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Abstract
The CMS collaboration at the Large Hadron Collider (LHC) searched for a charged Higgs boson, in the
mass range of 300 to 700 GeV, decaying into a W± boson and a heavy neutral Higgs boson of mass 200 GeV,
which successively decays into a pair of tau leptons, in proton-proton collisions at

√
s = 13 TeV. In this let-

ter, focusing on the Georgi-Machacek (GM) model, I discuss the parameter space, allowed by the theoretical
and experimental constraints, for which the limits on this process obtained by the CMS can be accommo-
dated. The study in this letter also shows that, for the choice of the parameters, the decay of the charged
Higgs boson H±

3 to W± and a heavy neutral Higgs boson H is preferred over the decay to any gauge boson
and any other neutral or charged Higgs bosons. I also present the values of production cross-section times
branching ratio for the decay of H to a pair of b-quarks at

√
s = 14 TeV.

Keywords: beyond Standard Model, charged Higgs boson,
heavy neutral Higgs boson, lepton, collider, Georgi-Machacek
model, triplet Higgs
DOI: 10.31526/LHEP.2024.518

1. INTRODUCTION
The discovery of the Higgs boson at the LHC [1, 2] brings the
Standard Model (SM) into triumphant, though it cannot ex-
plain all of the natural observations and theoretical problems.
To resolve these deficiencies, one of the common practices is to
add higher multiplets, like additional singlet, doublet, or triplet
to the scalar sector of the SM. In this letter, I am interested in
a model where two scalar triplets, one real and one complex,
are added to the SM, which is popularly known as the Georgi-
Machacek (GM) model [3, 4, 5]. The custodial symmetry is pre-
served in this model, i.e., ρ = 1 [6]. The constraints on the pa-
rameter space of the model are already well studied in the liter-
ature [7, 8, 9, 10, 11, 12, 13, 14, 15], and also a calculator is avail-
able [16] to calculate all the constraints. Various phenomeno-
logical works [17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29]
on this model enrich the knowledge of the reader. The articles
[30, 31, 32] explore the decay of the CP-odd singly charged
Higgs boson, but the channel probed in this letter, first de-
scribed in the paper of the CMS experiment [33], is still un-
touched in the literature for the GM model.

The mass mH± of any singly charged Higgs boson H± can
be split into three regions, heavy (mH± > mt − mb), interme-
diate (mH± ≈ mt), and light (mH± < mt − mb), where mt and
mb are top quark and bottom quark masses, respectively. This
letter addresses the production of heavy-charged Higgs, and
as it is associated with top and bottom quarks at LHC, I also
consider that production channel, i.e., pp → tbH±.

The Georgi-Machacek model is formulated by the exten-
sion of the scalar sector of the SM by one real and one com-
plex triplet with equal vacuum expectation value (vev) which
results in the preservation of the custodial symmetry. Besides
the two CP-even neutral Higgs bosons h and H, one CP-odd
fermiophilic neutral Higgs H3, and one CP-even but fermio-
phobic neutral Higgs H5, GM model consists of four singly
charged Higgs H±

3 , H±
5 , and two doubly charged Higgs H±±

5 .
H3 and H±

3 are the members of the custodial triplet and H5,

H±
5 , and H±±

5 are the members of the custodial quintuplet shar-
ing the common mass m3 and m5, respectively. The produc-
tion cross-section of H±

5 is much lower than that of H±
3 and

hence, we are interested in the production of singly charged
scalar of the custodial triplet via pp → tbH±

3 . Next, consid-
ering the charged Higgs decay to one gauge boson and one
Higgs, this H±

3 can decay into W±h, W±H, W±H5, W∓H±±
5 ,

and ZH±
5 . For the choice of parameter space, it is shown that

the branching ratio of H±
3 → W±H is maximum. Also, follow-

ing [33], I am interested in singly charged Higgs decay to W±

and a heavy neutral Higgs further decaying into τ+τ−, and
the quintuplet scalars are fermiophobic. My automatic choice is
pp → tbH±

3 , H±
3 → W±H, H → τ+τ−. To probe this channel, I

have also considered the parameter space allowed by the theo-
retical as well as experimental data and finally showed that the
GM model can accommodate the observed limit obtained by
the CMS experiment without constraining the parameter space.
Besides, I present the possible values of cross-section times
branching ratio for the channel pp → tbH±

3 , H±
3 → W±H, and

H → bb at
√

s = 14 TeV.
This letter is arranged as follows. Section 2 describes the

model briefly, Section 3 explains the constraints, Section 4 gives
the results, and Section 5 finally summarizes and concludes.

