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A B S T R A C T

We investigate two extensions of the standard model that include particle dark matter candidates: the Next-
to-Two Higgs Doublet Model and the Next-to-minimal Supersymmetric Standard Model. These models feature
a non-Standard Model like CP-even scalar with a sub-TeV mass, denoted by 𝐻2, among other particles. At
a 13 TeV proton–proton collider, the primary production channel for such scalars is via the fusion of a pair
of gluons. Subsequently, these scalars can decay invisibly into a pair of dark matter candidates, which can
be dominant. In the supersymmetric model, it is possible for the Lightest Supersymmetric Particle (LSP) and
Next-to Lightest Supersymmetric Particle (NLSP) to be mass degenerate, leading to quasi-invisible 𝐻2 decays
to LSP+NLSP and NLSP+NLSP. We present the predictions of both models for this challenging scenario while
ensuring compatibility with recent experimental constraints.
1. Introduction

The discovery of the Standard Model (SM) like Higgs boson at the
Large Hadron Collider (LHC) (Aad et al., 2012; Chatrchyan et al., 2012)
marked the completion of the SM of particle physics, and opened the
door for what could lay beyond it, which is usually called Beyond
the SM (BSM) phenomenology. The SM suffers from multiple short-
comings, such as lacking a Dark Matter (DM) candidate, the issue of
neutrino mass, the lightness of the Higgs mass (the hierarchy problem),
and other issues. The limitations of the SM motivate the construction
of several extensions. For instance, a well-known extension is the
Minimal-Supersymmetric Standard Model (MSSM), which solves the
hierarchy problem and provides a DM candidate. However, given the
absence of supersymmetry (SUSY) at collider searches, it is possible
to consider a case where most SUSY particles reside at high scales
beyond the reach of current experiments. What remains could include
the extended Higgs sector of such models. A general non-SUSY version
would be the well-known Two-Higgs-Doublet Model (2HDM), which
allows for broader Higgs sector structures and Yukawa couplings.

However, both the 2HDM and the MSSM have their own issues. The
2HDM, in its simplest form, where both Higgs doublets acquire Vacuum
Expectation Values (VEVs) does not contain a DM candidate. As for the
MSSM, it contains a SUSY Higgs/Higgsino mass term 𝜇 that respects all
symmetry conditions, but it is unclear at which scale it is generated,
which is known in the literature as the ‘‘𝜇-problem’’. Solving the
latter issue leads us naturally to the Next-to-Minimal Supersymmetric
Model (NMSSM), which features an additional SM singlet. A non-SUSY
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version of such a model is the Next-to −2-Higgs Higgs Doublet Model
(N2HDM). Both models are subject to intensive research as they provide
DM candidates and novel phenomenology relevant to LHC and DM
searches.

The Higgs sectors of the N2HDM and NMSSM comprise an SM-
like Higgs (ℎ), CP-even and odd neutral scalars (𝐻1,𝐻2,𝐻3∕𝐴1, 𝐴2),
and charged Higgses (𝐻±). comprehensive reviews of both models are
given in Mühlleitner et al. (2017a) and Ellwanger et al. (2010). In
these models, the DM particle can be an SM singlet. Furthermore, it
is possible for the non-SM Higgs bosons to decay invisibly to DM,
making them difficult to detect if such decays are dominant. Hence,
understanding the size and dominance of these decays in different
parameter regions could be relevant for LHC searches.

A number of papers considered different types of the N2HDM with
either real or complex singlets. For instance, the effects of the mixing
between the doublets and a singlet with ⟨𝑠⟩ ≠ 0 are studied in Chen
et al. (2014), while in Drozd et al. (2014) the model, with a DM
candidate, was confronted with relevant experimental constraints at the
time. Comparing the cases with a real and complex singlet added to
the 2HDM is provided in Dutta et al. (2022), and it was noted that the
case with a real singlet provides larger values of the dark matter relic
abundance (𝛺ℎ2) throughout the parameter space.

On the other hand, the NMSSM is a much richer model given the
number of new SUSY particles and its connection to the Grand Unifica-
tion (GUT) scale. The phenomenology of the Higgs sector in different
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variants of the NMSSM is considered in e.g. Miller et al. (2004), Wang
and Zhu (2020b), Baum et al. (2019), King et al. (2014), Ellwanger
and Hugonie (2012), Telba and Binjonaid (2021a,b). Different types of
DM candidates, including the case with singlet DM, are considered in
e.g. Wang and Zhu (2020a), Domingo et al. (2022), Cao et al. (2023),
Ellwanger and Teixeira (2014), Adhikary et al. (2023). The case where
the DM is singlino-like requires a specific setup in which the parameters
𝜆 and 𝜅 and the ratio 𝜅∕𝜆 are quite small. In this work, we do not
specifically target this scenario, as we are allowing 𝜆 and 𝜅 to be as
large as possible. It is known in the NMSSM that a large value of 𝜆
enhances the tree-level mass of the SM-Higgs boson, although it still
needs to be below 0.7 to abide by GUT scale perturbativity.

