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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 H,, 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 H, 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
MSSV, it contains a SUSY Higgs/Higgsino mass term u that respects all
symmetry conditions, but it is unclear at which scale it is generated,
which is known in the literature as the “u-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 (H,, H,, H3/A|, A;),
and charged Higgses (H*). comprehensive reviews of both models are
given in Miihlleitner 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 (2h?) 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
4 and x and the ratio x/4 are quite small. In this work, we do not
specifically target this scenario, as we are allowing A and x to be as
large as possible. It is known in the NMSSM that a large value of 4
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, Miihlleitner et al. (2017b), Azevedo et al. (2019) show that
it is possible to use the couplings sums of the Higgs boson to VV
and ff to distinguish these models at the LHC, and that future e*e™
colliders can be used to do so by setting limits on the possible singlet or
pseudoscalar admixtures to the SM Higgs. The possibility of explaining
certain anomalies in the LHC data using the N2HDM and the NMSSM
is considered in Biekotter et al. (2022).

As mentioned earlier, the additional non-SM CP-even scalar field
H, could have dominant decays into DM, hence making the task
of observing it very challenging. Within the context of the MSSM,
Ananthanarayan et al. (2015) investigates invisible decays of H,. The
analysis includes the case where H, decays into the Lightest Supersym-
metric Particle (LSP), which is the DM particle, and Next-to LSP (NLSP)
with degenerate mass. Such decays are called “quasi-invisible”. For the
specific parameter space, it was found that Br(H, — 7, 7,) is 16% at
most. As for the NMSSM, and as far as we know, no dedicated analysis
was performed for such cases, nor a comparison to the N2HDM was
made.

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

2. The models
2.1. Overview of the N2HDM

The N2HDM comprises two-Higgs-doublets (&, and @,) and a real
singlet (@g), and its potential reads (following the conventions in
Miihlleitner et al. (2017a)),

. A + Ay s
2 2 i 1 2,
V = m%l D |° + m§2|¢2| - m%z(d?l% + h.c.)+ 5 (@{tbl)z + 5 ((152@2)2

. . As .
+ 13D D)@ D,) + 1,(@] D)@ D)) + 75[@;@2)2 +hel

+ %mid’é + %qb‘; + %(qﬁqbl)qb@ + %@}pz)@z : b}
where the mass parameters m; ; (i,j =1,2 and i < j) correspond to the
doublets, while my is the mass parameter of the singlet, and the A’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
Z, symmetry similar to that in the 2HDM, under which @, and &g are
even, while &, is odd. The second is a new Z, symmetry, under which
@, and @, are even, while @ is odd. This Z), symmetry is responsible
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for the existence of a dark matter candidate in the theory if &g does
not acquire a VEV.

For the case where the Z/ symmetry is intact, only the Higgs
doublets acquire VEVs. This case is named “the Dark Singlet Phase
(DPS)” by the authors of Miihlleitner 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,

<4’1>=$<U0,>’ <¢2>=$<§’2), (@) =0, @

where v, = vcos §, and v, = vsin f, while tan f = Z—T, and v = 4/v? + 2.
The gauge eigenstates are rotated into mass eigenstates via a rotation
matrix R that depends on the rotation angle a. The rotation is done
such that my < my,. On the other hand, the dark singlet scalar is
H; = Hp, as it does not mix with the other Higgs scalars.

The couplings of H, and H, to SM particles are the same as in Type-I
2HDM. For H,, which is our focus in this paper, c(H, f f) = sina/ sin §,
while ¢(H,VV) = cos(a — f). 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(H,HpHp) = Aqvcos fcosa + Agvsin fsina 3)
Finally, the DSP-N2HDM is represented by 11 input parameters,

v, tanf, my , my, myg

. ) my, mygs,0, g, A7, Ag,

b
where my, is taken to be the mass of the SM Higgs boson, while
my, is the mass of the DM candidate, m, is the mass of the CP-odd
Higgs boson, my 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 y—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,

Wymssu = h,0.8,0¢+h,H,.0D% +h,H, LE

+ASA,0, + %KSG. @
where O and L are left-handed doublet quark and lepton superfields,
whereas U, D and E are right-handed singlet up-type quark, down-type
quark, and lepton superfields. Unlike the N2HDM, the NMSSM singlet
superfield obtains a VEV () = s. To avoid a massless Axion at the weak
scale, the last term is introduced (Peccei and Quinn, 1977b,a).