2. THE MODEL
In addition to the SM doublet Φ = (ϕ+, ϕ0)T , the scalar sector
of the Georgi-Machacek (GM) model consists of two triplets.
Following the notations of [34], the real triplet of hypercharge
Y = 0 and the complex triplet with Y = 2 are ξ = (ξ+, ξ0, ξ−)T

and χ = (χ++, χ+, χ0)T , respectively.
In terms of bidoublet and bitriplet,

Φ =

(
ϕ0∗ ϕ+

ϕ− ϕ0

)
, X =

 χ0∗ ξ+ χ++

χ− ξ0 χ+

χ−− ξ− χ0

 , (1)
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the scalar potential can be written as,

V(Φ, X) =
µ2

2

2
Tr

(
Φ†Φ

)
+

µ3
2

2
Tr

(
X†X

)
+ λ1

[
Tr

(
Φ†Φ

)]2
+ λ2 Tr

(
Φ†Φ

)
Tr

(
X†X

)
+ λ3 Tr

(
X†XX†X

)
+ λ4

[
Tr

(
X†X

)]2

− λ5
4

Tr
(

Φ†σaΦσb
)

Tr
(

X†taXtb
)

− M1
4

Tr
(

Φ†σaΦσb
) (

UXU†
)

ab

− M2 Tr
(

X†taXtb
) (

UXU†
)

ab
,

(2)

where σa are the Pauli matrices. The matrices tas and U are,

t1 =
1√
2

0 1 0
1 0 1
0 1 0

 ,

t2 =
1√
2

0 −i 0
i 0 −i
0 i 0

 ,

t3 =

1 0 0
0 0 0
0 0 −1

 ,

U =
1√
2

−1 0 1
−i 0 −i
0

√
2 0

 .

(3)

To preserve the custodial symmetry, the vevs of the two
triplets are the same and equal to v2. The SM doublet vev is

equal to v1/
√

2 leading to
√

v2
1 + 8v2

2 = v ≈ 246 GeV. I also

consider tan β = 2
√

2v2/v1.
The scalar sector of the GM model possesses ten physical

scalars, which can be expressed as

H±±
5 = χ±±, H±

5 =

(
χ± − ξ±

)
√

2
, H0

5 =

√
2
3

ξ0 −
√

1
3

χ0R,

H±
3 = − sin βϕ± + cos β

(
χ± + ξ±

)
√

2
,

H0
3 = − sin βϕ0I + cos βχ0I ,

h = cos αϕ0R − sin α

√
1
3

ξ0 +

√
2
3

χ0R,

H = sin αϕ0R + cos α

√
1
3

ξ0 +

√
2
3

χ0R.

(4)

The mass-squared matrices of h and H are given by M2 =(
M11

2 M12
2

M21
2 M22

2

)
, with M2

11 = 8λ1v1
2, M2

12 = M2
21 =

√
3

2 [−M1 +

4(2λ2 − λ5)v2]v1, M2
22 =

M1v2
1

4v2
. One may easily obtain the

mixing angle α from tan 2α = 2M12
2

M22
2−M11

2 . H±±,±,0
5 have the

mass m5 =
√

M1
4v2

v1
2 + 12M2v2 +

3
2 λ5v1

2 + 8λ3v22, and H±,0
3

possess the mass m3 =
√
( M1

4v2
+ λ5

2 )v2. h is considered lighter

than H, and the square of their masses is given by mh,H
2 =

(M11
2 +M22

2 ∓
√
(M11

2 −M22
2)2 + 4(M12

2)2)/2.

3. CONSTRAINTS FROM THEORY AND
LHC DATA

Theoretical constraints in the GM model mainly arise from the
perturbative unitarity, electroweak vacuum stability, and the
constraints from oblique parameters [7, 34]. For the constraints
coming from the LHC Higgs signal data at

√
s = 13 TeV and

the LHC data for the decay of doubly charged Higgs to the
same sign W bosons, I follow [35, 36, 39]. Here, I consider
the CP-even neutral lighter scalar h as the SM-like Higgs with
mh ≈ 125 GeV. The coupling modifiers for h are given by

κh
f =

v
v1

cα, κh
V = − 1

3v

(
8
√

3sαv2 − 3cαv1

)
. (5)

For the h → γγ decay, the charged scalars (H±±
5 , H±

3,5) also take
part and hence that is also to be considered in case of the con-
straints from LHC Higgs data. Following [33], the mass of the
CP-even neutral heavier scalar H is set at 200 GeV, and the mass
(m3) of the CP-odd scalars varies from 300 to 700 GeV. Also,
the mass (m5) of the CP-even fermiophobic scalars varies from
80 to 1000 GeV. The other parameters are varied as follows:
5 ≤ v2 ≤ 60 GeV, −1 ≤ sin α ≤ 1, 0 ≤ M1,2 ≤ 1000 GeV. The
allowed parameter spaces in the m3 − m5, m3 − v2, sin α − v2,
M2 − M1 plane are shown in Figure 1 as a brief illustration.
In this plot, I also showed the production cross-section times
branching ratio of the channel pp → tbH±

3 , H±
3 → W±H,

H → τ+τ− at
√

s = 13 TeV for some allowed parameter points.
I have not shown the cross-section times branching ratio for the
points for which this product is too small.
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FIGURE 1: Allowed parameter space (green and colored points)
in the m3 − m5, m3 − v2, sin α − v2, M2 − M1 plane for mh =
125 GeV and mH = 200 GeV from theoretical constraints and
LHC data at

√
s = 13 TeV. σ(pp → tbH±

3 ) × BR(H±
3 →

W±H)× BR(H → τ+τ−) in fb are also shown for points (col-
ored points except green) for which this value is relatively high.
The values of this cross-section times branching ratio are rela-
tively lower for green points, and hence not shown in the plots.