From a phenomenological point of view, it is crucial to analyze
the differences between models. Indeed comparing some aspects of
the N2HDM with the NMSSM was performed in different studies. For
example, Mühlleitner et al. (2017b), Azevedo et al. (2019) show that
it is possible to use the couplings sums of the Higgs boson to 𝑉 𝑉
and 𝑓𝑓 to distinguish these models at the LHC, and that future 𝑒+𝑒−

olliders can be used to do so by setting limits on the possible singlet or
seudoscalar admixtures to the SM Higgs. The possibility of explaining
ertain anomalies in the LHC data using the N2HDM and the NMSSM
s considered in Biekötter et al. (2022).

As mentioned earlier, the additional non-SM CP-even scalar field
2 could have dominant decays into DM, hence making the task

f observing it very challenging. Within the context of the MSSM,
nanthanarayan et al. (2015) investigates invisible decays of 𝐻2. The
nalysis includes the case where 𝐻2 decays into the Lightest Supersym-
etric Particle (LSP), which is the DM particle, and Next-to LSP (NLSP)
ith degenerate mass. Such decays are called ‘‘quasi-invisible’’. For the

pecific parameter space, it was found that 𝐵𝑟(𝐻2 → 𝜒1𝜒1) is 16% at
ost. As for the NMSSM, and as far as we know, no dedicated analysis
as performed for such cases, nor a comparison to the N2HDM was
ade.

We fill this gap, limiting our analysis to the second lightest CP-even
on-SM-like Higgs (𝐻2). Firstly, we will ask what are the maximum
ranching ratios of 𝐻2 into DM given the latest experimental con-
traints. Second, we study the production of 𝐻2 via gluon fusion at a
3 TeV pp collider and calculate the cross-section times the branching
atio. The paper is organized as follows. In Section 2, we present a
eneral overview of the two considered models, their input parameters,
iggs sectors, and relevant quantities. Next, Section 3 details the tools
tilized in this paper and the constraints applied in analyzing the
arameter space of each model. In Section 4, the results for both models
re presented. And finally, the discussion and conclusions are given in
ection 5.

. The models

.1. Overview of the N2HDM

The N2HDM comprises two-Higgs-doublets (𝛷1 and 𝛷2) and a real
inglet (𝛷𝑆 ), and its potential reads (following the conventions in
ühlleitner et al. (2017a)),

= 𝑚2
11|𝛷1|
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22|𝛷2|
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†
1𝛷2 + ℎ.𝑐.) +

𝜆1
2
(𝛷†

1𝛷1)2 +
𝜆2
2
(𝛷†

2𝛷2)2

+ 𝜆3(𝛷
†
1𝛷1)(𝛷

†
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†
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†
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𝜆5
2
[(𝛷†

1𝛷2)2 + ℎ.𝑐.]

+ 1
2
𝑚2
𝑆𝛷

2
𝑆 +

𝜆6
8
𝛷4

𝑆 +
𝜆7
2
(𝛷†

1𝛷1)𝛷2
𝑆 +

𝜆8
2
(𝛷†

2𝛷2)𝛷2
𝑆 , (1)

where the mass parameters 𝑚𝑖𝑗 (𝑖, 𝑗 = 1, 2 and 𝑖 ≤ 𝑗) correspond to the
doublets, while 𝑚𝑆 is the mass parameter of the singlet, and the 𝜆’s are
quartic couplings between the scalar fields. Moreover, the structure of
the potential in Eq. (1) respects two discrete symmetries. The first is a
Z2 symmetry similar to that in the 2HDM, under which 𝛷1 and 𝛷𝑆 are
even, while 𝛷2 is odd. The second is a new Z′

2 symmetry, under which
′

2

𝛷1 and 𝛷2 are even, while 𝛷𝑆 is odd. This Z2 symmetry is responsible
for the existence of a dark matter candidate in the theory if 𝛷𝑆 does
not acquire a VEV.

