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Abstract

Vector boson scattering (VBS) processes provide an excellent probe of quartic gauge
couplings at the LHC. A common way to parameterize anomalous quartic (aQGC)
and triple (aTGC) gauge couplings is by using the framework of effective field theories
(EFT). For purely transverse vector boson scattering it has been shown that there
are models for with effects in the EFT are expected to appear first in the aQGC and
therefore at dimension 8. For the scattering of two longitudinal and two transverse
vector bosons such an analysis is still missing.
In this thesis a class of model containing multiple SU(2)L fermion multiplets is
proposed that are capable of enhancing the scattering of vector bosons of mixed
helicities. The contributions of this class of models to vector boson and higgs boson
propagators, three particle vertices and four particle vertices are calculated and
an EFT is constructed as the low energy approximation of these models. The
effects of the models are analyzed for dilepton production, vector boson production,
anomalous higgs couplings, on-shell VBS and on-shell higgs boson pair production.
The impacts of the model and its EFT are compared and the quality of the EFT as
an approximation of the full model is assessed. Finally an outlook on where to look
for these kind of models is made.





Zusammenfassung

VBS-Prozesse (Vector Bosonen Streuung) bieten eine hervorragende Möglichkeit,
quartische Eichkopplungen am LHC zu untersuchen. Eine gängige Methode zur
Parametrisierung anomaler quartischer (aQGC) und dreifacher (aTGC) Eichkop-
plungen ist die Verwendung effektiver Feldtheorien (EFT). Für rein transversale
Vektorbosonenstreuung wurde gezeigt, dass es Modelle gibt, bei denen Effekte in
der EFT zuerst in den aQGC und damit in Dimension 8 auftreten sollten. Für die
Streuung von zwei longitudinalen und zwei transversalen Vektorbosonen fehlt eine
solche Analyse jedoch noch.
In dieser Arbeit wird eine Klasse von Modellen vorgestellt, die mehrere SU(2)L-
Fermionenmultipletts enthalten, welche in der Lage sind, die Streuung von Vektor-
bosonen mit gemischten Helizitäten zu verstärken. Die Beiträge dieser Modelle zu den
Propagatoren von Vektor-Bosonen und Higgs-Boson, zu den drei und vier Teilchen
Vertexen werden berechnet und eine EFT wird als Niedrigenergie-Näherung dieser
Modelle konstruiert. Die Auswirkungen der Modelle werden für die Dileptonenproduk-
tion, die Vektorbosonenproduktion, anomale Higgs-Kopplungen, On-Shell-VBS und
On-Shell-Higgs-Bosonenpaarproduktion analysiert. Die Auswirkungen des Modells
und seiner EFT werden verglichen und die Qualität der EFT als Annäherung des
vollständige Modells wird bewertet. Abschließend wird ein Ausblick gegeben, wo
man nach dieser Art von Modellen suchen sollte.
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1. Introduction

The discovery of a Standard Model-like Higgs boson at the Large Hadron Collider
(LHC) in 2012 [5, 6] marked the end of a decades-long search and is one of the most
important confirmations of the Standard Model of particles physics. Ten years later
with LHC run 3 on the way the LHC is closing in on 300 fb−1 of data [7] with ten
times more expected for the High-Luminosity LHC [8]. This amount of data allows
studying the structure of the SM to an unprecedented precision in channels that
were inaccessible before. With early data confirming the presence of electroweak
pp → V V jj signals [9, 10] vector boson scattering processes (VBS) have become
more and more important in probing the dynamics of electroweak symmetry breaking.
While anomalous triple gauge boson couplings (aTGC) could already be probed at
LEP [11, 12, 13, 14], VBS opens up the possibility of studying deviations from the SM
in the form of anomalous quartic gauge couplings (aQGC). These aTGC and aQGC
can be parameterized in a model independent way using the framework of effective
field theories and operators of dimension d = 6 and d = 8 [15, 16, 17, 18], which are
suppressed by the energy scale of the new physics they describe. As dimension 8
operators are suppressed by 1

Λ4
NP

, compared to the suppression of 1
Λ2
NP

for dimension
6 operators, one would naively expect effects of new physics to arise first in dimension
6 operators and only afterwards in dimension 8.
In a previous study [19] a model has been proposed that is capable of producing
an EFT that is dominated by the so called T-operators, which parameterize aQGC
for transverse scattering at dimension 8. However, for the M-operators, which
parameterize aQGC for the scattering of two transverse and two longitudinal vector
bosons at dimension 8, no such model has been proposed. Within this theses a very
general class of models, that is theoretically able to produce M-operators in their
corresponding EFT, is studied.
The first part of this thesis (chapter 2) lays the theoretical foundations for this thesis
and introduces the relevant notations. A short overview over the SM is given (section
2.1) followed by an introduction to effective field theories (section 2.2). In section
2.3 the basic idea of the Pasarino-Veltman-Reduction is introduced, as contributions
by the proposed model firstly appear at one loop level. The chapter is finished by a
brief description of the kinematics for two to two processes in section 2.4
In chapter 3 the proposed class of models is introduced starting with the model
itself in section 3.1 followed by the discussion of the resulting one loop contributions
(3.2.1) and the required renormalization (3.2.2). This chapter is concluded by a brief
discussion on related models (3.3). Chapter 4 is dedicated to the EFT and contains a
comparison between general and dedicated EFT bases (4.1). Afterward a dedicated
basis of dimension 6 and dimension 8 operators is constructed (4.2) and the matching
procedure to the proposed model is explained (4.3).
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With the model and its EFT having been described the effects of them on dilepton
production (5.1 and 5.2), on anomalous triple gauge couplings and on anomalous higgs
couplings (5.3 and 5.4), and on VBS and higgs pair production (5.5) are presented
and compared. This is followed by a summary and conclusion in chapter 6.



2. Theoretical Background and
Notation

The model proposed in this thesis is an extension of the standard model (SM) of
particle physics. In order to introduce the definitions and notations used throughout
this thesis a short introduction to the SM, its symmetries, particles and its Lagrangian
is given followed by a brief summary about effective field theories, one-loop integrals
and the kinematics of two to two processes.

2.1. The Standard Model

The Standard Model of Particle Physics is a Lorentz invariant gauge theory that
describes the elementary particles and their interactions under the strong, the weak
and the electromagnetic interaction. These interactions are mediated by different
gauge bosons with the eight gluons mediating the strong, the three massive vector
bosons (Z,W±) mediating the weak, and the massless vector boson (γ) mediating the
electromagnetic interaction. Its particle content is further made up of three families
of leptons and quarks and the scalar Higgs boson. The masses of the SM particles are
generated via the breaking of the electroweak symmetry due to a non-zero vacuum
expectation value v̂ of the scalar Higgs field (h).

2.1.1. Symmetries and Quantum Numbers
As a gauge theory, the SM is a field theory with a Lagrangian that is invariant under
local gauge transformations. The gauge group of the SM is a product of three gauge
groups

SU(3)C × SU(2)L × U(1)Y . (2.1)
The gauge group of the strong interaction, SU(3)C , is a special unitary group of
degree three with the associated charge: "color". Its corresponding Lie-Algebra is
made up of eight generators (T a). Therefore, there are eight mediators of the strong
interactions, namely the gluons with the corresponding gauge fields Ga

µ, a = 1, ..., 8.
The field strength tensor is given as

Ga
µν = ∂µG

a
ν − ∂νGa

µ − gsfabcGb
µG

c
ν (2.2)

using the strong gauge coupling parameter gs and the structure constants of the
group fabc which satisfy the commutator relation[

T a, T b
]

= ifabcT c. (2.3)

3
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The covariant derivative acting on a quark field q is given as

Dµq =
(
∂µ + igsGa

µT
a
)
q (2.4)

The electromagnetic interaction and the weak interaction are unified into the elec-
troweak interaction. Its gauge group, SU(2)L × U(1)Y is a product of U(1)Y , which
is a unitary group with the associated charge Y (weak hypercharge), and the SU(2)L,
which is a special unitary group with degree two. Here, the index L stands for the
property of the weak interaction only to couple to left-handed particles (or right-
handed antiparticles). The mediated charge of the gauge group SU(2)L is the weak
isospin J . The gauge fields of the SU(2)L are W i

µ, i = 1, 2, 3) and the gauge field of
the gauge group U(1)Y is Bµ. The corresponding field strength tensors are defined as

W I
µν = ∂µW

I
ν − ∂νW I

µ − gεIJKW J
µW

K
ν (2.5)

Bµν = ∂µBν − ∂νBµ (2.6)

and the covariant derivatives acting on a field that doesn’t trivially transform under
the groups are given as

DµΨ =
(
∂µ + igW I

µT
I
)

Ψ (2.7)
DµΨ = (∂µ + ig′Y Bµ) Ψ. (2.8)

Here εIJK is the completely anti-symmetric tensor and T I are the generators of the
SU(2)L. For the fundamental representation of SU(2)L the generators are connected
to the Pauli matrices τ I via

T I = τ I

2 . (2.9)

The covariant derivatives of the field strength tensors are

(DρWµν)I = ∂ρW
I
µν − gεIJKW J

ρW
K
µν , (2.10)

DρBµν = ∂ρBµν . (2.11)

After electroweak symmetry breaking these fields mix and some of them receive a
non vanishing mass. The mass eigenstates after electroweak symmetry breaking are
identified as Aµ, Zµ, and W±

µ .