4. RESULTS
This letter focuses on the production and decay of a singly
charged Higgs boson decaying into one gauge boson and an-
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other Higgs boson followed by the decay of this Higgs bo-
son into two tau leptons following the results obtained in the
CMS experiment [33]. GM model consists of two types of singly
charged Higgs (H±

3,5), but the production cross section of H±
3

is higher than that of H±
5 through the pp → tbH± produc-

tion mechanism. The decay of H±
3 to one gauge boson and

one Higgs leads to H±
3 → W±h, W±H, W±H5, W∓H±±

5 ,
ZH±

5 . Figure 2 shows that for two different choices of the scalar
masses, triplet vevs, and mixing angle α, the branching ratio of
H±

3 → W±H is maximum among all other decay channels. The
sets of parameters in this figure are not consistent with the al-
lowed parameter space, but only for illustration purposes. I set
mH = 200 GeV throughout this work following the reference
paper.
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FIGURE 2: Branching ratio of H±
3 → W±h, W±H, W±H5,

W∓H±±
5 , ZH±

5 for mH = 200 GeV, M1 = M2 = 100 GeV.

Now, H can decay into a pair of SM as well as BSM parti-
cles. Following [33], H → τ+τ− decay is studied here followed
by the study of H → bb as future reference. In Figure 1, be-
sides the allowed parameter spaces of the GM model (green
points), I plot σ(pp → tbH±

3 )× BR(H±
3 → W±H)× BR(H →

τ+τ−) in fb at
√

s = 13 TeV for the allowed points for which
this value is relatively large. Next, in Figure 3, I also showed
σ(pp → tbH±

3 ) × BR(H±
3 → W±H) × BR(H → bb) in fb

at
√

s = 14 TeV for the allowed points of the GM model. The
points for which this value is relatively small are not shown in
this figure. To do this, I implemented the model into the Feyn-
Rule file [37] and obtained the UFO model file for MadGraph
[38].

In the CMS experimental paper, where σ(pp → tbH±) ×
BR(H± → W±H) × BR(H → τ+τ−) in pb is plotted as a
function of mH± in GeV varying from 300 to 700 GeV at

√
s =

13 TeV, mH = 200 GeV, the production cross-section times the

branching ratios have their maximum and minimum value at
0.080 pb at mH± = 300 GeV and 0.013 pb at mH± = 700 GeV, re-
spectively. From different allowed parameter points, it can be
seen that the production cross-section times branching ratios in
pb never reach that value, and hence, it can be inferred that the
GM model accommodates the experimental results from [33]
very well. Therefore, there is no cut-off in the parameter space
from this experimental result.

From different indirect constraints, there are limits on the
triplet vev v2 and the strongest one coming from the b → sγ
data [7], which shows that, for the triplet Higgs mass ranging
from 300 to 700 GeV, the vev of the triplet can go upto 50 GeV.
Besides, the quintuplet Higgs mass may obtain values as high
as 700 GeV. However, these higher values of v2 or m5 do not
change our observations and the parameter space of the GM
model obtains no constraints from the referred CMS result.
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FIGURE 3: Product of cross section and branching ratio for
pp → tbH±

3 , H±
3 → W±H, H → bb at

√
s = 14 TeV for the

some allowed points in m3 − m5, m3 − v2, sin α − v2, M1 − M2
plane.

5. SUMMARY AND CONCLUSIONS
The GM model, where the scalar sector of the SM is extended
by one real and one complex triplet, preserves the custodial
symmetry, and I choose this model to see whether it can ac-
commodate the observed limit of the production cross-section
of singly charged Higgs boson with mass 300–700 GeV times
its decay to W± and a heavy neutral Higgs with mass 200 GeV,
which further decays into a pair of tau leptons as studied in
[33]. The scalar sector of the GM model contains ten physical
scalars, where four are neutral (h, H, H3, H5), four are singly
charged (H±

3,5), and two are doubly charged (H±±
5 ). Among

the singly charged particles, the cross-section of H±
3 is higher,

and the decay branching ratio of this to W±H is maximum
among other possible decays of H±

3 to one gauge boson and
one Higgs boson. Therefore, this letter studies the process
pp → tbH±

3 → tbW±H → tbW±τ+τ− for different param-
eter choices of the GM model and shows that this model can
accommodate the observed limit obtained from the CMS ex-
perimental result. However, any future modification from the
LHC data for this channel can change this inference and also
can probe the parameter space of the GM model. This letter
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also studies the process pp → tbH±
3 → tbW±H → tbW±bb for

the allowed parameter points and predicts the corresponding
cross-section times branching ratio for future reference.
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