For the case where the Z′
2 symmetry is intact, only the Higgs

doublets acquire VEVs. This case is named ‘‘the Dark Singlet Phase
(DPS)’’ by the authors of Mühlleitner et al. (2017a), and is the one we
are considering (we will denote the model in the subsequent sections
by DSP-N2HDM). Moreover, the vacuum structure is,

⟨𝛷1⟩ =
1
√

2

(

0
𝑣1

)

, ⟨𝛷2⟩ =
1
√

2

(

0
𝑣2

)

, ⟨𝛷𝑆⟩ = 0 , (2)

where 𝑣1 ≡ 𝑣 cos 𝛽, and 𝑣2 ≡ 𝑣 sin 𝛽, while tan 𝛽 ≡ 𝑣2
𝑣1

, and 𝑣 =
√

𝑣21 + 𝑣22.
The gauge eigenstates are rotated into mass eigenstates via a rotation
matrix  that depends on the rotation angle 𝛼. The rotation is done
such that 𝑚𝐻1

≤ 𝑚𝐻2
. On the other hand, the dark singlet scalar is

𝐻3 ≡ 𝐻𝐷, as it does not mix with the other Higgs scalars.
The couplings of 𝐻1 and 𝐻2 to SM particles are the same as in Type-I

2HDM. For 𝐻2, which is our focus in this paper, 𝑐(𝐻2𝑓𝑓 ) = sin 𝛼∕ sin 𝛽,
while 𝑐(𝐻2𝑉 𝑉 ) = cos (𝛼 − 𝛽). In addition to these couplings, we have
the triple-Higgs couplings that are responsible for the possible decays
of the CP-even Higgs scalars into DM. Particularly,

𝑔(𝐻2𝐻𝐷𝐻𝐷) = 𝜆7𝜈 cos 𝛽 cos 𝛼 + 𝜆8𝜈 sin 𝛽 sin 𝛼 (3)

Finally, the DSP-N2HDM is represented by 11 input parameters,

𝑣 , tan 𝛽 , 𝑚𝐻1
, 𝑚𝐻2

, 𝑚𝐻𝐷
, 𝑚𝐴 , 𝑚𝐻± , 𝛼 , 𝜆6 , 𝜆7 , 𝜆8 ,

where 𝑚𝐻1
is taken to be the mass of the SM Higgs boson, while

𝑚𝐻𝐷
is the mass of the DM candidate, 𝑚𝐴 is the mass of the CP-odd

Higgs boson, 𝑚𝐻± is the mass of the charged Higgs bosons. The other
parameters were defined earlier.

2.2. Overview of the NMSSM

The NMSSM is a well-known SUSY model that solves the 𝜇−problem
in the MSSM due to adding a singlet superfield 𝑆. This singlet couples
to the Higgs doublets, extending the well-known MSSM superpotential.
Following the convention in Ellwanger et al. (2010), the superpotential
is,

𝑊𝑁𝑀𝑆𝑆𝑀 = ℎ𝑢�̂�.�̂�𝑢𝑈
𝑐
𝑅 + ℎ𝑑�̂�𝑑 .�̂��̂�𝑐

𝑅 + ℎ𝑒�̂�𝑑 .�̂�𝐸
𝑐
𝑅

+ 𝜆𝑆�̂�𝑢.�̂�𝑑 + 1
3
𝜅𝑆3. (4)

here �̂� and �̂� are left-handed doublet quark and lepton superfields,
hereas 𝑈 , �̂� and 𝐸 are right-handed singlet up-type quark, down-type
uark, and lepton superfields. Unlike the N2HDM, the NMSSM singlet
uperfield obtains a VEV ⟨𝑆⟩ = 𝑠. To avoid a massless Axion at the weak
cale, the last term is introduced (Peccei and Quinn, 1977b,a).

Furthermore, the soft SUSY breaking lagrangian of the NMSSM is,

𝑠𝑜𝑓𝑡 = 𝑚2
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2
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2
𝑅

+ 𝜆𝐴𝜆𝐻𝑢 ⋅𝐻𝑑𝑆 + 1
3
𝜅𝐴𝜅𝑆

3 + ℎ.𝑐. (5)

which comprises terms for scalar mass parameters, gaugino mass pa-
rameters, trilinear couplings, and dimensionless couplings.

The non-SM CP-even Higgs couplings to two neutralinos (with a
focus on the NLSP and the LSP) is,

𝐻2𝜒
0
𝑖 𝜒

0
𝑗 ∶ 𝜆

√

2
(𝑆21𝛱
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𝑖𝑗 + 𝑆22𝛱
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√
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where 𝑆𝑖𝑗 represent elements of the Higgs mixing matrix, and 𝛱𝑎𝑏
𝑖𝑗 ≡

𝑁𝑖𝑎𝑁𝑗𝑏 + 𝑁𝑖𝑏𝑁𝑗𝑎 are defined in terms of the mixing matrices of the
eutralinos.

