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Many different approaches have been made to explain the nature of dark matter (DM), but it
remains and unsolved mystery of our universe. In this work we examine a type II two-Higgs-
doublet model extended by a complex singlet (2HDMS), where the pseudo-scalar component of
the singlet acts as a natural DM candidate. The DM candidate is stabilized by a Z) symmetry,
which is broken spontaneously by the singlet acquiring a vacuum expectation value (vev). This
vev in turn causes the scalar component of the singlet to mix with the scalar components of the
two doublets, which results in three scalar Higgs particles. Additionally we aim to include an
excess around 95 GeV, which was observed at CSM and LEP and can be explained by one of the
three scalar Higgs particles.

After introducing the model, we apply experimental and theoretical constraints and find a viable
benchmark point. We then look into the DM phenomenology as well as collider phenomenology.
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1. Introduction

Even though the Standard Model (SM) of particle physics has shown huge success in providing
experimental predictions, there are many phenomena it can not explain, such as dark matter (DM),
the matter-antimatter asymmetry, neutrino masses and other problems. This has led to many theories
beyond the SM (BSM).

One natural choice for BSM models is the two-Higgs-doublet model (2ZHDM), which instead of
one Higgs doublet, as in the SM, contains two Higgs doublets, leading to a richer phenomenology.
A good overview can be found in ref. [1]. This model can be further extended with a complex
singlet, leading to a still richer particle content in the Higgs sector and a natural DM candidate.
This model was studied in ref. [2].

The aim of this work is to not only explain DM but also an excess around 95 GeV observed
at the Compact Muon Solenoid (CMS) [3] and at the Large Electron—Positron Collider (LEP) [4].
Therefore we consider a 2HDMS, where the pseudo-scalar component of the singlet acts as a natural
DM candidate, since it is massive, electrically neutral, colorless and stable. The stabilization of the
DM is achieved through a Z] symmetry, which is spontaneously broken by the vacuum expectation
value (vev) of the singlet. This vev leads to a mixing of the scalar sector. The total particle content
of the Higgs sector results in three scalar, two pseudo-scalar, and two charged Higgs particles. Of
the three scalars, the lightest one is chosen to have a mass of 95 GeV in accordance with the excess
explained above, the second lightest is chosen to be SM-like with a mass of 125 GeV and the heavy
one is chosen to have a mass of 900 GeV.

The possibility to accommodate the excess around 95 GeV in a 2HDMS was investigated in
ref. [5]. The DM phenomenology in a 2HDMS without the singlet obtaining a vev was investigated
in ref. [6].

This work wraps up the study done in ref. [7]. We first introduce the model and the considered
constraints. Then we look into the DM phenomenology, namely relic density, indirect detection
and direct detection of DM. Finally we look into the collider phenomenology at future electron and
muon colliders and at the High Luminosity Large Hadron Collider (HL-LHC). We then conclude
our work.

2. The 2HDMS model

As mentioned above, we consider a type II 2HDMS, where the singlet acquires a vev. The
2HDM part of the potential is symmetric under a U(1) symmetry, to avoid charge-parity (CP)
violation, and under a Z, symmetry, to avoid flavor-changing neutral currents (FCNC). The singlet
part of the potential is symmetric under a Z) symmetry, to stabilize the DM candidate. The full
Higgs sector potential is the sum of the 2HDM and the singlet potential and can be written as
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where h.c. stands for the hermitian conjugate, ®@; » denote the two doublets and S denotes the
singlet. For simplicity we set the parameters A} = A5

After spontaneous symmetry breaking both doublets and the singlet obtain vevs. They can
be expanded around the vevs and written in terms of real and imaginary component. Where the
real components give rise to the scalar particles and the imaginary components give rise to the
pseudo-scalar particles. The charged particles results from the upper components of the doublets
and do no acquire a vev. The doublet and singlet fields can then be written as

o 0
D; = L . dH=1,1, i=12 2
\/%(Vﬁpi +l77i)) (@) \_Fz) : (22)
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where v > denote the vevs of the two doublets and vg the singlet vev. The imaginary component of
the singlet Ag is the DM candidate.