2.1.2. Particle Content

The transformation properties of the particle fields are determined by their quantum
numbers and the representation of the group to which they belong. Denoting the
quantum numbers in terms of (rSU(3)C , rSU(2)L)Y the quantum numbers of the leptons
are given by

Lf = (1,2)−1/2 =
(
νfL
lfL

)
(2.12)

lfR = (1,1)−1 (2.13)
f = e, µ, τ, (2.14)
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with L and R being the index for the left- and right-handed particles. The quantum
numbers of the quarks are given by

Qf
L = (3,2)1/6 =

(
ufL
dfL

)
(2.15)

ufR = (3,1)2/3 dfR = (3,1)−1/3 (2.16)

f =
(
u c t
d s b

)
. (2.17)

Due to the chiral nature of the weak interaction, it is impossible to construct mass
terms of the form

mψ̄ψ = m(ψ̄LψR + ψ̄RψL), (2.18)

since these would not be invariant under gauge transformations. Similarly mass
terms for the gauge bosons can not be constructed since they would break the
SU(2)L × U(1)Y gauge symmetry of the Lagrangian.
A way to generate masses is the introduction of the scalar Higgs field h within a SU(2)
doublet Φ with a non vanishing expectation value v̂ [20, 21]. The corresponding
Lagrangian reads

LH = (DµΦ)†DµΦ− V (Φ), (2.19)
V (h) = µ2Φ†Φ + λh(Φ†Φ)2 (2.20)

Choosing µ2 < 0 and λ > 0 yields a non vanishing expectation value v̂ of the field Φ

v̂2 = −µ
2

λh
(2.21)

and the physical field can be expanded around its vacuum as

Φ =
(

ϕ+

v̂+h+iϕZ√
2

)
. (2.22)

This leads to a spontaneous breaking of the electroweak symmetry group

SU(2)L × U(1)Y → U(1)em (2.23)

at the scale of the energy v̂. The charge of this group is the electric charge

Q = T3 + Y (2.24)

which is the sum of the third component of the isospin and the hypercharge.
According to the Goldstone Theorem, breaking SU(2)L × U(1)Y to a U(1)em leads
to three Goldstone bosons. These Goldstone bosons become the longitudinal degree
of freedom of their corresponding weak gauge fields. These three gauge fields now
acquire a mass. The corresponding mass term in the Lagrangian stems from the
kinetic term for the Higgs field when inserting the non-zero vacuum expectation value

Lmass = v̂2

2
(
(gW 1

µ)2 + (gW 2
µ)2 + (gW 3

µ − g′Bµ)2
)
. (2.25)
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The charge and mass eigenstates of the electroweak gauge bosons after symmetry
breaking are given by

W±
µ = 1√

2
(W 1

µ ∓ iW 2
µ) (2.26)

Zµ = cos(θw)W 3
µ − sin(θw)Bµ (2.27)

Aµ = sin(θw)W 3
µ + cos(θw)Bµ (2.28)

tan(θw) = g′

g
, (2.29)

where θw is the weak mixing angle (Weinberg angle). The masses of the four gauge
bosons and the Higgs boson are

m2
h = −2µ2, (2.30)

mW = gv̂
2 , (2.31)

mZ = mW

cos(θw) . (2.32)

Finally the masses of the fermions are generated as interaction terms between right-
handed and left-handed fields as terms of the form

LfYfφ l
f
R + h.c. . (2.33)

Here the SU(2)L singlet lfR couples via the Higgs field, which is a SU(2)L doublet,
to the SU(2)L doublet Lf . As a whole this generates a SU(2)L singlet which is
therefore invariant under gauge transformations. Yf is the Yukawa coupling which is
in general a 3× 3 matrix in flavor space.

The linear realization is however not the only way to describe the Higgs/electroweak
breaking sector that generates masses. In a non linear realization of the Higgs sector
[22, 23] a similar Lagrangian can be constructed which contains additional degrees
of freedom for the Higgs boson interactions and therefore introduces additional free
parameters. However, measurement of Higgs couplings do not show any deviation
from the prediction of the linear representation.

2.1.3. The SM Lagrangian

With all fields, field strength tensors and covariant derivative defined the Lagrangian
of the standard model is given as

LGauge = −1
4G

a
µνG

aµν − 1
4W

I
µνW

Iµν − 1
4BµνB

µν , (2.34)

LFermion = iQ /DQ+ iu /Du+ id /Dd+ iL /DL+ il /Dl, (2.35)

LHiggs = (Dµφ)†Dµφ− µ2φ†φ− λh
(
φ†φ

)2
, (2.36)

LYukawa = −LYfφ l −QYuφ̃ u−QYdφ d+ h.c.. (2.37)
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The last definition needed based on the SM Lagrangian are the equations of motion
for the gauge bosons and the Higgs boson

(DµDµφ)j = −µ2φj − 2λh
(
φ†φ

)
φj − lY †f Lj − iσj,k2 Q

k
Yuu− dY †dQj (2.38)

(DνWνµ)I = φ†
igτ I

2 Dµφ− (Dµφ)† igτ I
2 φ+Qγµ

gτ I

2 Q+ Lγµ
gτ I

2 L (2.39)

∂νBνµ = φ†ig′YφDµφ− (Dµφ)† ig′Yφφ+ g′ΨγµYΨΨ (2.40)
(DνGνµ)a = QγµgsT

aQ+ uγµgsT
au+ dγµgsT

ad (2.41)
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2.2. Effective Field Theories
An effective field theory is an approximation of an underlying field theory at a given
scale. It describes the effects of the underlying theory at this scale but breaks down
once its finite range of validity is reached. There are two main approaches to build
up such an effective theory, the "top-down" approach and the "bottom-up" approach.
• "top-down": For the top-down approach the underlying theory needs to be
known. It is used when a solution for a given problem is only needed at a
certain scale and the computation of the solution with the whole theory is
impractical. A non field theory example of an effective theory would be the
multipole expansion for multibody dynamics in electromagnetism. The precision
of top-down theories is impacted by the order up to which the expansion is
made.
• "bottom-up": For the bottom-up approach the theory is only known at a certain

scale but unknown beyond it. The effective theory is built using the elements
of the known theory (e.g. particles, symmetries etc.) and tries to parametrize
the physics beyond this scale. An important historical example of a bottom-up
theory is the Fermi-theory [24]. This theory postulates a four fermion vertex
(which is a dimension six operator) in order to explain the beta decay. This
description breaks down at the scale of 4πv̂ and therefore predicted new physics
in the form of W bosons below that scale.

There are many open questions that are not explained by the SM like the existence
of dark matter or baryogenesis. Additionally, the theory of gravitation is also not
described by the SM. Therefore, the SM itself can be seen as an EFT and we expect
new physics at higher scales. Therefore, it is necessary to explore the beyond the
SM (BSM) sector. To do so there are mainly two paths one may chose from. The
first one is by proposing an underlying theory which includes new particles. This
theory has to produce similar results as the SM in the low energy limit and explain
deviation from the SM at higher energies.

Instead of proposing such an UV complete underlying theory, where the SM is
embedded, a bottom-up effective field theory can be used. This kind of theory is
made up by the SM particles and obeys its symmetries and properties. The following
statements need to be true [25] in order for the theory to be useful to describe physics
beyond the Standard Model:
• The S-matrix in the extended model respects unitarity and is analytical.
• The extended model obeys the gauge group SU(3)C × SU(2)L × U(1)Y and is

Lorentz invariant.
• The extended model is general enough to capture any BSM physics while giving

guidance on where to look for and find new physics.
• Radiative corrections are possible to be calculated at any order in any interac-

tions (SM and new) in the extended model.
Lastly one point should be added to the list of requirements for any EFT to be
actually useful
• There exists a UV complete model which, up to a certain scale, is well described

by the EFT
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2.2.1. The Standard Model Effective Field Theory

The standard model effective field theory (SMEFT) is an EFT that is based on the
SM. Its content is the SM and additional higher dimensional operators that are
invariant under SU(3)C × SU(2)L × U(1)Y . The building blocks for these operators
are the (dual) field-strength tensors of the SM, the fermion fields of the standard
model, the Higgs field, the covariant derivative as well as generators of the gauge
groups and γ-matrices in order to fulfill lorentz and gauge invariance. The BSM
effects are expected to come from massive particles that are heavier than the measured
value of v̂. These higher dimensional operators O(d)

i (d > 4) are suppressed by a scale
Λ to the power of d− 4 and come with a Wilson coefficient c(d)

i . The operators are
often named according to the objects they contain, resulting in names like OWWW

with the coefficient being written as cWWW accordingly. The SMEFT Lagrangian
then reads

LSMEFT = LSM +
∑
d=5

n(d)∑
i

c
(d)
i

Λd−4O
(d)
i . (2.42)

Since the suppression factor is a constant scale operators are only sufficiently sup-
pressed up to that scale. Going beyond this scale the effects of the operators can
continue to grow with energy and at some point break unitarity. SMEFT therefore
comes with a finite range of validity.

