W0 ; m2
W0 ; m2

W0
�
−
m2

H0

m2
W0

− 6

�
: ð91Þ

The labels f and W (W0) of the form factors Aγγ
f and Aγγ

W (Aγγ
W0 ), respectively, represent the contributions generated due

to the quarks and gauge bosons circulating in the loop of the diphoton decay of H0 Higgs. On the other hand,
C0ðm2

H0
; 0; 0; m2

f; m
2
f; m

2
fÞ, C0ðm2

H0
; 0; 0; m2

W;m
2
W;m

2
WÞ, and C0ðm2

H0
; 0; 0; m2

W0 ; m2
W0 ; m2

W0 Þ denote the scalar functions of
the Passarino-Veltman reduction scheme.
Using Eq. (88), we find that the decay width for the H0 → γγ process is

ΓðH0 → γγÞ ¼ 1

64π

��Aγγ
f þ Aγγ

W þ Aγγ
W0
��2m3

H0
: ð92Þ

The one-loop decay amplitude for the second process H0 → γZ is

MðH0 → γZÞ ¼ �
AγZ
f þ AγZ

W þ AγZ
W0
��
kν1k

μ
2 − k1:k2gμν

�
ϵ�μðk1Þϵ�νðk2Þ; ð93Þ

with

FIG. 3. Feynman diagrams corresponding to the two-body decays of the H0 Higgs at one-loop level. The notation fi represents the
t; T; T2=3; T5, T6 quarks.
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AγZ
f ¼ Nc

2π2ðm2
H0

−m2
ZÞ2

X
f¼t;T;T5;T6;T2=3

mfQf

�
gH0ffgAffgZff

��
m2

H0
−m2

Z

��
m2

Z þ 4m2
f −m2

H0

�
× C0

�
m2

H0
; 0; 0; m2

f; m
2
f; m

2
f

�þ 2
�
− 2m2

Z

�
B0

�
m2

Z;m
2
f; m

2
f

�
− B0

�
m2

H0
; m2

f; m
2
f

��
; ð94Þ

AγZ
W ¼ gH0WWgWWAgWWZ

16π2t4Wð1 − t2ZÞm2
H0

��
12t4W − 2t2Wðt2Z − 1Þ − t2Z

��
t2ZðB0ðm2

H0
; m2

W;m
2
WÞ − B0ðm2

Z;m
2
W;m

2
WÞ − 1Þ þ 1

�
− 2t2Wðt2Z − 1Þð12t4W þ 6t2Wðt2Z − 1Þ − t2Zð2t2Z − 1ÞÞm2

H0
C0ðm2

H0
; m2

Z; 0; m
2
W;m

2
W;m

2
W

�
; ð95Þ

and

AγZ
W0 ¼ gH0W0W0gW0W0AgW0W0Z

16π2t4W0 ð1 − t2ZÞm2
H0

��
12t4W0 − 2t2W0 ðt2Z − 1Þ − t2Z

��
t2ZðB0ðm2

H0
; m2

W0 ; m2
W0 Þ − B0ðm2

Z;m
2
W0 ; m2

W0 Þ − 1Þ þ 1
�

− 2t2W0 ðt2Z − 1Þ�12t4W0 þ 6t2W0 ðt2Z − 1Þ − t2Zð2t2Z − 1Þ�m2
H0
C0

�
m2

H0
; m2

Z; 0; m
2
W0 ; m2

W0 ; m2
W0
�
; ð96Þ

where tW ¼ mW
mH0

, tZ ¼ mZ
mH0

and tW0 ¼ mW0
mH0

. It is worth

mentioning that the form factors AγZ
f , AγZ

W , and AγZ
W0 provide

finite results, i.e., these are free of ultraviolet divergences.
For theH0 → γZ decay, their corresponding decay width is

ΓðH0 → γZÞ ¼ 1

32πm3
H0

��AγZ
f þ AγZ

W þ AγZ
W0
��2�m2

H0
−m2

Z

�
3:

ð97Þ

Finally, the decay amplitude of the processH0 → gg is as
follows:

MðH0 → ggÞ ¼ Aggðkν1kμ2 − k1:k2gμνÞϵ�aμ ðk1Þϵ�bν ðk2Þδab;
ð98Þ

where

Agg ¼ Nc

4π2m2
H0

X
f¼t;T;T5;T6;T2=3

gH0ffðggsffÞ2mf

×
�
2 −

�
m2

H0
− 4m2

f

�
C0

�
m2

H0
; 0; 0; m2

f; m
2
f;m

2
f

��
:

ð99Þ

The corresponding decay width for the H0 → gg process is
given by

ΓðH0 → ggÞ ¼ 1

8π
jAggj2m3

H0
: ð100Þ

IV. NUMERICAL RESULTS

To carry out our numerical analysis of the Higgs
production H0 in the context of the BLHM, we briefly

review some free parameters of the model of interest and
provide in Table I the values assigned to these parameters.