After diagonalization of the mass matrix we are left with three scalars &1, hy, h3, two pseudo-
scalars A, Ag, and two charged Higgs particles H*, as well as two charged Goldstone bosons G* and
a pseudo-scalar Goldstone boson G°. The mixing of these mass eigenstates is as follows, further
details can be found in ref. [7]:

I o1 m H* ¢7
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where R is the scalar, R the pseudo-scalar and R* the charged mixing matrix and Ag does not mix
with the other mass eigenstates.

In a type II 2HDMS the up-type quarks couple to the second doublet @, and the down-type
quarks and leptons couple to the first doublet ®@; to obtain their masses. The singlet has no direct
coupling to the SM particles. Hence the pseudo-scalar DM candidate can couple to these only via
the exchange of one of the scalars hy, hy, h3.

2.1 Benchmark point

The free parameters in the interaction basis are:

A1, A2, A3, Aa, As, miy, tan B, vs, my , Ay, Ay, Ay, A5, 47 = 25, 2. “)
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After a basis change these parameters can be expressed via the mass basis parameters:
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where mx denotes the mass eigenvalue of the mass eigenstates X = hy, hy, h3, A, As, H*, the
Ry
cos 3

with tan(B) = ‘V/—?, and the parameter assuring alignment limit alignm = | sin(8 —

parameters 67, = ) — A} and 6;5 = /1’5 — A}, the reduced couplings cp g = and cpyu =

Rip
sin3’
~2 %2
= sin B cos B°
a1 —a3-sgn(an))| = 1, with @ 2 3 being the angles of the scalar rotation matrix R. The motivation
to choose these parameters as input parameters, as well as the full basis change equations can be
found in ref. [7].

Our analysis starts from the benchmark point BP1. The corresponding values of the mass

basis parameters can be found in table 1. This benchmark point was checked against theoretical

mp, mp, mp, ma MAg
95 GeV 125.09 GeV 900 GeV | 900 GeV 325.86 GeV
mpgs m¢ 5y Shs tan(p3)
900GeV | —4.809 x 10* GeV? | -9.6958 | 0.2475 10
Vs Chibb Chyr | alignm i’
239.86 GeV 0.2096 0.4192 | 0.9998 |8.128 x 10° GeV?

Table 1: Benchmark point BP1 in the mass basis

constraints, such as bounded from below (bfb), unitarity (checked with SPheno-v4.0.5 [8]) and
vacuum stability constraints (checked with EVADE [9, 10]), as well as experimental constraints,
such as constraints on the Higgs sector (checked with HiggsTools [11-16]), on the DM relic
density (upper bounds from Planck [17]), on the DM indirect detection cross section (upper
bounds from Fermi-LAT [18, 19]) and on the DM direct detection cross section (upper bounds
from LUX-ZEPLIN [20]). Furthermore the lightest scalar #; was chosen to have a mass of 95 GeV,
in accordance with the excess at CMS and LEP, mentioned in the introduction. The second lightest
scalar h, was chosen to be the SM-like Higgs with a mass of around 125 GeV.

The programs used to produce the following results are SARAH-v4. 14 . 3 [21] for the implemen-
tation of the model, SPheno-v4.0.5 [8] for the generation of the spectrum, which in turn is used
as input for micrOmegas-v5.2.13 [22], which is used for the DM phenomenology. For the col-
lider phenomenology we use MG5_aMC_v3.4.1[23, 24], Pythia_v8 [25], Delphes-v3.5.0 [26],
MadAnalysis-v5 [27] and WHIZARD [28].

3. Results

3.1 Dark matter phenomenology

In this section we look into the change of DM observables, namely relic density, indirect

detection cross section and direct detection cross section, under variation of the DM mass m 4, and

72
S

hatched areas show which regions are excluded by the theoretical and experimental constraints.

the parameters m’ around the benchmark point BP1. The results can be seen in figure 1. The
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Figure 1: DM observables for varying the DM mass m 4 and m’S2 around BP1 (marked with a red star). The
color coding shows the relic density Qh? (top left), indirect detection cross section TAsAs—hyhy/WW [bb (tOP

right), direct detection cross section oproton/neutronas (bottom left) and the allowed parameter regions under
combination of all constraints (bottom right).

The bfb, unitarity and vacuum stability constraints, as well as bounds on the Higgs sector apply to
all three DM observables. Only those constraints which actually constrain the scanned parameter
space are shown in the plots. In addition for the relic density (top left) constraints from Planck,
for the indirect detection cross section (top right) constraints from Fermi-LAT and for the direct
detection cross section (bottom left) constraints from LUX-ZEPLIN (LZ) are shown as dotted areas.
In the plot on the bottom right, all these constraints are combined to show the allowed parameter
space. As can be seen, under all constraints only a small strip around BP1 is allowed. The strongest
constraints, on the parameter space shown here, come from Fermi-LAT and LZ.