Finally, the input parameters of the NMSSM, which are specified at
he GUT scale, are

0, 𝑚1∕2, 𝐴0, 𝐴𝜆, 𝐴𝜅 , 𝜆, 𝜅, tan 𝛽, 𝜇eff.

comprising scalar and gaugino mass parameters, trilinear couplings, the
singlet-Higgs coupling𝜆, the cubic singlet self-coupling 𝜅, and 𝜇eff ≡ 𝜆𝑠.

oth 𝑚𝐻𝑢
and 𝑚𝐻𝑑

can have the same value as 𝑚0 at the GUT scale, but
he case where they differ from 𝑚0 is called the Non-Universal Higgs
MSSM (NUH-NMSSM), which we consider here. However, due to the
ature of the tool we use (described in Section 3) these two parameters
re computed.

. The parameter spaces

.1. The DSP-N2HDM

To generate the mass-spectrum generator of the N2HDM we use
𝟸𝙷𝙳𝙴𝙲𝙰𝚈 (Engeln et al., 2019), and is embedded in the state-of-the-
rt scanning tool 𝚂𝚌𝚊𝚗𝚗𝚎𝚛𝚂 (Mühlleitner et al., 2022). Specifically, we
onsider the dark-singlet phase of the N2HDM and scan the parameter
pace over the following ranges:

𝑚𝐻2
= [10 − 1500] GeV, 𝑚𝐻𝐷

= [1 − 1500] GeV,

𝑚𝐴 = [1 − 1500] GeV, 𝑚𝐻± = [150 − 1500] GeV,

𝛼 = [−1.5 − 1.6], tan 𝛽 = [0.8 − 25],
2
12 = [1 × 10−3 − 5 × 105] GeV2,

𝜆6 = [0 − 20], 𝜆7,8 = [−30 − 30].

he package applies stringent theoretical and experimental constraints
n the model. The former includes perturbative unitarity, boundedness,
acuum stability, constraints from electroweak precision, and flavor
onservation. The latter include Higgs searches and measurements
ia interfacing with 𝙷𝚒𝚐𝚐𝚜𝙱𝚘𝚞𝚗𝚍𝚜 (𝚟.𝟻.𝟿) (Bechtle et al., 2020) and
𝚒𝚐𝚐𝚜𝚂𝚒𝚐𝚗𝚊𝚕𝚜 (𝚟.𝟸.𝟼) (Bechtle et al., 2021), and Dark matter constraints
sing 𝙼𝚒𝚌𝚛𝙾𝙼𝙴𝙶𝙰𝚜 (𝚟.𝟻) (Belanger et al., 2021). It is worth mentioning
hat HiggsBounds provides the production cross-section of 𝐻2 via gluon
usion at 13 TeV via tabulated results from 𝚂𝚞𝚜𝙷𝚒𝟷.𝟼.𝟷 (Harlander et al.,
017).

.2. The NUH-NMSSM

The parameter space of the NMSSM was scanned using 𝙽𝙼𝚂𝚂𝙼𝚃𝚘𝚘𝚕𝚜

𝚟.𝟻.𝟼) (Ellwanger et al., 0000, 2005; Ellwanger and Hugonie, 2006;
as et al., 2012). A combination of random and Markov Chain Monte
arlo (MCMC) sampling methods was deployed. The scanned ranges of
he input parameters are:

𝑚0 = [1 − 4000] GeV, 𝑚1∕2 = [1 − 4000] GeV,

0, 𝐴𝜆, 𝐴𝜅 = [−3000 − 3000] GeV, tan 𝛽 = [1 − 30]

𝜆, 𝜅 = [0.01 − 0.7], 𝜇𝑒𝑓𝑓 = [100 − 1500] GeV.

s mentioned in Section 2.2, the parameters 𝑚𝐻𝑢
and 𝑚𝐻𝑑

are com-
uted, and hence what we are considering here is the NUH-NMSSM.
he constraints implemented in 𝙽𝙼𝚂𝚂𝙼𝚃𝚘𝚘𝚕𝚜 are similar to those in
𝚌𝚊𝚗𝚗𝚎𝚛𝚂 if not more comprehensive (see the tool’s History Section
or all constraints included and the corresponding references). These
nclude non-tachyonic masses, successful Electroweak Symmetry Break-
ng, and the existence of a global minimum, which represents the
heoretical constraints. In contrast, the phenomenological ones include:
lavor physics, LHC constraints on sparticles, satisfying the upper
imit on dark matter relic density using 𝙼𝚒𝚌𝚛𝙾𝙼𝙴𝙶𝙰𝚜 (𝚟.𝟻). As for the