2.2.1.1. Dimension-6 Basis

The Warsaw basis [17] is a minimal set of operators that form a basis for all operators
that can appear at dimension-6 using the fields and gauge symmetries of the SM.
This set contains a total of 63 operators (2499 when accounting for flavor). They
achieve this minimal set by grouping the operators into different classes depending
on the number of field strength tensors (Xµν = {Ga

µν , W
I
µν , Bµν}), derivatives, higgs

fields and fermionic fields. These classes are then ordered from highest to lowest so
that all transformations that are used only generate operators of the same or of a
lower class. The methods used are:

• Total derivatives of gauge invariant objects give no contribution to physical
effects and are therefore ignored.

• The commutator of covariant derivatives is proportional to field strength tensors
[Dµ, Dν ] ∼ Xµν and lead to operator classes with less derivatives.

• The EOMs can be used to reduce the number of field strength tensors at the
cost of more fermionic fields or higgs fields. The number of covariant derivatives
is reduced or stays the same.

• Integration by parts (IBP) can be used to move derivatives around.

• Fierz identities, the Bianchi identity, identities for products of generators as well
as identities of the Dirac-algebra are used to reorder contractions of particles.

• Symmetry arguments can be used in order to discard or transform operators.

None of theses methods can increase the number of covariant derivatives or reduce the
number of fermionic fields, meaning an operator with more derivatives is in a higher
class, while an operator with more fermionic fields is in a lower class. For operators
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with the same number of derivatives and fermionic fields the EOM for the field
strength tensors can allow transformations from operators with more field strength
tensors to ones with more higgs fields. By applying theses methods rigorously one
arrives at the minimal set known as the Warsaw Basis.
Using the aforementioned methods and the ordering of classes can be more easily
understood looking at two examples from [17] explicitly. For the first example one
starts with the operator

(DµDνφ)†DνDµφ, (2.43)
from the operator class φ2D4 (two higgs fields and four derivatives). Firstly one can
observe that changing the order of derivatives produces an operator of the same class
plus an operator of a class with two derivatives less (so a lower class) and one more
field strength tensor

(DµDνφ)†DνDµφ = (DµDνφ)†DµDνφ+O(φ2XD2). (2.44)

As this operator would be addressed later on when dealing with that class of operators
it can be ignored for the moment. Next up one is free to move derivatives from one
field to the other by IBP since the remaining part is a total derivative, which gives
no physical effect

(DµDνφ)†DνDµφ ∼ (DµDµφ)†DνDνφ+O(φ2XD2). (2.45)

Therefore all operators of this class are identical up to operators of a lower class
Finally one can use the EOMs (2.38) in order to get rid of this operator and therefore
its whole class .
As a second example one can look at the operator class φ4D2. In general there are
two possible structures for the higgs fields(

φ†φ
) (
φ†φ

)
(2.46)(

φ†τ Iφ
) (
φ†τ Iφ

)
(2.47)

and four possible places for each derivative. As many of these operators are identical
to each other one can reduce the problem to the following cases
• Both derivatives act on the same field.
• Both derivatives act on unconjugated (conjugated) fields
• One derivative acts on an unconjugated and one on a conjugated field.

The first case can be ignored as EOMs can be used and one is left with operators of
lower classes. For the second case one can use IBP in order to get the first or the
third case. Finally one can use an identity for the generators

τ Ijkτ
I
lm = 2δjmδlk − δjkδlm, (2.48)

in order to get rid of all operators that originate from the structure in equation (2.47).
One finally arrives at the operators(

φ†Dµφ
) (

(Dµφ†)φ
)

(2.49)(
(Dµφ†)Dµφ

) (
φ†φ

)
, (2.50)

which can then be rewritten in terms of the two operators that are used in the
Warsaw Basis.
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2.2.1.2. Dimension-8 Basis

At dimension-8 in theory the same procedure as for the Warsaw Basis at dimension-6
can be applied. The operator classes that contain no fermions are still small enough
to do so by hand since they contain a total of 89 operators [26]. As there are
1030 operators (44807 when accounting for flavor) in total one can easily see that
the operator classes with fermions are a lot larger than at dimension-6. In [26] a
procedure to produce all of these operators is shown. A slightly different and more
formal approach is presented in [27], in which operators in terms of the irreducible
representation of the Lorentz group are used.
Looking at vector boson scattering the Éboli basis [18] is usually used for modeling
anomalous quartic gauge couplings. The operators are grouped into three classes:
operators that contain four derivatives and four higgs fields (S operators), operators
that contain two derivatives, two higgs fields and two field strength tensors (M
operators) and operators that contain four field strength tensors (T operators). As
operators including Bµν will not appear later on in this thesis one can focus on the
following operators

OS0 = ((Dµφ)†Dνφ)((Dµφ)†Dνφ), (2.51)
OS1 = ((Dµφ)†Dµφ)((Dνφ)†Dνφ), (2.52)
OS2∗ = ((Dµφ)†Dνφ)((Dνφ)†Dµφ), (2.53)

OM0 = 1
2(Dαφ)†DαφW I

µνW
Iµν , (2.54)

OM1 = 1
2(Dµφ)†DνφW I

ναW
Iαµ, (2.55)

OM7∗∗ = 1
2iεIJK((Dµφ)†τ IDνφ)W J

ναW
Kαµ, (2.56)

OT0 = 1
4W

I
µνW

IµνW J
αβW

Jαβ, (2.57)

OT1 = 1
4W

I
µνW

IαβW J
αβW

Jµν , (2.58)

OT2 = 1
4W

Iν
µ W Iα

ν W Jβ
α W Jµ

β , (2.59)

OT3∗ = 1
4W

I
µνW

I
αβW

JναW Jβµ. (2.60)

The operators labeled with one star (OS2∗ and OT3∗) were missing in the original set
and were added later on while redundant operators were dropped [28, 29, 30, 31, 19].
The operator OM7∗∗ is identical to the original one but rewritten using

2iεIJKτK = [τI , τI ] . (2.61)

The factors of 1
4 and 1

2 stem from the trace in the original definition and the denomi-
nator of τI

2 . These operators also appear in [26] as Q(1)
H4 , Q(2)

H4 , Q(3)
H4 (S), Q(1)

W 2H2D2 ,
Q(2)
W 2H2D2 , Q(4)

W 2H2D2 (M) and Q(1)
W 4 , Q(2)

W 4 , Q(3)
W 4 , Q(4)

W 4 (T). As these are the operators
that are used to constrain aQGC, they should be part of any basis describing vector
boson scattering at dimension-8 level.
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2.3. 1-Loop Integrals

When doing next-to-leading order (NLO) calculations one has to deal with one-loop
diagrams. These one-loop diagrams can give contributions to existing n-point func-
tions of the given model. When naively integrating over all possible loop momenta in
four dimensions one can get into the trouble of getting UV divergences. One common
way of dealing with these divergences is dimensional regularization. In dimensional
regularization the integration is not performed in four space-time dimensions but
in d = 4− 2ε using analytical continuation. Using this method the UV divergences
appear as 1

ε
poles which can be separated and renormalized.

Taking the two-point function as an example, one can write the possible one loop
contributions in dimensional regularization in terms of the different tensor structures
of the integral as

Πµ1µ2(p,m0,m1) = c1(p,m0,m1)gµ1µ2
µ2ε

(2π)d
∫
ddk

1
(k2 +m2

0)((k + p)2 +m2
1)

+ c2(p,m0,m1)gµ1µ2
µ2ε

(2π)d
∫
ddk

k2

(k2 +m2
0)((k + p)2 +m2

1)

+ c3(p,m0,m1)gµ1µ2pρ
µ2ε

(2π)d
∫
ddk

kρ

(k2 +m2
0)((k + p)2 +m2

1)

+ c4(p,m0,m1)pµ1
µ2ε

(2π)d
∫
ddk

kµ2

(k2 +m2
0)((k + p)2 +m2

1)

+ c5(p,m0,m1)pµ2
µ2ε

(2π)d
∫
ddk

kµ1

(k2 +m2
0)((k + p)2 +m2

1)

+ c6(p,m0,m1)pµ1pµ2
µ2ε

(2π)d
∫
ddk

1
(k2 +m2

0)((k + p)2 +m2
1)

+ c7(p,m0,m1) µ2ε

(2π)d
∫
ddk

kµ1kµ2

(k2 +m2
0)((k + p)2 +m2

1) . (2.62)