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

~Lyope = My, |H,|* + my, [Hy|* +m |S P+ ml, ‘QZ‘
+m%] )U}{‘ +m2D ‘D%{| +mi |L2‘ +m?5 ‘Elz{|
1| M+ My Y 2y
2 +M3 YE_ | 290,
+h,A,Q - HU: —hyA,Q - H D% — h,A,L- H,E%
+AAH, - HyS + %KAK.SS +hec. (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,

A
Hy0x° E(SZ] 5 + S5, 1135 + 853113 = V2K Sy Nis N5
81 5y 113 - 5y, 1114 — 828, 1% - 5, 11% 6)
+ S Ol = Sp ) = = (S I = S 1)),
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where S;; represent elements of the Higgs mixing matrix, and HI.‘;.” =
N;;N;, + N;,N;, are defined in terms of the mixing matrices of the
neutralinos.

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

my, my, Ay, Ay A, A, K, tanf, peg.

comprising scalar and gaugino mass parameters, trilinear couplings, the
singlet-Higgs coupling/, the cubic singlet self-coupling «, and g = As.
Both my; and my, can have the same value as m, at the GUT scale, but
the case where they differ from my is called the Non-Universal Higgs
NMSSM (NUH-NMSSM), which we consider here. However, due to the
nature of the tool we use (described in Section 3) these two parameters
are computed.

3. The parameter spaces
3.1. The DSP-N2HDM

To generate the mass-spectrum generator of the N2HDM we use
N2HDECAY (Engeln et al., 2019), and is embedded in the state-of-the-
art scanning tool ScannerS (Miihlleitner et al., 2022). Specifically, we
consider the dark-singlet phase of the N2HDM and scan the parameter
space over the following ranges:

my, = [10 = 1500] GeV,
m, = [1 - 1500] GeV,

my, = [1-1500] GeV,
mys = [150 — 1500] GeV,

a=[-15-16] tan f = [0.8 - 25],
m?, =[1x 107 - 5x10°] GeV?,
Ag = [0—20], J7g = [-30 - 30].

The package applies stringent theoretical and experimental constraints
on the model. The former includes perturbative unitarity, boundedness,
vacuum stability, constraints from electroweak precision, and flavor
conservation. The latter include Higgs searches and measurements
via interfacing with HiggsBounds (v.5.9) (Bechtle et al., 2020) and
HiggsSignals (v.2.6) (Bechtle et al., 2021), and Dark matter constraints
using MicrOMEGAs (v.5) (Belanger et al., 2021). It is worth mentioning
that HiggsBounds provides the production cross-section of H, via gluon
fusion at 13 TeV via tabulated results from SusHi1.6.1 (Harlander et al.,
2017).

3.2. 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;
Das et al., 2012). A combination of random and Markov Chain Monte
Carlo (MCMC) sampling methods was deployed. The scanned ranges of
the input parameters are:

my = [1 — 4000] GeV, my 5 = [1-4000] GeV,
Ag, A, A, = [-3000 — 3000] GeV, tan § = [1 — 30]
Ak =[0.01-0.7], fer s = [100 = 1500] GeV.

As mentioned in Section 2.2, the parameters my and my, are com-
puted, and hence what we are considering here is the NUH-NMSSM.
The constraints implemented in NMSSMTools are similar to those in
Scanner$ if not more comprehensive (see the tool’s History Section
for all constraints included and the corresponding references). These
include non-tachyonic masses, successful Electroweak Symmetry Break-
ing, and the existence of a global minimum, which represents the
theoretical constraints. In contrast, the phenomenological ones include:
Flavor physics, LHC constraints on sparticles, satisfying the upper
limit 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 30 away from the central values of the
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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 H, 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
my, <1000 GeV, for which a total of 20k successful points are collected.
Fig. 1.a. shows a scatter plot of the branching ratio of H, to a pair
of dark matter particles (Br(H, — HpHp)) versus my,. The color
indicates the dark matter mass, my . As can be seen, my, ranges from
222 GeV to 1000 GeV, while my  ranges from 100 GeV to 497 GeV.
The branching ratio Br(H, — HpHp) can reach values close to one,
especially for regions where the mass of the dark singlet is below 200
GeV. As the mass increases, the branching ratio reduces significantly,
as seen in the plot’s red corner. A representative point where Br(H, —
HpHp) ~ 1 corresponds to the parameter space point: m H, =337 GeV,
myr, =127 GeV, tan f = 3, o(gg — H,) = 1.1 pb, and Qh* = O(107°).