SM-Higgs couplings, we consider recent results from the LHC, and
select points to be within 3𝜎 away from the central values of the
3

combination of ATLAS and CMS results (Tumasyan et al., 2022; ATLAS
Collaboration, 2022), which makes our results subject to the latest LHC
limits. Finally, the production cross-section of 𝐻2 via gluon fusion is
calculated through the method described in Ellwanger and Hugonie
(2022), where the data for the BSM production cross-section at 13
TeV is obtained from CERN Yellow Report (0000) and subsequently
multiplied by the relevant reduced coupling squared. Thus, the cal-
culation accounts for a significant portion of the radiative Quantum
Chromodynamics corrections, leaving theoretical uncertainties of the
order of 𝑂(10%).

4. Results

4.1. The DSP-N2HDM

The results of the N2HDM with a singlet dark matter are shown
in Figures 1.a. to 1.e. We have restricted our analysis to points where
𝑚𝐻2

≤ 1000 GeV, for which a total of 20k successful points are collected.
Fig. 1.a. shows a scatter plot of the branching ratio of 𝐻2 to a pair
of dark matter particles (𝐵𝑟(𝐻2 → 𝐻𝐷𝐻𝐷)) versus 𝑚𝐻2

. The color
indicates the dark matter mass, 𝑚𝐻𝐷

. As can be seen, 𝑚𝐻2
ranges from

222 GeV to 1000 GeV, while 𝑚𝐻𝐷
ranges from 100 GeV to 497 GeV.

he branching ratio 𝐵𝑟(𝐻2 → 𝐻𝐷𝐻𝐷) can reach values close to one,
specially for regions where the mass of the dark singlet is below 200
eV. As the mass increases, the branching ratio reduces significantly,
s seen in the plot’s red corner. A representative point where 𝐵𝑟(𝐻2 →

𝐷𝐻𝐷) ∼ 1 corresponds to the parameter space point: 𝑚𝐻2
= 337 GeV,

𝐻𝐷
= 127 GeV, tan 𝛽 = 3, 𝜎(𝑔𝑔 → 𝐻2) = 1.1 pb, and 𝛺ℎ2 = 𝑂(10−9).

Next, Fig. 1.b. displays the production of 𝐻2 via gluon fusion
𝜎(𝑔𝑔 → 𝐻2)) versus 𝑚𝐻2

. It ranges from 3 × 10−6 pb to 5.8 pb. The
aximum value occurs at 𝑚𝐻2

= 378 GeV, 𝑚𝐻𝐷
= 170 GeV, tan 𝛽 = 1.5,

𝑟(𝐻2 → 𝐻𝐷𝐻𝐷) = 0.95, and 𝛺ℎ2 = 𝑂(10−8). The dependence on tan 𝛽
s shown in Fig. 1.c. First, in the allowed regions, tan 𝛽 takes values
etween 0.9 and 28. We note that most successful points lie in regions
here tan 𝛽 < 5. The distribution of the branching ratio to dark matter
ppears to be nearly uniform. However, smaller values of tan 𝛽 tend to
e associated with branching ratio below 0.1. As tan 𝛽 slightly increases
rom 0.9 to 1.5, the branching ratio exceeds 0.6.

Fig. 1.d. shows the branching ratio times the cross-section. The
alues range between 𝑂(10−12) pb and 5.6 pb. Moreover, for a given
ass of 𝑚𝐻2

, the maximum value of 𝐵𝑟 × 𝜎 slightly decreases with the
ncrease of 𝑚𝐻2

. The maximum value of 𝐵𝑟 × 𝜎 found in the allowed
arameter space is achieved at 𝑚𝐻2

= 378 GeV, 𝑚𝐻𝐷
= 170 GeV, tan 𝛽

1.5, 𝐵𝑟(𝐻2 → 𝐻𝐷𝐻𝐷) = 0.95, and 𝛺ℎ2 = 𝑂(10−8). At this point,
2 mainly decays into 𝑡𝑡 with a percentage of 3%, followed by ℎ1ℎ1 at

.5% and 𝑊 +𝑊 − at 0.4%.
Finally, we note that the relic density in the scanned parameter

pace is almost always below the lower Planck bound, as shown in
ig. 1.e. Hence, while this parameter space provides a candidate for
ark matter, it cannot explain all dark matter phenomena. A represen-
ative point where the relic density is fully explained by this model
orresponds to 𝑚𝐻2

= 914 GeV, 𝑚𝐻𝐷
= 180 GeV, tan 𝛽 = 1.4, 𝐵𝑟(𝐻2 →

𝐷𝐻𝐷) ≈ 0.11, 𝜎(𝑔𝑔 → 𝐻2) ≈ 0.11 pb and 𝛺ℎ2 ≈ 0.11. In this case, the
ominant decay of 𝐻2 is to 𝑡𝑡 pair at 88%.