Here µ is the renormalization scale that is introduced so that the energy dimension
stays unchanged

[
d4k

]
=
[
ddk · µ2ε

]
. (2.63)

In order to calculate the two point function one can use the fact that the tensor
integrals can be written as

∫
ddk

kµ1kµ2

(k2 +m2
0)((k + p)2 +m2

1) = C2,00g
µ1µ2 + C2,11p

µ1pµ2 (2.64)∫
ddk

kµ1

(k2 +m2
0)((k + p)2 +m2

1) = C2,1p
µ1 (2.65)
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as these are the only possible lorentz structures.
Starting with equation (2.65) one can multiply both sides with pµ1 and get

C2,1 = 1
p2

∫
ddk

p.k

(k2 +m2
0)((k + p)2 +m2

1)

= 1
p2

∫
ddk

1
2((k + p)2 +m2

1 − k2 −m2
0 +m2

0 − p2 −m2
1)

(k2 +m2
0)((k + p)2 +m2

1)

= 1
p2

∫
ddk

1
2(k2 +m2

0)

− 1
p2

∫
ddk

1
2((k + p)2 +m2

1)

+ m2
0 − p2 −m2

1
p2

∫
ddk

1
2(k2 +m2

0)((k + p)2 +m2
1) (2.66)

(2.67)

where all integrals are scalar and have no numerator left. In a similar vein one can
multiply equation (2.64) with gµ1µ2 and pµ1 and generate a set of two equations with
only scalar integrals.
This implies that only two scalar master integrals need to be calculated∫

ddk
1

(k2 +m2
0) (2.68)∫

ddk
1

(k2 +m2
0)((k + p)2 +m2

1) . (2.69)

This reduction of tensor integrals down to scalar integrals is know as Pasarino-
Veltman-Reduction [32][33] and can be generalized to tensor integrals

T µ1µ2...µn =
∫ kµ1kµ2 ...kµn

(k2 −m2
0)(k + q1)2 −m2

1)..(k + qn−1)2 −m2
n−1) . (2.70)

that can arise from loops with n external legs like figure 2.1. By multiplying with
an external momentum, which is the difference of the momenta in the adjacent
propagators

pµkj = qµkj − q
µk
j−1 (2.71)

one can use

k.pj = 1
2
(
((k + qj)2 −m2

j)− ((k + qj−1)2 −m2
j−1) +m2

j −m2
j−1 − q2

j + q2
j−1

)
(2.72)

to produce either tensor integrals with one less loop momentum in the numerator or
tensor integrals with one less momentum in the numerator and one less propagator
in the denominator. Doing this for all external momenta and metric tensors one gets
a linear set of equations that one can solve for the coefficients of the decomposition.
Within this thesis n-point functions up to n = 4 are studied, which requires the
decomposition of tensor functions with rank of up to four. The decomposition can be
found in the appendix (section A). The remaining scalar coefficients can be expressed
in terms of four scalar functions in total. Following the conventions used for the
analytical (Package-X[34]) and numerical (LoopTools [35]) calculations these scalar
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k + q1

k + q2

k
p1

p2

p3

pn

Figure 2.1.: Example of a one-loop diagram, created using [1]

functions are

A0(m) = (2πµ)4−d

iπ2

∫ ddk

(k2 −m2) (2.73)

B0(p,m0,m1) = (2πµ)4−d

iπ2

∫ ddk

(k2 −m2
0)((k + p)2 −m2

1) (2.74)

C0(pi,mi) = (2πµ)4−d

iπ2

∫ ddk

(k2 −m2
0)((k + q1)2 −m2

1)(k + q2)2 −m2
2) (2.75)

D0(pi,mi) = (2πµ)4−d

iπ2

∫ ddk

(k2 −m2
0)(k + q1)2 −m2

1)(k + q2)2 −m2
2)(k + q3)2 −m2

3)
(2.76)

qj =
j∑
i=1

pi (2.77)

These scalar functions can explicitly be calculated using Feynman parametrization,
Wick rotation and d-dimensional spherical coordinates, which can be found in many
quantum field theory textbooks (e.g. [36]).

2.4. Kinematics
Within this thesis at multiple points cross sections need to be calculated, for which
it is necessary to understand the underlying kinematics. The notations and later the
implementations for this follow the ones used for the particle data group review [37].
In general the cross section for a two to n process can be written as

dσ = (2π)4

4
√

(p1p2)2 −m2
1m

2
2

|M|2 dΦn (2.78)

whereM is the matrix element for the process and Φn the final particles phase space.
As all cross sections within this thesis are for 2→ 2 processes, the integration over
the final state phase space can be simplified to

dσ = 1
64πs|p1,cm|2

|M|2 dt , (2.79)

using the Mandelstam variables
s = (p1 + p2)2 (2.80)
t = (p1 − p3)2 (2.81)
u = (p1 − p4)2 (2.82)

(2.83)
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The Mandelstam variables are connected to the masses of the four particles mi via

s+ t+ u =
∑
i

m2
i (2.84)





3. Model

3.1. Defining the Model
The purpose of this thesis is studying models that can produce an EFT with signifi-
cantly large M-operators at dimension-8 (e.g. OM0). Historically EFT operators that
include field strength tensors could be achieved by integrating out heavy charged
particles that introduced correction at the loop level [38]. Dominant dimension-8
operators containing field strength tensors have been shown to be achievable [19]
by introducing heavy SU(2)L multiplets of fermions (or scalars) with large isospin
J which lays the foundation for this work. From this previous work one can also
get the first restriction for the isospin, J ≤ 4, as larger values can break partial
wave unitarity. These models coincide with a class of minimal dark matter models
presented in [39].

3.1.1. Particle Content and Lagrangian
Starting with one multiplet of 2J + 1 non-chiral Dirac fermions Ψ, that transforms
under a SU(2)L representation defined by the multiplet’s isospin J with a mass of
mΨ, one can generate the additional Lagrangian as

LΨ = Ψ̄Y=0
J

/DΨY=0
J −mΨΨ̄Y=0

J ΨY=0
J . (3.1)

In order to generate M-operators this multiplet needs to couple to the higgs field.
The higgs boson appears in a J = 1

2 multiplet with mJ = −1
2 and hypercharge Y = 1

2 .
When looking for states that can couple to ΨY=0

j,m via the higgs boson the following
particles are possible

ΨY=−1
2

j± 1
2 ,m+ 1

2
. (3.2)

The coupling term in the Lagrangian would then be

λΨ̄Y=0
j ΦΨY=−1/2

j±1/2 + h.c. (3.3)

where λ is the Yukawa-like coupling coefficient, that is chosen as real since a complex
phase can be absorbed in the fields. In a similar vein one can also couple to a second
multiplet via the complex conjugate of the higgs field (mJ = 1

2 , Y = −1
2 )

φ̃ = iσ2Φ∗ (3.4)

resulting in a second possible term in the Lagrangian

λΨ̄Y=0
j Φ̃ΨY=1/2

j±1/2 + h.c. . (3.5)

17
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In terms of isospin one is looking at tensor products

〈J,mj|J ± 1/2,mj + 1/2; 1/2,−1/2〉, (3.6)
〈J,mj|J ± 1/2,mj − 1/2; 1/2,+1/2〉, (3.7)

due to the J ± 1/2 multiplet coupling via the higgs field (J = 1/2) to the J multiplet.
These resulting coefficients are the Clebsch-Gordon coefficients.
When only one additional multiplet is present either the particle with the highest or
lowest electrical charge has no partner from the other multiplet to couple to. The
problems that this can cause will be presented in section 3.3. By adding two multiplets
with the same isospin and opposite hypercharge the model is again symmetric under
Q → −Q and these possible problems can be avoided. The remaining decision is
therefore whether to add the J + 1/2-, J − 1/2- or all multiplets. The simplest model
is just adding one of these sets and throughout this thesis the J − 1/2 multiplets are
chosen.
With this decision done the coupling term of the multiplets for the particles with an
electric charge Q = mj + 0 can explicitly be written out as

Ψ̄Y=−1/2
mj+1/2
Ψ̄Y=0
mj

Ψ̄Y=1/2
mj−1/2


T 

0 λ1
v̂+h√

2 c−(J,mj) 0
λ1

v̂+h√
2 c−(J,mj) 0 λ2

v̂+h√
2 c+(J,mj)

0 λ2
v̂+h√

2 c+(J,mj) 0




ΨY=−1/2
mj+1/2
ΨY=0
mj

ΨY=1/2
mj−1/2


(3.8)

c−(J,mj) = 〈J,mj|J − 1/2,mj + 1/2; 1/2,−1/2〉 =
√
J −mj

2J , (3.9)

c+(J,mj) = 〈J,mj|J − 1/2,mj − 1/2; 1/2,+1/2〉 =
√
J +mj

2J , (3.10)

where c± are the Clebsch-Gordon coefficients. Starting with equal masses for all
multiplets and identical couplings λ1 = λ2 = λ, the additional Lagrangian reads