The behaviour of the relic density shows some interesting features. For example a dip around
mas =~ 62.5GeV = %, where resonant annihilation of two Ag into one h; is possible. Between
this peak and ma, ~ 95GeV ~ my, the relic density is quite high, then it drops again as the
annihilation channel of two Ag into two /| opens up and keeps the relic density at a low level,
however increasing slowly for higher values of m . Atmyg ~ 450 GeV ~ LS

5= another dip appears,
as resonant annihilation of two Ag into one A3 decreases the relic density.

For the indirect detection cross section the three main annihilation channels AsAs — hohy/
WW / bb (from top to bottom) are shown. Some regions are white as the cross section is too low and
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no values are returned. The dip in the the relic density plot around m 4 ~ 450 GeV ~ % shows up
as a peak in the indirect detection plot, as both observables behave roughly inversely. (When more
DM annihilates, the indirect detection cross section, which is just the annihilation cross section,
grows. This also means that after annihilation less DM is left in the universe, hence relic density is
decreased.)

The direct detection cross section is shown for scattering of a DM particle on a proton and on
a neutron. Both plots look very similar and show that BP1 lies right in a minimum of the cross
section.

3.2 Collider phenomenology

3.2.1 Future lepton colliders

In this section we look into the production cross sections of different final states including DM
particles at the proposed future electron and at muon colliders under variation of the center of mass
energy /s, for BP1. At these kind of colliders the heavy scalar /3 could be produced directly from
lepton and anti-lepton and then decay into two DM particles Ag. Possible final states include either
only AgAg or additional Z bosons or photons y. The results can be seen in figure 2.
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Figure 2: Production cross section for varying center of mass energy +/s at electron (blue and green lines)
and muon (orange and red lines) collider. Shown are the results for production of two DM particles Ag (left)
without (dotted lines) and with (solid lines) a photon v in the final state and the same with an additional Z
boson in the final state (right).

On the left the processes eTe™ /utu~ — AgAs are shown without and with a photon in the
final state (initial state radiation) are shown. Since the DM particles cannot be detected, only the
photon and missing energy would be measured.

On the right the processes e*e™/u*u~ — ZAgAg are shown again without and with a photon
in the final state. In this case the Z boson and the photon and missing energy would be detected.

In both plots a peak around /s ~ 900 GeV ~ my,, can be seen, as resonant production of one
hs is possible, which would then decay into two Ag in the final state. Furthermore in both plots
the cross sections for the muon collider are higher than for the electron collider, which one would
expect since the muon has stronger Yukawa couplings to the Higgs doublets.

For all processes with photons in the final state the following cut on the photon energy was
employed: E, > 10GeV and for the photon angle: 6 > 7° in order to avoid divergences [29].
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3.2.2 HL-LHC

For the analysis at HL-LHC, the main production channels for the heavy scalar i3 are gluon
gluon fusion (GGF) and vector boson fusion (VBF). The /3 could then decay into two DM particles

Ag. For both processes the significance S = \/2 X [(s +b)In(1 +3) - s] of the signal s over the
total SM background b is calculated while taking into account some cuts which can be found in
ref. [7]. The results are for BP1 are:

GGF: § = 1.356 0
VBF: S =0.007 o,

which is very low. However in another benchmark or by using machine learning techniques these
results could be improved.

4. Conclusions

In this work we have investigated the DM phenomenology in a 2HDMS, where the DM
candidate is the pseudo-scalar component of the singlet. We have found a benchmark point which
is allowed under theoretical and experimental constraints and which also accommodates an excess
found at CMS and LEP, which can be interpreted as a scalar Higgs particle with a mass of 95 GeV.

Furthermore we have looked into the production prospects at future lepton colliders and found
potentially promising results. These could be further improved when taking beam polarization
into account, as well as doing broader parameter scans and looking into more benchmarks. Future
studies on this are in progress. The significance at HL-LHC however is rather low in the studied
benchmark. Comprehensive parameter scans are planned for the future.

This work is a short summary of the study done in ref. [7]. Further information and explanations
can be found there.
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