.2. The NUH-NMSSM

In this subsection, we present the results for the NMSSM with
oundary conditions set at the GUT scale. A total of 120k valid points
re collected, and the data corresponds to 𝑚𝐻2

< 1 TeV. Fig. 2.a
hows the results of our scans in the usual 𝑚0-𝑚1∕2 plane, where the
irst parameter ranges from ∼ 0 to 5961 GeV, while the second ranges
etween 690 GeV and 10460 GeV. As can be seen in the Figure, values
f 𝑚𝐻2

≤ 350 GeV correspond to portions of the parameter space where
1∕2 < 2500 GeV, while 𝑚0 can take the full range of its allowed values.
egions where 𝑚 > 2500 GeV are associated with 𝑚 > 350 GeV.
1∕2 𝐻2
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Fig. 1. Two dimensional scatter plots of (a) 𝐵𝑟(𝐻2 → 𝐻𝐷𝐻𝐷) versus 𝑚𝐻2
with 𝑚𝐻𝐷

shown in color (b) 𝜎(𝑔𝑔 → 𝐻2) versus 𝑚𝐻2
(c) 𝐵𝑟(𝐻2 → 𝐻𝐷𝐻𝐷) versus tan 𝛽 (d) 𝜎 × 𝐵𝑟 versus

𝑚𝐻2
with 𝑚𝐻𝐷

shown in color (e) The relic density.
The shape of the parameter space reflects the fact that we have used
both random scanning method (especially the box where 𝑚1∕2, 𝑚0 <
2500 GeV) as well as the MCMC method described in Section 3.

As mentioned in Section 1, the main production channel of the neu-
tral scalars is via the fusion of two gluons. The results are displayed in
Fig. 2.b where the minimum and the maximum values of the production
as a function of 𝑚𝐻2

are (10−10) pb and 2.2 pb, respectively. In the
subsequent analysis, we require that 𝐵𝑟(𝐻2 → 𝜒1𝜒1) > 0. By doing so,
some points in the parameter space are removed, and what remains
is a parameter space where 𝜎max

𝑔𝑔→𝐻2
∼ 0.51 pb. This corresponds to

𝑚𝐻2
= 210 GeV, 𝑚𝜒1 = 101 GeV, and 𝐵𝑟(𝐻2 → 𝜒1𝜒1) = 0.012.

Moving on to the branching ratio, Fig. 2.c depicts the allowed ranges
of 𝐵𝑟(𝐻2 → 𝜒1𝜒1) as a function of 𝑚𝐻2

and 𝑚𝜒1 (indicated by color).
The branching ratio takes values ranging from ∼ 0 to 0.87. The highest
value occurs at 𝑚𝐻2

= 212 GeV, and 𝑚𝜒1 = 98 GeV. These values
correspond to tan 𝛽 = 17, and are associated with 𝛺ℎ2 ∼ 0.01 and
𝜎𝑔𝑔𝐻2

∼ 0.1 pb. In this case, 𝐻2 decays to 𝑏�̄� with Br∼ 0.1, and to
𝑊 +𝑊 − and 𝜏𝜏 with Br∼ 0.01.

Fig. 2.d shows the dependence of the invisible decay branching ratio
on tan 𝛽, ranging from 1.8 to 30. The maximum value of 𝐵𝑟(𝐻2 → 𝜒1𝜒1)
is obtained only for tan 𝛽 > 5.
4

Fig. 2.e displays 𝜎(𝑔𝑔 → 𝐻2) × 𝐵𝑟(𝐻2 → 𝜒1𝜒1). The maximum
value is 0.1 pb, which takes place at 𝑚𝐻2

= 216 GeV, 𝑚𝜒1 = 102 GeV,
tan 𝛽 = 12, 𝛺ℎ2 = 0.001, 𝐵𝑟 ≈ 0.3 and 𝜎 ≈ 0.3 pb. In this case, 𝐻2
is more likely to decay into 𝑊 +𝑊 −, which accounts for 50% of the
decays, while 𝑍𝑍 accounts for 20%.

For completeness, Fig. 2.f shows the relic density as a function of
the mass of the DM particle. All points in the parameter space are
associated with values below the lower Planck limit, in which case the
DM particle is insufficient to account for all of the observed DM relic
density.