A. A measure of fine-tuning in the BLHM

As discussed in Refs. [2,5,7], the three Yukawa cou-
plings, y1, y2, and y3 generate two study scenarios in the
BLHM, which arise because in the region where y2 ≈ y3
the masses of T and T5 are degenerate to the lowest
order. Consequently, different diagonalization schemes are
required for the fermion mass matrix when y2 ≈ y3 versus
jy2 − y3j > 0. The two study scenarios to which we
refer are:
(1) Scenario a: (y2 < y3), y1 ¼ 0.61, y2 ¼ 0.35 and

y3 ¼ 0.84 [5–7],
(2) Scenario b: (y2 > y3), y1 ¼ 0.61, y2 ¼ 0.84 and

y3 ¼ 0.35 [5–7].
Our choice in the values of yi are motivated by the

perturbativity requirements [30] and the fine-tuning mea-
sure [1,2]. Using numerical methods, from Eq. (56), we
randomize perturbative values of the Yukawa couplings
yi by fixing yt through experimental measurements of
the top-quark mass [31] and the Higgs boson mass

TABLE I. Values assigned to the parameters involved in our
numerical analysis in the BLHM.

Parameter Value Reference

mh0 125.25 GeV [31]
mA0

1000 GeV [32,33]
tan β 3 [5–7]
mH0

1015 GeV [32]
gA ¼ gB

ffiffiffi
2

p
g [5–7]

f ½1000; 3000� GeV [1,3,5–7]
F ½3000; 6000� GeV [1,3,5–7]
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(mh0 ¼ 125.25 GeV [31]), and an appropriate choice of the
free parameters mA0

and tan β [see Eqs. (30) and (56)], as
discussed below.

1. Pseudoscalar mass A0

This parameter is fixed around 1000 GeV, which is
consistent with the current search results for new scalar
bosons [32,33]. Data recorded by the ATLAS experiment
at the LHC, corresponding to an integrated luminosity of
139 fb−1 from pp collisions at a center-of-mass energy of
13 TeV, were used to search for a heavy Higgs boson, A0,
decaying into ZH0, whereH0 denotes another Higgs boson
with mass mH0

> 125 GeV.

2. Ratio of the VEVs of the two Higgs
doublets, tan β

A lower bound emerges for tan β when examining the
radiative corrections to m1 and m2 in the BLHM, which
suggests that tan β > 1 [1]. On the other hand, the authors
of Ref. [3] set an upper bound to tan β that arises due to
perturbativity requirements on the parameter λ0. Thus,
the range of values that the parameter tan β could acquire
is set according to Eq. (30). Using this equation, for
mA0

¼ 1000 GeV, it is obtained that 1 < tan β < 10.45.
Consistently, in this paper we chose tan β ¼ 3 [5–7] to
carry out our numerical analysis of the production of the
Higgs boson H0.
In this way, scenarios a and b mentioned above offer

realistic values of the Yukawa couplings as they satisfy the
perturbativity requirements and minimize the fine-tuning
constraints as the energy scale f takes on values close to
3000 GeV. Hence, from Eq. (57) we determine the size of
the fine-tuning as the scale of the new physics f takes
certain values in the range of 1 to 3 TeV. In Table II, we
show a measure of the fine-tuning when the energy scale f
takes on values such as 1.0, 1.5, 2.0, 2.5, and 3.0 TeV.
According to the numerical values listed in Table II, the size
of the fine-tuning when f ¼ 1.0 TeV is Ψ ¼ 0.54, which
indicates that there is no fine-tuning in the BLHM [1,18].
The absence of fine-tuning prevails up to Ψ ¼ 2.2, i.e., for
values of the energy scale f close to 2 TeV. The fine-tuning
starts to become significant for f > 2.1 TeV.
In the following numerical analysis, our results are