LΨ = Ψ̄Y=0
j

/DΨY=0
j −mΨΨ̄Y=0

j ΨY=0
j

+ Ψ̄Y=−1/2
j−1/2 /DΨY=−1/2

j−1/2 −mΨΨ̄Y=−1/2
j−1/2 ΨY=−1/2

j−1/2

+ Ψ̄Y=1/2
j−1/2 /DΨY=1/2

j−1/2 −mΨΨ̄Y=1/2
j−1/2 ΨY=1/2

j−1/2

+ λΨ̄Y=0
j ΦΨY=−1/2

j−1/2 + λΨ̄Y=0
j Φ̃ΨY=1/2

j−1/2 + h.c. (3.11)

Using the same logic as before, one is also free to add multiplets with j − 1 and Y ∈
{−1, 0, 1} or multiplets with isospin j and Y = ±1 that couple to the j− 1

2 multiplets.
As none of these additional multiplets change the fundamental phenomenology of the
model one can restrict oneself to the three multiplets in equation (3.11). One is also
free to add a constant offset 4Y to the hypercharge of all three multiplets which can
be used to enhance the U(1) coupling, which however is not the goal of this thesis.
A brief discussion of the influence of choosing different masses for each multiplet,
choosing different couplings for the two additional multiplets or adding an axial
coupling to the higgs field can be found in section 3.3.

3.1.2. Mass Eigenstates
Due to the mixing of the different multiplets via the higgs field, one can observe
shifts in the masses after spontaneous symmetry breaking. The mass matrix for the
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fermions for a given isospin J and its third component mj then read


Ψ̄Y=−1/2
mj+1/2
Ψ̄Y=0
mj

Ψ̄Y=1/2
mj−1/2


T 

mΨ λ v̂√
2c−(J,mj) 0

λ v̂√
2c−(J,mj) mΨ λ v̂√

2c+(J,mj)
0 λ v̂√

2c+(J,mj) mΨ




ΨY=0−1/2
mj+1/2
ΨY=0
mj

ΨY=0+1/2
mj−1/2



=

χ̄1
χ̄2
χ̄3


T

U−1U

mχ1 0 0
0 mχ2 0
0 0 mχ3

U−1U

χ1
χ2
χ3

 , (3.12)

with the Clebsch-Gordon coefficients from eq. (3.9) and (3.10). The mass matrices
for mj = J and mj = −J are only 2x2 matrices as either the first or the last state
doesn’t exist due to mj + 1

2 > J or mj − 1
2 < −J . Otherwise they have a similar

form. From this one can now read off the masses of the new eigenstates

mχ1 = mΨ , (3.13)

mχ2 = mΨ −
1√
2
λv̂ , (3.14)

mχ3 = mΨ + 1√
2
λv̂ , (3.15)

χm=j
1 = χm=−j

1 = 0 , (3.16)

and order them in two multiplets with 2J + 1 (χ2 and χ3) particles and one with
2J − 1 particles (χ1). As expected in this basis the coupling to the higgs boson is
now diagonal. The coupling to the vector bosons however is not. Starting with a
vector boson W a

µ coupling to two fermions Ψj, Ψk

Ψk

Ψj

µ, a = igγµT ajk , (3.17)

one can calculate the corresponding feynman rule after mixing as

χj = j1Ψ1,j + j2Ψ2,j + j3Ψ3,j , (3.18)
χk = k1Ψ1,k + k2Ψ2,k + k3Ψ3,k , (3.19)

Γµjka = igγµ(j1k1T
a
1,jk + j2k2T

a
2,jk + j3k3T

a
3,jk)

= igγµT ajk . (3.20)

This preserves the SM structure but uses a different operator that replaces the SU(2)
generator. In a similar vein one can write the feynman rule for higgs coupling to the
new fermions as

Γjk = λ
v̂√
2

((j1k2 + j2k1)c−(J, T3) + (j1k3 + j3k1)c+(J, T3))

= λ
v̂√
2
Tjk. (3.21)
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Within this thesis coupling matrices will usually appear with only two particles
indices in which the information about its isospin (J , T3) and which multiplet the
particle belongs to is stored. Sometimes however the full dependence is written out
to show explicitly over which index a sum is taken

T (c)
mn = T (c)

J ;(χa(m) T3(m)),(χb(n) T3(n)). (3.22)

The free parameters for this model are the masses (in the simplest case only one
mass), the coupling parameter λ and the isospin J of the first multiplet.

3.1.3. Mass Splitting at NLO

Similarly to the model with only one multiplet, one can calculate the masses of the
multiplets at SM-NLO, in order to study the mass splitting within each multiplet
and whether this model can generate a dark matter candidate. The first restriction
coming from this is the existence of a neutral particle within the multiplets. This
can be achieved by

J + Y ∈ N0 , (3.23)
Y ≤ J . (3.24)

According to the review of minimal dark matter models in [39] the mass splitting for
one multiplet with hypercharge Y and mass M between two particles with charge Q
and Q′ can be approximated as

MQ−MQ′ = g2

16π2 2π((Q2−Q′2) sin2(θW )MZ+(Q−Q′)(Q+Q′−2Y )(MW−MZ)+O(MW

M
).

(3.25)
The resulting mass splittings between the neutral particle and its neighbors in isospin
are shown in table 3.1. From these values it can already be seen that the lightest
particle for Y = ±1

2 is charged which directly rules out these models as they would
produce charged tracks in a detector. In the same paper ([39]) the authors show, that
the dominant decay channel of the charged states, given large enough mass splitting
4M > mπ = 139.57 MeV, is the emission of charged pions. Finally the life-time of
the single charged states for J = 3 is given as

τc ' 44/((2J + 1)2 − 1) cm ≈ 1 cm. (3.26)

For the viability of model in this theses this poses the following limitations:

Table 3.1.: Mass splitting of minimal dark matter models for different hyper-
charges and heavy masses

Y M1 −M0 M−1 −M0
0 0.166 GeV 0.166 GeV
1
2 0.354 GeV −0.022 GeV
−1

2 −0.022 GeV 0.354 GeV
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• Small values for the isospin might rule out the model, as the single charged
states can become longer lived and too many charged particles could reach a
detector

• The central hypercharge should be Y = 0 as having large hypercharges for all
three multiplets can cause charged states to be the lightest ones

• The mass splitting of the lightest multiplet needs to be larger than the pion
mass

The first two limitations motivate fixing the isospin and hypercharge of the three
original multiplets as

(J, Y ) = {(5
2 ,−

1
2); (3, 0); (5

2 ,
1
2)} , (3.27)

or
(J, Y ) = {(7

2 ,−
1
2); (4, 0); (7

2 ,
1
2)} , (3.28)

while the third one calls for the explicit calculation of the mass splitting.
In general the inverse fermion propagator at NLO can be written as

S−1
ij = (/p−mi)δij − Σij(p) (3.29)

where Σij(p) contains all loop contributions to the two point function. For the case
of non interacting multiplets the inverse propagator becomes diagonal and the mass
splitting can, in good approximation, be calculated without further renormalization
as

4M(Q,Q′) = (Σii,Q(p)− Σii,Q′(p))|/p=mi (3.30)

When including the coupling of the multiplets one can further analyze the elements
of Σij(p). A general way to write them is

Σij(p) =
∑
X

∑
k

T (x)
ik T

(x)
kj I(X, p,mk,mX) (3.31)

where I(X, p,mk,mX) is the loop integral, containing a particle X coupling to a
fermion with mass mk, The SU(2) structure of the vertices is split into T aik, which
are the matrices from equation (3.20) or their analog for the higgs/goldstone boson
coupling to the new model from equation (3.21). These coupling coefficients are
what differentiates the diagonal and the off-diagonal elements. For all particles
X ∈ W±, Z, γ, h, φ0, φ± and all values of isospin J and its third component mJ

(except mJ = 0 for Z) the relation

Tii � Tij , j 6= i (3.32)

holds true. Therefore the additional mass splitting introduced by the off-diagonal
elements is expected to be small compared to the mass splitting introduced by the
diagonal elements. Therefore ignoring the off-diagonal elements one can use (3.30)
to calculate the mass splitting. Values for mψ = 700 GeV, λ = 1 and J = 3 can be
found in table 3.2. From these values one can see that the splitting between the
lightest and the second lightest particle M±1,χ2 −M0,χ2 is larger than the mass of
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Table 3.2.: Mass splitting of the mass eigenstate multiplets for mψ = 700 GeV,
λ = 1 and J = 3.

