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Objectives of the work
The Standard Model of particle physics is one of the most
successful models and describes high energy experiments at
the available energy scales. However, we know that it is not
ultraviolet (UV) complete, e.g. because it is not asymptoti-
cally free and furthermore it does not include dark matter that
is observed in astrophysics. On the other hand, UV complete
theories beyond the Standard Model, such as supersymmetric
theories, predict huge amount of new particles that we have
not observed yet. A reasonable approach is to study effective
or simplified models that extend the Standard Model with only
a few new pieces that account for the missing features, have
fewer parameters making it easier to compare with the exper-
imental data and matching them with more complete models,
give some bounds on their larger parameter space.

The Standard Model can be built up via studying two-to-
two scatterings with perturbative unitarity which is a power-
ful tool that allows to predict at which energies should new
particles or interactions appear. That suggests the existence
of the heavy electroweak gauge bosons and the Higgs boson
[3]. Even in renormalizable theories, requiring perturbativity
can give bounds on new couplings, providing complementary
bounds on the parameter space.

In my thesis, I analyzed the following two models con-
sidering perturbative unitarity conditions. First, I studied a
simplified model for dark matter, where a vector-like weak
doublet fermion pair and a singlet fermion are added to the
Standard Model [4]. The experiments can only constrain the
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parameter space [5], but not the individual parameters. My
goal was to study the properties of the dark matter candidate
particle and establish bounds on each of the parameters sep-
arately. The other model is an effective model for a hypo-
thetical new scalar added to the Standard Model [6]. In the
effective description, the two-particle gauge boson scatterings
are growing with the energy, and the aim was to calculate the
validity range of the effective model and provide information
on where to expect the appearance of new strong dynamics or
new particles, while also discriminating between the various
models for the new scalar couplings. Finally, I gave a further
extension by a new heavy fermion that can induce the effective
couplings and translated the previous bounds to constraints on
the parameters of the fermion.

Thesis statements and conclusions

Constraints on the vector-like fermion Yukawa
couplings in the doublet-singlet model of dark
matter
Vector-like fermion extensions of the Standard Model are still
of interest, as they are less constrained than their chiral coun-
terpart by precision tests. They are naturally appear in various
beyond the Standard Model scenarios, like supersymmetric or
composite Higgs models and can provide decent dark matter
candidates. Simplified models of dark matter only add a few
new particle to the Standard Model and can be viewed as a
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low energy effective versions of UV complete theories, but as
the name suggests they are simple enough to provide testable
information on the nature of dark matter. One viable set up
is the doublet-singlet model, where a new weak doublet and a
singlet vector-like fermion are added to the Standard Model.
The dark matter searches can bound the parameter space of the
model, but not the individual parameters. I used perturbative
unitarity, to provide bounds on the parameters themselves. I
found only one non-trivially satisfied bound for the Yukawa
coupling between the doublet-singlet and the Higgs boson [1]
that is otherwise not limited.

Analysis of the couplings around the blind spots
in the doublet-singlet model of dark matter
In the doublet-singlet model, the new fermions are coupled
through a Yukawa coupling with the Higgs, that generates a
mixing between the neutral components of the doublet and
the singlet fermions. From that mixing, the lightest neutral
particle is the dark matter candidate. To study its properties,
one has to solve a third order characteristic equation that is
difficult to treat analytically. However, after considering the
bounds from dark matter searches, the viable parameter space
is in the environment of a few special points, where the dark
matter couplings to the Higgs and Z bosons vanish. Around
these so-called blind spots, analytical studies are possible and
I present a short analysis of the properties of the dark matter
candidate expanded around the blind spot regions in [1].
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Validity of the effective description of a model
with a new scalar particle
The ATLAS and CMS collaborations recently announced an
excess in the diphoton searches which can be explained by a
new electroweak singlet scalar particle. Since the first non-
trivial gauge invariant scalar-diphoton coupling is a dimen-
sion five operator, the simplest general description is an ef-
fective theory where the new scalar particle couples to the
electroweak gauge bosons. These effective interactions lead
to non-trivial two-particle gauge boson scatterings growing
badly with energy. I used perturbative unitarity to derive bounds
on the validity of the effective description in [2], where new
perturbative physics or a strong new interaction must enter.
With this method, some otherwise experimentally viable sce-
narios, such as the large scalar width case preferred by AT-
LAS, are disfavored that leads to too low energy bounds.

Constraints on fermion masses in minimal renor-
malizable model with a new scalar particle
I consider a minimal renormalizable theory that can result in
the above mention effective theory of the new scalar particle
with a weak doublet vector-like fermion. Relating the fermion
loop to the five-dimensional couplings, gives bounds on the
ratio of its mass and Yukawa coupling. I showed in [2] that
with this minimal extra content the new fermion mass is rather
low, even with its Yukawa coupling close to the perturbative
limit, it is in conflict with the validity of the effective model
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of the scalar particle. With the introduction of more fermion
doublets or colored heavy fermions, these constraints can be
weakened.
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