Next, Fig. 1.b. displays the production of H, via gluon fusion
(o(gg — H,)) versus my,. It ranges from 3 x 107° pb to 5.8 pb. The
maximum value occurs at my, = 378 GeV, my, = 170 GeV, tan § = 1.5,
Br(H, —» HpHp) = 0.95, and Qh% = 0(1073). The dependence on tan f
is shown in Fig. 1.c. First, in the allowed regions, tanf takes values
between 0.9 and 28. We note that most successful points lie in regions
where tan f < 5. The distribution of the branching ratio to dark matter
appears to be nearly uniform. However, smaller values of tan # tend to
be associated with branching ratio below 0.1. As tan f slightly increases
from 0.9 to 1.5, the branching ratio exceeds 0.6.

Fig. 1.d. shows the branching ratio times the cross-section. The
values range between O(107!2) pb and 5.6 pb. Moreover, for a given
mass of my,, the maximum value of Br x ¢ slightly decreases with the
increase of my,. The maximum value of Br X ¢ found in the allowed
parameter space is achieved at my, = 378 GeV, my = 170 GeV, tanf;
= 1.5, Br(H, — HpHp) = 095, and Qh> = O(107%). At this point,
H, mainly decays into 7 with a percentage of 3%, followed by h,h, at
0.5% and W*W~ at 0.4%.

Finally, we note that the relic density in the scanned parameter
space is almost always below the lower Planck bound, as shown in
Fig. 1.e. Hence, while this parameter space provides a candidate for
dark matter, it cannot explain all dark matter phenomena. A represen-
tative point where the relic density is fully explained by this model
corresponds to my, = 914 GeV, my, = 180 GeV, tanf = 1.4, Br(H, —
HpHp) ~0.11, 6(gg — H,) ~ 0.11 pb and 24> ~ 0.11. In this case, the
dominant decay of H, is to 7 pair at 88%.

4.2. The NUH-NMSSM

In this subsection, we present the results for the NMSSM with
boundary conditions set at the GUT scale. A total of 120k valid points
are collected, and the data corresponds to my < 1 TeV. Fig. 2.a
shows the results of our scans in the usual my-m,;, plane, where the
first parameter ranges from ~ 0 to 5961 GeV, while the second ranges
between 690 GeV and 10460 GeV. As can be seen in the Figure, values
of my < 350 GeV correspond to portions of the parameter space where
mi < 2500 GeV, while m, can take the full range of its allowed values.
Regions where m, , > 2500 GeV are associated with mp, > 350 GeV.
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The shape of the parameter space reflects the fact that we have used
both random scanning method (especially the box where m,;,,m, <
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 my, are ©(107'%) pb and 2.2 pb, respectively. In the
subsequent analysis, we require that Br(H, — %, 7;) > 0. By doing so,
some points in the parameter space are removed, and what remains
is a parameter space where o-"‘ax ~ 0.51 pb. This corresponds to
my, =210 GeV, m; =101 GeV, andZBr(Hz = 7171 =0012.

Moving on to the branching ratio, Fig. 2.c depicts the allowed ranges
of Br(H, — 7 i) as a function of my, and m; (indicated by color).
The branching ratio takes values ranging from ~ O to 0.87. The highest
value occurs at my, = 212 GeV, and my = 98 GeV. These values
correspond to tanf = 17, and are associated with Qh> ~ 0.01 and
Ogen, ~ 0.1 pb. In this case, H, decays to bb with Br~ 0.1, and to
W*W~ and r7 with Br~ 0.01.

Fig. 2.d shows the dependence of the invisible decay branching ratio
on tan f, ranging from 1.8 to 30. The maximum value of Br(H, - }, 7;)
is obtained only for tanp > 5.