generated only for scenario a, proposed above. Scenario

b provides nearly identical results. As a summary, we
provide in Table I the values assigned to the parameters
involved in our calculation.
Due to the characteristics of the BLHM, this is based on

two independent global symmetries that break into diago-
nal subgroups at different energy scales, f and F. These
scales represent the scales of the new physics. Therefore, it
is convenient to analyze the H0 production cross section as
a function of the energy scales f and F since the masses of
the particles circulating in the loop of the H0 → γγ; γZ; gg
processes depend on the scales f and F. On the other hand,
one-loop decays of H0 into γγ, γZ, and gg will be helpful
to test the consistency of the current parameter space of
the BLHM.
For the purposes mentioned above, we begin by pre-

senting a numerical analysis of the decay widths for the
H0 → tt; h0h0; gg; WW; ZZ; h0WW; h0ZZ; WWZ; γγ; γZ
processes. In this way, in Fig. 4 we show the behavior
of ΓðH0 → XÞ versus f and ΓðH0 → XÞ versus F, where
ΓðH0 → XÞ denotes the partial decay width of the H0

Higgs. From the first plot [see Fig. 4(a)], we can appreciate
that the dominant and subdominant contributions to the
decay width of H0 (ΓH0

) over the whole analysis interval
of scale f come from the tree-level decays ofH0 into t̄t and
h0h0, respectively. The numerical contributions of these
decays are ΓðH0 → t̄tÞ ∼ 100 GeV and ΓðH0 → h0h0Þ∼
10−1 GeV. For this last contribution, the decay channels
H0 → gg and H0 → WW also contribute with the same
order of magnitude, although they are slightly smaller than
ΓðH0 → h0h0Þ. Notice that the H0 → gg process is a one-
loop decay. Other decay modes that contribute at lower
order but contribute significantly to ΓH0

are the H0 →
ZZ; h0WW; h0ZZ;WWZ decays, whose associated decay
widths are of 10−2–10−3 GeV when f∈ ½1000; 3000� GeV,
which are all tree-level decays. For the remaining one-loop
decays, we find that the H0 → γγ; γZ decays provide
suppressed contributions to the decay width of the H0

Higgs: ΓðH0 → γγÞ ∼ ΓðH0 → γZÞ ∼ 10−4 GeV. For a
better numerical appreciation of the changes of the
different partial decay widths of the H0 Higgs as the f
scale takes values from 1000 to 3000 GeV, in Appendix B
we show some of the values of ΓðH0 → XÞ when f takes
values such as 1000, 2000, and 3000 GeV. Regarding
the second plot [see Fig. 4(b)], which examines the
dependence of ΓðH0 → XÞ on the energy scale F, we
observe that the largest contributions to ΓH0

are again
generated by the H0 → t̄t; h0h0 decays: ΓðH0 → t̄tÞ∼
100 GeV and ΓðH0 → h0h0Þ ∼ 10−1 GeV for the interval
of F ¼ ½3000; 6000� GeV. The processes H0 → gg;WW
and H0 → ZZ; h0WW; h0ZZ also contribute considerably
to the decay width of H0; for these decays, we find that the
corresponding numerical estimates are ΓðH0 → ggÞ∼
ΓðH0 → WWÞ ∼ 10−1 GeV and ΓðH0 → ZZÞ ∼ ΓðH0 →
h0WWÞ ∼ ΓðH0 → h0ZZÞ ∼ 10−2 GeV. Finally, the curves
that provide the most suppressed contributions compared to

TABLE II. Measure of the fine-tuning in the BLHM for some
values of the f scale.

f [TeV] Ψ

1.0 0.54
1.5 1.21
2.0 2.16
2.5 3.37
3.0 4.85
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the main contribution come from the H0 → WWZ and
H0 → γγ; γZ decays; their predicted numerical magnitudes
are 3 and 4 orders of magnitude smaller than ΓðH0 → t̄tÞ,
while the F scale acquires values in the range of 3000 to
6000 GeV. We also report in Appendix B the numerical
values of ΓðH0 → XÞ for a single value of the energy
scale F, F ¼ 3000 GeV. This is because the values that
ΓðH0 → XÞ acquires over the whole range set for F remain
almost a constant, and the numerical sensitivity is reflected
up to several orders of magnitude lower than that reported
in the corresponding table in Appendix B. In summary, the
numerical evaluation tells us that the tree-level decay
channel H0 → t̄t provides the most significant contribution
to the H0 decay width. In contrast, the H0 → γZ decay at

the one-loop level generates the most minor contribution.
On the other hand, we find that ΓðH0 → XÞ shows a greater
sensitivity to the f scale compared to another scale of the
new physics, F.
We also calculate the branching ratios of the Higgs boson