M0 M±1 −M0 M±2 −M0 M±3 −M0
χ1 700 GeV 0.110 GeV 0.442 GeV −
χ2 525.9 GeV 0.192 GeV 0.768 GeV 1.728 GeV
χ3 874.1 GeV 0.179 GeV 0.715 GeV 1.608 GeV

χ1

χ2

χ3

0.5 1.0 1.5 2.0
λ

0.12

0.14

0.16

0.18

0.20

M± - M0 [GeV]

(a) J = 3, mΨ = 700 GeV

χ1

χ2

χ3

0.5 1.0 1.5 2.0 2.5 3.0
λ

0.12

0.14

0.16

0.18

M± - M0 [GeV]

(b) J = 4, mΨ = 1100 GeV

Figure 3.1.: Mass splitting between the lightest and second lightest particle in
each multiplet at NLO

the charged Pion. For the multiplet with the medium mass (χ1) however this is not
the case and they therefore need a different decay channel in order to decay before
reaching a detector. Since they can decay into the lightest multiplet by emitting a
W- or Z-boson this is not an issue.
Lastly one can further look at the influence of J , λ and mΨ. In figure 3.1 one can
see that the general behavior for the two cases J = 3, mΨ = 700 GeV andJ = 4,
mΨ = 1100 GeV is similar. Furthermore one can see, that the most critical value
M±1,χ2−M0,χ2 stays above the charged pion mass for all reasonable values of lambda,
which keeps the lifetime of the second lightest state small enough so that it decays
before reaching a detector.

3.1.4. Ignoring the Photon, SU(2)-Limit
The model of this thesis couples via the hypercharge Y , the isospin J and the Yukawa
coupling λ to the standard model. When comparing the size of the contributions
one can expect the effects, that stem from the SU(2) coupling, to dominate the ones
coming from the U(1) coupling for J � Y . This holds true for all cases in which the
isospin dependence is not completely negated due to interference or renormalization
(e.g. see section 3.1.3). However in these cases the whole contribution of the model
compared to the SM is expected to be small as the main method of enhancement of
this model (namely the large isospin) is gone. When comparing the effects caused by
the coupling λ and the hypercharge the hierarchy becomes less clear. Depending on
the choice of λ the effects due to the hypercharge can be larger or of the same size,
or smaller than the effects caused by lambda. If they are larger or of the same size,
then both of them are small compared to the isospin and one can simply study the
model without coupling. If the effects due to the hypercharge are smaller they can
be neglected anyways. Therefore, unless doing precision calculations, neglecting the
hypercharge of the multiplets is a reasonable approximation that doesn’t interfere
with the dominant effects of this model. This approximation can be formalized by
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Z Z

k + p

k

p p

Figure 3.2.: Loop induced correction to the Z-Boson propagator

setting g′ = 0 which gives the SU(2)L limit of the electroweak sector. In this limit
the covariant derivative is given as

Dµ = ∂µ + igtaRW
a
µ (3.33)

where taR are the generators for a given representation R. At the same time the
vector boson masses and couplings are further simplified, as the weak mixing angle
vanishes and the masses become equal mZ = mW . All in all the limit g′ = 0 roughly
halves the number of n-point functions and EFT-operators (as photons and Bµν can
be ignored) while simplifying the remaining ones.

3.2. 1-Loop Contributions for VBS
In order to study this model for V V → V V and V V → hh processes at next to
leading order the corrections to all relevant n-point functions need to be known

Γµ1µ2...(p2, p2, ...,m1,m2, ...) = ΓLOSM +ΓNLOSM +ΓLOBSM +ΓNLOBSM +ΓLOmixed+ΓNLOmixed. (3.34)

At leading order the new model only gives contributions to processes with external
BSM fermions which eliminates ΓLOBSM and ΓLOmixed. Furthermore the new fermions
don’t couple to the fermions in the standard model which eliminates ΓNLOmixed. Lastly
the contributions from new fermions at large energies (similar or larger than their
mass) are required to be larger than the next to leading order corrections in the SM
in order to have a detectable signal, which leaves ΓNLOBSM as the relevant contribution
that has to be calculated. For V V → V V and V V → hh this leaves corrections to
the vector boson and higgs propagators (see e.g. figure 3.2), three boson vertices,
four boson vertices (see e.g. figure 3.3) as well as a higgs tadpole to be computed
(sec 3.2.1). Since all of these contributions are potentially UV divergent the theory
needs to be renormalized (see sec. 3.2.2).

3.2.1. Simplifying the 1-Loop Contributions
When looking at loop induced diagrams like e.g. Z propagator corrections (fig. 3.2)
and the correlated equation

Πµν(p,mi,mj) = (−1)µ
(4−d)

(2π)d
∫
ddk

i(/k +mi)igγνT 3
ij i(/k + /p+mj)igγµT 3

ji

(k2 −m2
i )((k + p)2 −m2

j)
(3.35)

= T 3
ijT 3

jiIµν(p,mi,mj) , (3.36)

one can find an isospin dependent part T 3
ijT 3

ji and a remaining integral, which only
depends on the masses and the external momentum. As the masses from equation
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Figure 3.3.: Loop induced correction to the ZZhh vertex

(3.13)-(3.15) don’t depend on the isospin or its third component, the remaining integral
is both explicitly and implicitly independent of the isospin. The full propagator
correction in the model which is the sum over all possible particles i and j then reads

Πµν(p,m, λ, J) =
∑
i,j

T 3
ijT 3

jiIµν(p,mi,mj) (3.37)

=
3∑

a=1

3∑
b=1

∑
T3(a)

∑
T3(b)
T 3
J ;(a T3(a)),(b T3(b))T 3

J ;(b T3(b)),(a T3(a))

 Iµν(p,mχa ,mχa)

(3.38)

=
3∑

a=1

3∑
b=1

ZZ(a, b, J)Iµν(p,mχa ,mχb). (3.39)

This decomposition now contains a coupling factor that depends on which particles
are in the loop and the isospin (but not their masses or λ) and an integral that
depends on the momenta and the masses of the internal particles but not their
isospin. Taking this same approach the four particle ZZhh vertex in figure 3.3 can
be expressed as

Γµν(p1, p2, p3,m, λ, J) =
3∑

a,b,c,d=1
HHZZ(a, b, c, d, J)Iµν(p1, p2, p3,mχa ,mχb ,mχc ,mχd).

(3.40)
Going to the limit of only one multiplet and therefore no coupling between multiplets
these coupling coefficients become traces of SU(2) generators

∑
i,j

T aijT bji → Tr(tatb) = TRδab = J(J + 1)(2J + 1)
3 (3.41)

The integrals Iµ1µ2... that are needed for this theses can be calculated analytically
within Mathematica in terms of Pasarino-Veltman-Function using PackageX [34]

3.2.2. Renormalization
After calculating the 1-loop contributions one is still left with UV-divergent parts in
all n-point functions which need to be renormalized [40, 41, 42]. For the two-point
functions one needs to renormalize the p0 part (mass part) as well as the p2 part.
The required counter terms to the masses in the SU2-limit are δM2

W
and δM2

h
, the p2
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part is addressed by the wave function renormalizations δZW and δZh . These wave
function renormalizations also affect the divergences in the three- and four-point
functions and are supplemented by renormalizing the couplings δg and δλh . Finally in
order to handle the divergence in the higgs tadpole a counterterm δth is introduced.
This set

M2
W,0 = M2

W + δM2
W

(3.42)
M2

h,0 = M2
h + δM2

h
(3.43)

g0 = g + δg (3.44)
λh,0 = λh + δλh (3.45)
Th,0 = Th + δth (3.46)

W I,µ
0 =

√
ZWW

I,µ = W I,µ + 1
2δZWW

I,µ (3.47)

φ0 =
√
Zhφ = φ+ 1

2δZhφ, (3.48)

however is not linearly independent of each other and can be reduced to four coun-
terterms for the four operators of the SM that can be used as counterterms

W I
µνW

Iµν , (Dµφ)†Dµφ, µ2φ†φ, λh(φ†φ)2 (3.49)
µ2

0 = µ2 + δµ2 . (3.50)

In order to avoid unnecessary confusion between the renormalization scale µ, the
coupling to the new fermions λ and the coefficients in the higgs potential µ2 and λh
the latter ones are avoided whenever possible.
Starting with W I

µνW
Iµν and looking at the resulting two-point function one can

directly read off the coefficient to be δZW . By construction the same coefficient has
to appear for the three- and four-point gauge boson function resulting in

3
2δZW + δg

g
= δZW (3.51)

2δZW + 2δg
g

= δZW , (3.52)

and therefore
δg
g

= −1
2δZW . (3.53)

The covariant derivative stays therefore unchanged making it again easy to read off
the coefficient of (Dµφ)†Dµφ as δZh . As δM2

W
is now also accounted for one is left

with the higgs potential. By comparing the one- and two-point higgs function one
can read off the remaining relations:

δth = −δλhv3 − δµ2v − δZh
m2
hv

2 (3.54)

δM2
h

= 3δλhv2 + δµ2 + 3
2δZhm

2
h (3.55)

δλh =
δth + δM2

h
v − δZhm2

hv

2v3 (3.56)

δµ2 =
−3δth − δM2

h
v

2v (3.57)
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3.2.2.1. MS Scheme

In the minimal subtraction MS scheme not only the UV-divergent part is absorbed
but also a finite part that appears together with the 1