We turn to the case where 𝜒2 and 𝜒1 are mass degenerate. This
interesting case can lead to 𝜒2 being long-lived and hence escaping
detection. There are two cases here. The first is when 𝐻2 decays to
𝜒2 and 𝜒1, and the second is when it decays to a pair of 𝜒2. The results
for both cases are shown in Fig. 3. Starting with 𝐻2 → 𝜒2𝜒1, we can
see in Fig. 3.a that the branching ratio can reach a maximum value
of 0.01. Here the most likely decays are to 𝜒1𝜒1 at 45%, to 𝜒+𝜒− at
40%, to 𝑊 +𝑊 − at 6.5%, to 𝑏�̄� at 3%, to 𝑍𝑍 at 3%, and to 𝜒2𝜒2 at
2%. Furthermore, the maximum value of 𝜎 × 𝐵𝑟 is 0.001 pb, which is
displayed in Fig. 3.c. This occurs at 𝑚𝐻2

= 456 GeV, 𝑚𝜒1 ≈ 𝑚𝜒2 = 107
GeV, 𝜎(𝑔𝑔 → 𝐻 ) ∼ 0.23 pb, and 𝐵𝑟(𝐻 → 𝜒 𝜒 ) ∼ 0.003. The other
2 2 2 1



Journal of King Saud University - Science 36 (2024) 103058M. Binjonaid
Fig. 2. Two dimensional scatter plots of (a) 𝑚1∕2 versus 𝑚0 (b) 𝜎(𝑔𝑔 → 𝐻2) as a function of 𝑚𝐻2
(c) 𝐵𝑟(𝐻2 → 𝜒1𝜒1) as a function of 𝑚𝐻2

(d) The dependence of 𝐵𝑟 on tan 𝛽 (e)
𝜎 × 𝐵𝑟 as a function of 𝑚𝐻2

(f) The relic density.
relevant decays of 𝐻2 account for branching ratios of 0.48 to 𝑏�̄�, 0.35
to 𝑡𝑡, 0.065 to 𝜏𝜏, 0.041 to 𝐻1𝐻1, and 0.02 to 𝑊 +𝑊 − and 𝜒+𝜒−.

Finally, we consider the second case, displayed in Fig. 3.b. The
maximum value of 𝐵𝑟(𝐻2 → 𝜒2𝜒2) is 0.25. while it is 0.5 to 𝜒+𝜒−, and
0.25 to 𝜒1𝜒1. And the maximum value of 𝜎 × 𝐵𝑟 is 0.01 pb, which is
achieved at 𝑚𝐻2

= 291 GeV, 𝑚𝜒1 ≈ 𝑚𝜒2 = 109 GeV, 𝜎(𝑔𝑔 → 𝐻2) ∼ 0.13
pb, and 𝐵𝑟(𝐻2 → 𝜒2𝜒1) ∼ 0.1. Other relevant branching ratios of 𝐻2
are 0.29 to 𝑊 +𝑊 −, 0.2 to 𝜒+𝜒−, 0.18 to 𝐻1𝐻1, 0.14 to both 𝜒1𝜒1,
and 0.12 to 𝑍𝑍.

5. Discussion and conclusion

In this paper, we considered the production of a non-SM-like CP-
even Higgs boson 𝐻2 via gluon fusion at 13 TeV, and its subsequent
decay into DM particle in two well-motivated extensions of the SM,
the DSP-N2HDM, and the NUH-NMSSM.

The parameter space of the DSP-N2HDM was scanned subject to
recent experimental constraints, including LHC and DM searches. The
analysis was restricted to points where 𝑚𝐻2

≤ 1000 GeV. We found that
the branching ratio 𝐵𝑟(𝐻2 → 𝐻𝐷𝐻𝐷) can reach values close to one,
especially for regions where the mass of the dark singlet is below 200
5

GeV, which is consistent with previous literature. The production of
𝐻2 via gluon fusion ranges between 3 × 10−6 pb and 5.8 pb, with most
successful points having tan 𝛽 < 5. The maximum value of 𝐵𝑟×𝜎 found
in the allowed parameter space corresponds to 𝑚𝐻2

= 378 GeV, 𝑚𝐻𝐷
=

170 GeV, tan 𝛽 = 1.5, 𝐵𝑟(𝐻2 → 𝐻𝐷𝐻𝐷) = 0.95, and 𝛺ℎ2 = 𝑂(10−8).
We note that the relic density is almost always below the lower bound.
Hence, this region of parameter space is insufficient to explain all dark
matter phenomena.