H0 as functions of the energy scale f and F, as shown in
Fig. 5. The plots are obtained considering the total decay
width of the H0 Higgs, which contains the following decay
modes: t̄t;WW; ZZ; h0h0; h0WW; h0ZZ;WWZ; γγ; γZ; gg.
From Fig. 5(a), we can see the curves that represent the
estimates of the branching ratios versus the f scale when it
takes values from 1000 to 3000 GeV. The H0 → t̄t decay
yields the highest contribution; its associated branching
ratio is BrðH0 → t̄tÞ ∼ 10−1. On the opposite side, we find

FIG. 4. Decay widths for the H0 → X processes where X ¼ tt, h0h0, gg, WW, ZZ, h0WW, h0ZZ,WWZ, γγ, γZ. (a) ΓðH0 → XÞ as a
function of the f energy scale (with the fixed value of F ¼ 4000 GeV). (b) ΓðH0 → XÞ as a function of the F energy scale (with the
fixed value of f ¼ 1000 GeV).

FIG. 5. Branching ratios for theH0 → X processes where X ¼ tt, h0h0, gg,WW, ZZ, h0WW, h0ZZ,WWZ, γγ, γZ. (a) BrðH0 → XÞ as
a function of the f energy scale (with the fixed value of F ¼ 4000 GeV). (b) BrðH0 → XÞ as a function of the F energy scale (with the
fixed value of f ¼ 1000 GeV).
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that the most suppressed contribution is generated by the
H0 → γZ decay whose numerical magnitude of its branch-
ing ratio is 10−5. The remaining branching ratios turn out
to be BrðH0 → h0h0Þ∼BrðH0 → ggÞ∼BrðH0 →WWÞ∼
BrðH0 → ZZÞ∼ 10−2, BrðH0 → h0WWÞ ∼ BrðH0 →
h0ZZÞ ∼ 10−3, and BrðH0→WWZÞ∼BrðH0→ γγÞ∼10−4

for f ¼ ½1000; 3000� GeV. In Fig. 5(b) we describe the
behavior of BrðH0 → XÞ when the energy scale F takes
values within the set analysis interval. As can be appre-
ciated in the corresponding plot, the dominant branching
ratios correspond to the tree-level decays (H0 → t̄t; h0h0)
of the H0 Higgs, while the minor contributions arise
for one-loop decays (H0 → γγ; γZ): BrðH0 → t̄tÞ ¼
8.97× 10−1, BrðH0→h0h0Þ¼2.92×10−2, BrðH0 → γγÞ ¼
1.36× 10−4, and BrðH0 → γZÞ ¼ 7.33 × 10−5. For these
cases, the numerical predictions of BrðH0 → XÞ produce
constant values over the whole range of F analysis, which
also happens for the rest of the H0 decays, specifically
H0 → gg;WW;ZZ; h0WW; h0ZZ;WWZ, which generate
the following branching ratios: BrðH0 → ggÞ ¼
2.78 × 10−2, BrðH0 → WWÞ ¼ 2.71 × 10−2, BrðH0 →
ZZÞ ¼ 1.37 × 10−2, BrðH0 → h0WWÞ ¼ 2.25 × 10−3,
BrðH0 → h0ZZÞ ¼ 2.12 × 10−3, and BrðH0 → WWZÞ ¼
7.45 × 10−4. From Figs. 5(a) and 5(b), we find that as f
takes values closer to 3000 GeV, the magnitudes of the
branching ratios are slightly larger. Complementarily, in
Appendix B we provide some values of BrðH0 → XÞ
versus the followings fixed values of f ¼ 1000, 2000,
3000 GeV and F ¼ 3000 GeV. Thereby, BrðH0 → XÞ is
sensitive to variations in the energy scale f. The above
effect does not happen when we vary BrðH0 → XÞ versus
the F scale; this is because, in the study scenario of our
choice, the condition cg ¼ sg removes dependence on the F
scale from (most of) the interaction vertices.