ε
pole. Using the Mathematica

package package-X this finite part is already implicitly included in the 1
ε
term as(1

ε

)
MS

= 1
ε

+ γE + log(4π) , (3.58)

so one can directly expand in 1
ε
and read off the contributions. From the vector

boson propagator one finds

Dµν
W (p2)ε =

(1
ε

)
MS

g2

12π2

(
(Tj + 2Tj−1/2)(pµpν − p2gµν) + λ2v2 3(2j + 1)

8 gµν
)
(3.59)

δZW ,ε = −
(1
ε

)
MS

g2

12π2 ((Tj + 2Tj−1/2) (3.60)

δZh,ε = −
(1
ε

)
MS
λ2 (2j + 1)

8π2 . (3.61)

The remaining counter terms can be calculated using the higgs propagator and the
higgs tadpole

Πh(p2)ε =
(1
ε

)
MS

−λ2

8π2 (3λ2v2 + 6m2
Ψ − p2)(2j + 1) (3.62)

Th,ε =
(1
ε

)
MS

−λ2

8π2 (λ2v3 + +6m2
Ψv)(2j + 1) (3.63)

δµ2,ε =
(1
ε

)
MS

−(2j + 1)
16π2 (λ2m2

h + 12λ2m2
Ψ) (3.64)

δλh,ε =
(1
ε

)
MS

−(2j + 1)
8π2v2 (λ4v2 − λ2m2

h). (3.65)

By construction, these counterterms also cancel all divergences that appear in higher
n-point functions. At this point it should be mentioned that δZh,ε also affects the
Yukawa couplings of the SM and new fermions. As these should stay unchanged a
counterterm for the Yukawa coupling that exactly cancels the higgs wavefunction
renormalization can be introduced. In the end this procedure gives the same result
as ignoring δZh,ε for the Yukawa sector.

3.2.2.2. On-Shell Scheme

In order to use the physical W- and H-masses one wants to go one step further and
use the on-shell renormalization scheme [43] . For this the finite part of the tadpole
has to vanish as well as the real part of the propagator corrections at p2 = m2

Th + δth = 0 (3.66)
Re[p2 −m2

W − δM2
W

+ ΠW (p2)]
∣∣∣
p2=m2

W

= 0 (3.67)

Re[p2 −m2
h − δM2

h
+ Πh(p2)]

∣∣∣
p2=m2

h

= 0. (3.68)

Finally one can require the real part of residue of the propagator at its pole to be
equal to one. In total these are five requirements with only four free parameters
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to account for them. Explicitly δZh and δZW are overconstrained as they have to
account for the W-mass as well as the W- and H-residues. In order to fulfill all five
restrictions a background field Φ̂ is introduced following [44]

Φ→ Φ + Φ̂ =
(
ϕ+

h+iϕZ√
2

)
+
(

ϕ̂+

v̂+ĥ+iϕ̂Z√
2

)
. (3.69)

This background field now allows for two independent renormalization constants for
the two fields. They will be named (δZh) and δZv since they renormalize the higgs
field and the vev. This new renormalization constant changes the relations from
equations (3.54)-(3.57). Including the vev renormalization they read

δth = −δλhv3 − δµ2v − δZv
m2
hv

2 (3.70)

δM2
h

= 3δλhv2 + δµ2 + 3
2δZvm

2
h (3.71)

δλh =
δth + δM2

h
v − δZvm2

hv

2v3 (3.72)

δµ2 =
−3δth − δM2

h
v

2v (3.73)

By expanding the W-two-point function around p2 = m2
w

ΠW (p2) = ΠW (m2
W ) + (p2 −m2

W )dΠW

dp2 (m2
W ) + ... (3.74)

one can read off
δm2

W
= Re[ΠW (m2

W )]. (3.75)
With the pole fixed a residue of one can be achieved using the wave function
renormalization for the W-field. The relevant part of the propagator now reads

1
ZW

1
(p2 −m2

W − δm2
W

+ ΠW (m2
W )) + (p2 −m2

W )dΠW
dp2 (m2

W ) + ...
(3.76)

= 1
ZW

1
(p2 −m2

W )(1 + dΠW
dp2 (m2

W ) + ...
. (3.77)

The wave function renormalizations are therefore given as

δZW = ZW − 1 = −Re
[
dΠW

dp2 (m2
W )
]

(3.78)

δZv =
δm2

W

m2
W

− 2δg
g

=
δm2

W

m2
W

+ δZW

= Re[ΠW (m2
W )]

m2
W

− Re
[
dΠW

dp2 (m2
W )
]
. (3.79)

Similarly to the W-propagator the higgs-mass counterterm and the higgs wave
function renormalization can also be read off as

δM2
h

= Re[Πh(m2
h)] (3.80)

δZh = Zh − 1 = −Re
[
dΠH

dp2 (m2
h)
]

(3.81)
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The remaining renormalization of δµ2 and δλh follows from the equations (3.72) and
(3.73) by plugging in δM2

h
, δZv and δth from their respective equations (3.80), (3.79)

and (3.66).
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3.3. Generalizations and related Models

There are many parameters and choices within this model where changes can lead to a
slightly or largely different phenomenology. The following changes can be investigated

• A different number of multiplets (explicitly only 2 multiplets)

• Different masses of the multiplets

• Different Yukawa-couplings between the multiplets

• A different coupling structure to the higgs

Starting with only two multiplets, e.g. ΨY=0
J=3 and ΨY=−0.5

J=2.5 , one can see that ΨY=0
J=3,mJ=J

has no partner to couple to. Therefore the mass of of ΨY=0
J=3,mJ=J stays unchanged after

the rotation into the mass eigenstates. On the other side of the spectrum ΨY=0
J=3,mJ=−3

and ΨY=−0.5
J=2.5,mJ=−2.5 produce two mass eigenstates with masses of mΨ ±

√
2

2 λv̂. The
remaining states within each mass eigenstate multiplet then lie between mΨ ±

√
2

2 λv̂
and mΨ. The lightest state in the new multiplets therefore has a charge of Q = −3
and is stable. This would result in charged tracks from a stable particle in a detector
making this type of model easily observable.
A similar behavior can be observed when adding two additional multiplets with
different masses e.g. mΨ2 = mΨ1 and mΨ3 = mΨ1 +4m. The mass of the Q = J
and Q = −J mass eigenstates are

m−J = mΨ1 ±
√

2
2 λv̂ , (3.82)

mJ = mΨ1 + 1
24m±

√
2λ2v̂2 +4m2

2 , (3.83)

and all other masses lie between them. This setup therefore again results in a
charged particle being the lightest one, which then again results in charged tracks in
a detector.
Another way of changing the masses is having both additional multiplets be heavier
(or lighter) than the first multiplet mΨ2 = mΨ1 +4m and mΨ3 = mΨ1 +4m. For
this setup the symmetry between Q = −J and Q = J is preserved and the three
masses, after rotation into mass eigenstates, are

mχ1 = mΨ1 +4m , (3.84)

mχ2,3 = mΨ1 + 1
24m±

√
2λ2v̂2 +4m2

2 . (3.85)

The difference between this setup and the setup with three identical masses is mostly
the mass mχ1 , which is no longer right in the middle of the other two masses but
shifted to one of them depending on the sign of 4m. As this is not expected to add
any new phenomenology one can stick with the easier case of three identical masses.
Different Yukawa couplings λ1, λ2 and identical masses produces the masses

m−J = mΨ1 ±
√

2
2 λ1v̂ , (3.86)

mJ = mΨ1 ±
√

2
2 λ2v̂ , (3.87)
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which leads to the same issue as before.
Within this thesis the coupling between the different multiplets and the higgs field is
explicitly built to be CP-even. When building the Lagrangian one is however free to
add terms like

λCP Ψ̄Y=0
j γ5ΦΨY=−1/2

j±1/2 + h.c. , (3.88)

which can generate graphs with an even or an odd number of γ5 matrices at the one
loop level. In [45] it is explicitly shown how CP-odd EFT operators (dimension 6)
can arise from these loops with an odd number of γ5 matrices and how much of an
impact they can have.



4. EFT

The goal of searches for new physics using EFT operators is setting limits on BSM
contributions (in the form of EFT coefficients) while being as model independent
as possible. The most model independent starting point would be a complete basis,
like the Warsaw basis, for each dimension necessary. As this implies thousands of
operators one might want to step away from these general bases and find a dedicated
basis suitable for the EFT search one has in mind.

4.1. Constructing a Dedicated Basis

A dedicated basis can be constructed in the following ways

• Starting with a complete basis, operators (or groups of operators) are eliminated
using assumptions made for the underlying theory.

• A set of operators is specifically generated for a certain problem.

• Starting with a subset of operators of a general basis (or a dedicated basis),
operators are added till a set of operators is generated, that can accommodate
for the expected effects of underlying theories.