Fig. 2.e displays o(gg — H,) X Br(H, - j ). The maximum
value is 0.1 pb, which takes place at m H, = 216 GeV, m 5= 102 GeV,
tanf = 12, QA% = 0.001, Br ~ 0.3 and ¢ ~ 0.3 pb. In this case, H,
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 7, and 7, are mass degenerate. This
interesting case can lead to 7, being long-lived and hence escaping
detection. There are two cases here. The first is when H, decays to
7, and %, and the second is when it decays to a pair of 7,. The results
for both cases are shown in Fig. 3. Starting with H, — #, 7, 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 7, 7, at 45%, to y* ™ at
40%, to WHW~ at 6.5%, to bb at 3%, to ZZ at 3%, and to jp, 7, at
2%. Furthermore, the maximum value of ¢ X Br is 0.001 pb, which is
displayed in Fig. 3.c. This occurs at my, = 456 GeV, m; ~ m; = 107
GeV, o(gg - H,) ~ 0.23 pb, and Br(H, — #,7;) ~ 0.003. The other
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relevant decays of H, account for branching ratios of 0.48 to bb, 0.35
to 7, 0.065 to 77, 0.041 to H;H,, and 0.02 to W*W~ and y*y~.

Finally, we consider the second case, displayed in Fig. 3.b. The
maximum value of Br(H, - 7, ,) is 0.25. while it is 0.5 to y* y~, and
0.25 to 7, 7;- And the maximum value of ¢ X Br is 0.01 pb, which is
achieved at my, =291 GeV, my ~ mjy =109 GeV, o(gg — H,) ~ 0.13
pb, and Br(H, - },7) ~ 0.1. Other relevant branching ratios of H,
are 0.29 to W*W~—, 0.2 to y*y~, 0.18 to H,H,, 0.14 to both 7, 7,,
and 0.12to ZZ.

5. Discussion and conclusion

In this paper, we considered the production of a non-SM-like CP-
even Higgs boson H, 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 my, < 1000 GeV. We found that
the branching ratio Br(H, — HpH) can reach values close to one,
especially for regions where the mass of the dark singlet is below 200

GeV, which is consistent with previous literature. The production of
H, via gluon fusion ranges between 3 x 10~ pb and 5.8 pb, with most
successful points having tan f < 5. The maximum value of Brx ¢ found
in the allowed parameter space corresponds to my, =378 GeV, my =
170 GeV, tanf = 1.5, Br(H, —» HpHp) = 0.95, and Qhr> = O(107%).
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 mp, < 1 TeV) was also explored under recent experimental
limits. The production cross-section at /s = 13 TeV was computed,
with values ranging from ©(10~') pb to 2.2 pb, and only the points
with Br(H, — }; %) > 0 were considered. The allowed range of the
branching ratio Br(H, — }, 7;) was computed, and it assumes values
between ~ 0 to 0.87. The maximum value of the quantity c(gg —
H,) x Br(H, — }, 7;) was found to be 0.1 pb.

In the case where 7, and 7, are mass degenerate, there are two cases
to consider. Firstly, when H, decays to 7, and %,, the branching ratio
can reach a maximum value of 0.01, with the most likely decays being
to 7, 7 and y* y~. The maximum value of o X Br is 0.001 pb, occurring

when my, = 456 GeV, my ~mg =107 GeV, o(gg — H,) ~ 0.23 pb,
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Fig. 3. Two dimensional scatter plots of (a) Br(H, — 7,1,) versus my, (b) Br(Hy — 7,7,) versus my, (c) o X Br(Hy — 7, 7) versus my, (d) o X Br(Hy — 7, 7,) versus my,.

and Br(H, - j,},) ~ 0.003. The second case is when H, decays to a
pair of 7,, with a maximum branching ratio of 0.25 to #, 7,, and 0.5
to y*x~ and %, 7;. The maximum value of ¢ X Br is 0.01 pb, occurring
at my, =291 GeV, m; =~ mjy = 109 GeV, o(gg — H,) ~ 0.13 pb, and
Br(H, — 7)) ~ 0.1. The relevant decay branching ratios of H, 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 H, 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 x ¢ 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(H, — HpHp) 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 H,. We also showed that the predictions
of these models for the invisible decay of H, 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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