B. Higgs boson production H0 of the BLHM
at the LHC

We present an approximate study of the production cross
section of the H0 Higgs in the BLHM, which has the decay
channels γγ, γZ, and gg. For this purpose, we employ the
Breit-Wigner resonant cross section [27]. In this approxi-
mation, the production cross section via gluon fusion can
be calculated as follows:

σðgg→H0 → YÞ ¼ π

36

BrðH0 → ggÞBrðH0 → YÞ
m2

H0

; ð101Þ

where Y ¼ γγ; γZ; gg. The cross section σðgg → H0 → YÞ
is determined just at the resonance of the H0 Higgs.
Although the method of analysis proposed in this sub-
section approximates the production mechanism of a
massive scalar particle via gluon fusion, it could provide
experimental guidance for the search for new heavy
particles of the TeV order.

Based on previous studies where the sensitivity of theH0

partial decay widths and branching ratios on the F energy
scale has been analyzed, the numerical estimates suggest
that both ΓðH0 → XÞ and BrðH0 → XÞ show almost
negligible sensitivity to the F energy scale. Thereby, we
compute theH0 production cross section only as a function
of the parameter f, as shown in Fig. 6. In this figure, we
observe that the curve providing the largest contribution is
generated by the production cross section of H0 with gg
final states, σðgg → H0 → ggÞ ¼ ½25.45; 26.48� fb when
f ¼ ½1000; 3000� GeV. On the other hand, the weakest
contributions arise for σðgg → H0 → γγÞ ¼ ½1.25; 1.59� ×
10−1 fb and σðgg → H0 → γZÞ ¼ ½6.72; 7.46� × 10−2 fb
(see the corresponding table in Appendix B for more
details). Additionally, we discuss the behavior of σðgg →
H0 → YÞ versus mH0

, as can be seen in Fig. 7. For the
energy scale f, we assign fixed values such as 1000 and
2000 GeV. With these input values for f, we generate
the curves shown in Figs. 7(a) and 7(b). Based on the
corresponding figures and the numerical estimations, we
obtain that the dominant contribution to σðgg → H0 → YÞ
is reached through the H0 → gg decay channel when
f ¼ 1000 GeV, its production cross section is σðgg →
H0 → ggÞ ¼ ½26.73; 1.68 × 10−1� fb for mH0

¼ ½1000;
3000� GeV. The subdominant contribution emerges when
f ¼ 2000 GeV, being σðgg → H0 → ggÞ ¼ ½26.61;
3.08 × 10−1� fb. The other curves generate slightly more
suppressed contributions than the main contribution:
σðgg → H0 → γγÞ ¼ ½1.29 × 10−1; 2.21 × 10−2� fb and
σðgg → H0 → γZÞ ¼ ½7.15 × 10−2; 7.14 × 10−3� fb when
f ¼ 1000 GeV, and σðgg → H0 → γγÞ ¼ ½1.57 × 10−1;
3.04 × 10−2� fb and σðgg → H0 → γZÞ ¼ ½7.75 × 10−2;
1.02 × 10−2� fb when f ¼ 2000 GeV.
In the experimental scenario, heavy Higgs production

mechanisms such as the H0 Higgs of the BLHM could be
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FIG. 6. Production cross section of the H0 Higgs via gluon
fusion as a function of the energy scale f (with the fixed value
of F ¼ 4000 GeV).
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studied in the context of the LHC and its upgrades [High
Luminosity (HL)-LHC and High Energy (HE)-LHC]. After
LHC Long Shutdown 2, the expected integrated luminosity

of the LHC in Run 3 is approximately 450 fb−1 [34]. On
the other hand, the HL-LHC [35–37] is planned to operate
at a center-of-mass energy of 14 TeV with an integrated
luminosity of 3 000 fb−1, while the HE-LHC [35–37]
would provide pp collisions with a center-of-mass energy
of 27 TeV and an integrated luminosity of 10 000 fb−1.
Considering the production cross sections σðgg→H0 → YÞ
and the expected integrated luminosities of the colliders
mentioned above, we can obtain an estimate of the number
of events that could be observed at the colliders for the
processes of interest. For the purpose of generating a
benchmark, considering mH0

≈ 1000 GeV, we provide in
Tables III,IV,V the expected events related to H0 →
gg; γγ; γZ decays when the scale of the new physics f
takes specific values such as 1000, 2000, and 3000 GeV.
According to the numerical data, the one-loop decay
channel of the H0 Higgs corresponding to two gluons
would be of great interest for the search for the hypothetical
heavy particle, theH0 Higgs of the BLHM. Concerning the
H0 → γγ; γZ decays, their respective expected event mag-
nitudes also promise a very optimistic scenario as they
appear to be within the measurement range of the pre-
viously proposed future colliders.