On the other hand, the allowed parameter space of the NUH-NMSSM
(with 𝑚𝐻2

< 1 TeV) was also explored under recent experimental
limits. The production cross-section at

√

𝑠 = 13 TeV was computed,
with values ranging from (10−10) pb to 2.2 pb, and only the points
with 𝐵𝑟(𝐻2 → 𝜒1𝜒1) > 0 were considered. The allowed range of the
branching ratio 𝐵𝑟(𝐻2 → 𝜒1𝜒1) was computed, and it assumes values
between ∼ 0 to 0.87. The maximum value of the quantity 𝜎(𝑔𝑔 →
𝐻2) × 𝐵𝑟(𝐻2 → 𝜒1𝜒1) was found to be 0.1 pb.

In the case where 𝜒2 and 𝜒1 are mass degenerate, there are two cases
to consider. Firstly, when 𝐻2 decays to 𝜒2 and 𝜒1, the branching ratio
can reach a maximum value of 0.01, with the most likely decays being
to 𝜒1𝜒1 and 𝜒+𝜒−. The maximum value of 𝜎×𝐵𝑟 is 0.001 pb, occurring
when 𝑚 = 456 GeV, 𝑚 ≈ 𝑚 = 107 GeV, 𝜎(𝑔𝑔 → 𝐻 ) ∼ 0.23 pb,
𝐻2 𝜒1 𝜒2 2
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Fig. 3. Two dimensional scatter plots of (a) 𝐵𝑟(𝐻2 → 𝜒2𝜒1) versus 𝑚𝐻2
(b) 𝐵𝑟(𝐻2 → 𝜒2𝜒2) versus 𝑚𝐻2

(c) 𝜎 × 𝐵𝑟(𝐻2 → 𝜒2𝜒1) versus 𝑚𝐻2
(d) 𝜎 × 𝐵𝑟(𝐻2 → 𝜒2𝜒2) versus 𝑚𝐻2

.

and 𝐵𝑟(𝐻2 → 𝜒2𝜒1) ∼ 0.003. The second case is when 𝐻2 decays to a
pair of 𝜒2, with a maximum branching ratio of 0.25 to 𝜒2𝜒2, and 0.5
to 𝜒+𝜒− and 𝜒1𝜒1. The maximum value of 𝜎 ×𝐵𝑟 is 0.01 pb, occurring
at 𝑚𝐻2

= 291 GeV, 𝑚𝜒1 ≈ 𝑚𝜒2 = 109 GeV, 𝜎(𝑔𝑔 → 𝐻2) ∼ 0.13 pb, and
𝐵𝑟(𝐻2 → 𝜒2𝜒1) ∼ 0.1. The relevant decay branching ratios of 𝐻2 were
also presented.

The results obtained from the analysis of the DPS-N2HDM and NUH-
NMSSM parameter spaces showed the accommodated values of the
production of a non-SM-like 𝐻2 via gluon fusion and its subsequent
decay into DM particles. However, the DPS-N2HDM allowed for higher
production cross-sections than the NUH-NMSSM, with the maximum
value of 𝐵𝑟 × 𝜎 found in the DPS-N2HDM being larger than that in
the NUH-NMSSM. Moreover, the allowed parameter space in the DPS-
N2HDM showed that the branching ratio 𝐵𝑟(𝐻2 → 𝐻𝐷𝐻𝐷) reaches
values close to 100%, especially for regions where the mass of the
dark singlet is below 200 GeV. On the other hand, the NUH-NMSSM
parameter space allowed for quasi-invisible decays where the LSP and
NLSP are mass-degenerate. In both models, the relic density was found
to be below the lower bound, indicating that this parameter space
can partially explain dark matter. And while the DM particle is an
SM-singlet scalar in the DSP-N2HDM, it was mostly Higgsino in the
scanned parameter space of the NUH-NMSSM. It is worth emphasizing
that in the MSSM, the parameter space with Higgsino-like DM is largely
restricted compared with the NMSSM. Indeed, it was shown in Ellis
et al. (2023) that the viable regions of the constrained MSSM parameter
space allow for Higgsino DM with a mass ranging from 1 TeV to 1.1
TeV.

In conclusion, we showed that the DSP-N2HDM and NUH-NMSSM
can pass all recent experimental constraints while providing challeng-
ing scenarios for collider searches of extended Higgs sectors, focusing
particularly on a non-SM-like 𝐻2. We also showed that the predictions
of these models for the invisible decay of 𝐻2 to dark matter particles
are quite different, indicating a possible way to distinguish both mod-
els. We made no assumptions regarding the relationship between the
N2HDM and the NMSSM, which can be the subject of a future study.
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