V. CONCLUSIONS

In this work, we performed a phenomenological study of
the production of the heavy Higgs boson H0 via gluon
fusion in the context of the BLHM. Specifically, we
analyzed the one-loop decays of the H0 Higgs, which
refer to H0 → gg; γγ; γZ processes. For these decays, the
effects induced by the new particles of the BLHM and the
particles of the SMwere considered. As the BLHM has two
independent energy scales, f and F, these represent the
scales of the new physics of the model. In this way, we
generated phenomenological results for the branching
ratios and production cross sections of the H0 Higgs in
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FIG. 7. Production cross section of the H0 Higgs via gluon fusion as a function of mH0
with (a) f ¼ 1 TeV and (b) f ¼ 2 TeV.

TABLE III. Number of expected events related to H0 → gg
decay.

No. of expected events at the colliders

LHC HL-LHC HE-LHC
f [TeV] L ¼ 450 fb−1 L ¼ 3000 fb−1 L ¼ 10000 fb−1

1 11 453 76 355 254 516
2 11 809 78 731 262 438
3 11 914 79 431 264 769

TABLE IV. Number of expected events related to H0 → γγ
decay.

No. of expected events at the colliders

LHC HL-LHC HE-LHC
f [TeV] L ¼ 450 fb−1 L ¼ 3000 fb−1 L ¼ 10000 fb−1

1 56 376 1252
2 68 457 1523
3 71 476 1587

TABLE V. Number of expected events related to H0 → γZ
decay.

No. of expected events at the colliders

LHC HL-LHC HE-LHC
f [TeV] L ¼ 450 fb−1 L ¼ 3000 fb−1 L ¼ 10000 fb−1

1 30 202 672
2 33 220 732
3 34 224 746
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analysis regions corresponding to f ¼ ½1000; 3000� GeV
and F ¼ ½3000; 6000� GeV. For the considered intervals
of the scales f and F, we analyzed the dependence of
BrðH0 → XÞ on the aforementioned scales and found that
the branching ratio shows sensitivity to variations in the f
scale; this effect is not observed with the F scale. In the two
study scenarios, the dominant branching ratios at the tree
and one-loop levels correspond to processes H0 → t̄t and
H0 → gg whose numerical predictions are of 10−1 and
10−2, respectively. A rough estimate of the production cross
section of H0 was also implemented via gluon fusion. For
this case, the numerical estimates of σðgg → H0 → YÞ tell
us that the H0 → gg process offers a very promising
scenario for the search for the heavy particle H0 in future
experiments such as the LHC, HL-LHC, and HE-LHC.
In this approach, we have that for mH0

≈ 1000 GeV and
f ¼ 1 TeV we could estimate around 11453 events at the

LHC, 76 355 events at the HL-LHC, and 254516 events at
the HE-LHC, which is a very optimistic scenario for the
study of the scalar H0 predicted by the BLHM.
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APPENDIX A: EFFECTIVE COUPLINGS
IN THE BLHM

In this appendix, we present the effective couplings
involved in our calculation of the production of the heavy
Higgs boson H0.

TABLE VI. Effective couplings involved in our calculation of the production of the H0 Higgs.

Effective couplings

gH0 t̄t
3sαy1y2y3

ðy2
1
þy2

2
Þ1=2ðy2

1
þy2

3
Þ1=2 −

2sαsβy2y3ðy23−2y21Þv
fðy2

1
þy2

2
Þ1=2ðy2

1
þy2

3
Þ

gH0T̄T − sαsβvy21ððy22þ2y2
3
Þy4

1
þð8y2

2
y2
3
−2y4

3
Þy2

1
−y2

2
ðy4

2
þ3y2

3
y2
2
−7y4

3
ÞÞ

fðy2
1
þy2Þ3=2ðy22−y23Þðy21þy2

3
Þ

gH0T5T5 − 9sαsβvy21y
2
2
y3
3

fðy2
1
þy2

3
Þ3=2ðy2

3
−y2

2
Þ

gH0T6T6
− cαcβvy1

f

gH0T̄2=3T2=3 − vy1ð4sαsβðy23−y21Þþcαcβðy21þy2
3
ÞÞ

fðy2
1
þy2

3
Þ

gZt̄t − g
12cW

ð3c2W þ s2Wð4 − y2
1

y2
1
þy2

2

ÞÞ − gv2

48cWf2ðy2
1
þy2

2
Þ4ðy2

1
þy2

3
Þ2 ðs2βð3cWy23ð16y101 þ 64y22y

8
1 þ 96y42y

6
1 þ 64y62y

4
1 − 4y41 þ 16y82y

2
1

þ4y22y
2
1 − y42 þ 16ðy21 þ y22Þ4y23Þ − 16s2Wðy21 þ y22Þ3ð4ðy2 − y3Þðy2þ y3Þy41

− 4ðy43 þ 2y22y
2
3Þy21 − 3y22y

4
3ÞÞ − 64c2βs

2
Wy

2
2ðy21 þ y22Þ3ðy21 þ y23Þ2Þ

gZT̄T gð3c2W−s2WÞ
6cW

−
2gs2Wv2y2

1
ð4c2βðy22−y23Þ2þs2βð2y22þy2

3
Þ2Þ

3cWf2ðy2
1
þy2

2
Þðy2

2
−y2

3
Þ2

gZT̄2=3T2=3 − gð3c2Wþ7s2WÞ
6cW

−
5gs2Ws2βv

2

3cWf2

gZT̄5T5 − 2gs2W
3cW

þ 3gs2βv
2y2

1
y2
2
y2
3
ðc2Wð6y2

1
−3y2

2
þ9y2

3
Þ−s2Wy2

3
Þ

4cWf2ðy2
2
−y2

3
Þ2ðy2

1
þy2

3
Þ2

gZT̄6T6 − 2gs2W
3cW

þ 5cWc2βgv
2

4f2

TABLE VII. Continuation of Table VI.

gγT̄T 2
3
gsW þ gsWv2

3f2 ðc2β þ s2βðy22 − 2y21Þ2y23 þ y21ð4cβðy22 − y23Þ2 þ s2βð2y22 − y23Þ2Þ
gγT̄5T5

2
3
gsW þ 3

4
gsW

�
s2βv

2y2
1
y2
2
y2
3
ð6y2

1
−3y2

2
þ10y2

3
Þ

f2ðy2
2
−y2

3
Þ2ðy2

1
þy2

3
Þ2

�
gγT̄6T6

2
3
gsW þ 5gsWc2βv

2

4f2

gγT̄2=3T2=3 2
3
gsW þ 5gsWs2βv

2

3f2

(Table continued)
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APPENDIX B: NUMERICAL VALUES FOR ΓðH0 → XÞ, BrðH0 → XÞ, AND σðgg → H0 → YÞ
In this appendix, we provide the numerical values of the partial decay widths, branching ratios, and production cross

sections of the Higgs boson H0 when the scales f and F take certain fixed values.

TABLE VII. (Continued)

gW 0W 0Z gcW − gv2xsð2c2g−2s2g−cgsgcWð2cWþ1ÞÞ
2cgsgðf2þF2Þ

gW 0W 0A gsW − gv2cWsWxs
ðf2þF2Þ

gWWZ0 gcWv2xs
f2þF2

gWWA gsW − g2cWsWv2xs
ðf2þF2Þ

gWWZ gcW − g2cWv2xsð2cWþ1Þ
2ðf2þF2Þ

gh0ZZ0 − gsWvðc2g−s2gÞðg2þg02Þ sinðαþβÞ
2cgsgg0

þ gsWv3ðc2g−s2gÞðg2þg02Þ sinðαþβÞ
6cgsgg0f2

þ v3xs sinðαþβÞðc2ggg0sWðg2þg02Þþ2cgsgðg4s2Wþg2g02ð2s2Wþ1Þþg04s2WÞ−gg0s2gsWðg2þg02ÞÞ
2cgsgg02ðf2þF2Þ

gh0ZZ gmW sinðαþβÞ
c2W

− s2Wv3ðg2þg02Þ sinðαþβÞ
6g02f2 − sWv3xsðg2þg02Þ sinðαþβÞð−c2ggg0þcgsgsWðg2þg02Þþgg0s2gÞ

2cgsgg02ðf2þF2Þ

gH0ZZ
s2Wvðg2þg02Þ2 cosðαþβÞ

2g02 − s2Wv3ðg2þg02Þ2 cosðαþβÞ
6g02f2 − sWv3xsðg2þg02Þ cosðαþβÞðc2gð−gÞg0þcgsgsWðg2þg02Þþgg0s2gÞ

2cgsgg02ðf2þF2Þ

gH0ZZ0 − gsWvðc2g−s2gÞðg2þg02Þ cosðαþβÞ
2cgsgg0

þ gsWv3ðc2g−s2gÞðg2þg02Þ cosðαþβÞ
6cgsgg0f2

þ v3xs cosðαþβÞðc2ggg0sWðg2þg02Þþ2cgsgðg4s2Wþg2g02ð2s2Wþ1Þþg04s2WÞ−gg0s2gsWðg2þg02ÞÞ
2cgsgg02ðf2þF2Þ

gH0WW 1
2
g2v cosðαþ βÞ − g2v3 cosðαþβÞ

6f2
þ g3sWv3xsðc2g−cgsg−s2gÞ cosðαþβÞ

2cgsgg0ðf2þF2Þ

gH0WW0 − g2vðc2g−s2gÞ cosðαþβÞ
2cgsg

þ g2v3ðc2g−s2gÞ cosðαþβÞ
6cgsgf2

þ g3sWv3xsðc2gþ4cgsg−s2gÞ cosðαþβÞ
2cgsgg0ðf2þF2Þ

gH0W 0W0 − 1
2
g2v cosðαþ βÞ − g2v3ðc4gþs4gÞ cosðαþβÞ

12c2gs2gf2
− g3sWv3xsðc2g−cgsg−s2gÞ cosðαþβÞ

2cgsgg0ðf2þF2Þ

gh0WW gmW sinðαþ βÞ − 4m2
W sinðαþβÞ
3gf2 þ 4m3

WsWxsðc2g−cgsg−s2gÞ sinðαþβÞ
cgsgg0ðf2þF2Þ

gh0WW0 − g2vðc2g−s2gÞ sinðαþβÞ
2cgsg

þ g2v3ðc2g−s2gÞ sinðαþβÞ
6cgsgf2

þ g3sWv3xsðc2gþ4cgsg−s2gÞ sinðαþβÞ
2cgsgg0ðf2þF2Þ

gH0h0h0
1
4
vλ0ð3 cosð3α − βÞ þ cosðαþ βÞÞ

TABLE VIII. Numerical values of the partial decay width of the Higgs boson H0, corresponding to Fig. 4. Columns 2–4 of this table
show the numerical changes of ΓðH0 → XÞ vs. f (for F ¼ 4000 GeV), while column 5 of ΓðH0 → XÞ vs. F (for f ¼ 1000 GeV).

ΓðH0 → XÞ [GeV]
F ¼ 4000 GeV f ¼ 1000 GeV

X f ¼ 1 TeV f ¼ 2 TeV f ¼ 3 TeV F ¼ 3 TeV

tt 4.89 × 100 4.84 × 100 4.82 × 100 4.88 × 100

h0h0 1.59 × 10−1 1.59 × 10−1 1.59 × 10−1 1.59 × 10−1

gg 1.51 × 10−1 1.52 × 10−1 1.52 × 10−1 1.51 × 10−1

WW 1.47 × 10−1 1.47 × 10−1 1.47 × 10−1 1.47 × 10−1

ZZ 7.45 × 10−2 7.45 × 10−2 7.45 × 10−2 7.45 × 10−2

h0WW 1.22 × 10−2 1.22 × 10−2 1.22 × 10−2 1.22 × 10−2

h0ZZ 1.15 × 10−2 1.15 × 10−2 1.15 × 10−2 1.15 × 10−2

WWZ 4.06 × 10−3 4.06 × 10−3 4.06 × 10−3 4.06 × 10−3

γγ 7.44 × 10−4 8.83 × 10−4 9.14 × 10−4 7.44 × 10−4

γZ 4.00 × 10−4 4.24 × 10−4 4.30 × 10−4 3.99 × 10−4
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