The first step for most of these approaches is restricting the number of higher
dimensions that are included. By reducing the number of higher dimensions looked
at (e.g. only dimension-6) one already starts neglecting certain models in which the
dominant EFT contribution firstly appears at higher dimension (e.g. [19])

Starting with a complete basis one can assume symmetries for the underlying theory
in order to reduce the number of operators. Some of these possible assumptions
include the U(3)5-limit or minimal flavor violation (MFV) [46, 47, 48], which are
implemented in the SMEFTsim package [49] which uses FeynRules [50]. One can also
make assumptions on where new physics should appear first (e.g. certain processes
and therefore vertices) and how it behaves (e.g. CP-even/-odd) in order to reduce the
number of relevant operators. Another way of reducing the number of operators that
need to be accounted for, is by throwing out groups of operators using the argument,
that the BSM scenarios one wants to study only couple to certain sectors of the SM.
An example of this are searches for new physics that couples to the higgs and vector
boson sector, for which one can therefore ignore the fermionic and strong interaction
sector.
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When doing this, one has to be careful that these sectors are connected, due to the
use of equations of motion for the derivation of the complete basis. Depending on
the processes one wants to use such an EFT for, some operators might need to be
reintroduced to the set. An example of this can be found in section 4.1.1.
When building a basis for a specific problem from the ground up (or starting from an
existing set), one also needs to be careful that the operators actually form a basis for
the given problem. An example from the field of vector boson scattering is the Éboli
basis that has the purpose of parameterizing anomalous quartic gauge couplings
(aQGC). This basis featured both redundant (e.g. OM6) as well as missing operators
(e.g. OT3, see section 2.2.1.2). As this basis is still used for setting limits on aQGC
it is a good starting point for a dedicated basis for the model used in this thesis.
The more assumptions are made the smaller one can make the dedicated basis used.
This can be done till one arrives at single operator searches. With all the assumptions
gone into such a basis, one shouldn’t forget that they are also assumptions made
for an underlying theory and that there should be theories left that can fulfill these
assumptions.

4.1.1. Following the Contributions
As mentioned in section 4.1, using equations of motion for generating a basis of EFT
operators links different classes of operators together, which therefore shouldn’t be
looked at separately. This can best be demonstrated with an example. Starting with
an operator that is generated from an underlying theory, one can then follow the
contributions of this operator for different processes in order to understand, in which
cases a reduced operator set is acceptable and which it is not.
Starting with an underlying theory that only introduces new interactions for the
vector boson and higgs sector, one can generate the operator

(DµD
µφ)†DνD

νφ, (4.1)
which is not part of the Warsaw basis. Using the EOM from equation (2.38) one can
rewrite this operators in terms of classes of operators that appear

(DµD
µφ)†DνD

νφ ∼ O(φ2) +O(φ4) +O(φ6) +O(ψ2φ) +O(ψ2φ3) +O(ψ4). (4.2)
The classes O(φn2) are classes that one would also expect from the underlying theory,
the fermionic ones however are only introduces through the EOM.
When looking at a process only involving vector bosons, like V V → V V , one can see,
that the fermionic operators have no influence on the process and can rightfully be
ignored. However in most cases vector boson scattering is not studied in a vacuum,
but vector bosons are produced and decay and for these processes one needs to make
sure that the fermionic operators have little to no effect (including new diagrams
that might arise due to O(ψ4) operators). For the original operators this task is
significantly easier, as it only requires studying the effect on vector boson propagators.
Going one dimension further an operator like

εIJK (DαWµν)I
(
DβW µν

)J
WK
αβ, (4.3)

generates quite a few operators after using EOM (equation (2.39)), with some of
them being in the O(ψ4X) class. With these operators two vector bosons don’t
need to scatter and then decay (V V → V V → 4ψ), but can directly scatter into
four fermions through a four-fermion-two-vector-boson vertex. Arguing that such
operators can be ignored is then quite a task.
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4.2. Building the Dedicated Basis
In order to build an EFT basis for a model like the one presented in section 3.1, one
first needs to define the building blocks used for the operators. In the SU(2)L-limit
the model only couples to weak bosons and φ and not to photons. Furthermore the
model is CP-even. The building blocks one can use, are therefore the field strength
tensor W I

µν , the higgs field φ and the covariant derivative Dµ. The following rules
can be made for these objects:
• Due to SU(2)L the number of higgs fields has to be even.
• Higgs fields are contracted as either a singlet (φ†φ) or a triplet (φ†τ Iφ). Addi-

tional derivatives can be applied.
• As there shouldn’t be any tadpoles introduced by higher dimensional operators,

singlet products of higgs fields should be written as (φ†φ− v̂2

2 ).
• As all lorentz indices need to be contracted, the total number of lorentz indices

also needs to be even, resulting in an even number of covariant derivatives.
• Covariant derivatives shouldn’t act on products of building blocks.
• Operators have to be hermitian.

Starting with an object O one can produce a hermitian operator via
O1 = O +O† , (4.4)

O2 = i(O −O†) . (4.5)
As all of the building block are P-even one finds that one of these combinations is
C-even while the other is C-odd (or vanishing). Only the CP-even combination is
considered.
With these guidelines one can construct the basis one dimension at at time and one
operator class at a time.

4.2.1. Dimension-2 and Dimension-4
All operators of the SM can also appear as operators of the EFT. The cause for this
is for one the usage of (φ†φ− v̂2

2 ) over φ†φ, as this can generate lower dimensional
operators

1
Λ2

EFT
φ†φW I

µνW
Iµν = 1

Λ2
EFT

(
φ†φ− v̂2

2

)
W I
µνW

Iµν + v̂2

2Λ2
EFT

W I
µνW

Iµν . (4.6)

Secondly the appearance of SM operators in the EFT depends on the renormalization
used for the underlying model. When looking at an operator of the class D2X2 it
can easily be seen, that such an operator can produce an effect proportional to p4

Λ2
EFT

to the vector boson propagator. When using an on-shell renormalization scheme this
effect can be countered by terms proportional to m2

W

Λ2
EFT

(Dµφ)†Dµφ or m2
W

Λ2
EFT

W I
µνW

Iµν .
The SM operators needed for a complete basis are therefore

OH2 = −φ†φ , (4.7)

OH4 = −
(
φ†φ

)2
, (4.8)

OGauge = −1
4 W I

µνW
Iµν , (4.9)

Okin = (Dµφ)†Dµφ . (4.10)
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These operators are intentionally kept identical to the ones in the SM in order to
facilitate renormalization.

4.2.2. Dimension-6
At dimension-6 there are a total of eight operator classes that need to be filled. They
are ordered firstly by the number of higgs fields (most to least) and secondly by the
number of derivatives (most to least).

4.2.2.1. φ6

The operator class φ6 contains three higgs fields and three conjugated higgs fields,
which together can either form triplets or singlets under SU(2)L. As all of the fields
are identical the term from three triplets vanishes

εIJK
(
φ†τ Iφ

) (
φ†τJφ

) (
φ†τKφ

)
= 0. (4.11)

Two triplets and a singlet is identical to three singlets and lower dimensional operators
due to equation (2.48)(

φ†φ− v̂2

2

)(
φ†τ Iφ

) (
φ†τ Iφ

)
=
(
φ†φ− v̂2

2

)3

+O(φ4) +O(φ2). (4.12)

The only remaining operator is therefore

OH6 =
(
φ†φ− v̂2

2

)3

(4.13)

4.2.2.2. φ4D2

Following the discussion in section 2.2.1.1 we have the operators

OHD1 = ((Dµφ)†φ)(φ†Dµφ) , (4.14)

OHD2 =
(
φ†φ− v̂2

2

)
((Dµφ)†Dµφ). (4.15)

As we are not using EOMs, the operator with two derivatives acting on the same
field is no longer proportional to operators of a lower class. Using IBP we get three
operators where the derivatives are acting on different fields, two of them being
already mentioned above. The third and missing operator is

OHD3 = ((Dµφ)†φ)((Dµφ)†φ) + (φ†Dµφ)(φ†Dµφ). (4.16)

The operators with two triplets

OHD1∗ = ((Dµφ)†τ Iφ)(φ†τ IDµφ), (4.17)
OHD2∗ =

(
φ†τ Iφ

)
((Dµφ)†τ IDµφ), (4.18)

OHD3∗ = ((Dµφ)†τ Iφ)((Dµφ)†τ Iφ) + (φ†τ IDµφ)(φ†τ IDµφ), (4.19)

are all proportional to linear combinations of the first three operators and lower
dimensional ones after using equation (2.48).



Chapter 4. EFT 35

Finally one can rearrange the operators in order to build two operators that conserve
custodial SU(2)C symmetry

2OHD1 +OHD3 (4.20)
OHD2 (4.21)

and one that breaks SU(2)c
2OHD1 −OHD3 (4.22)

operator.

4.2.2.3. φ2D4

For this class we can observe, that the order and position of the derivatives can
be chosen freely, as all of these are identical up to lower class operators, using the
commutator of covariant derivatives and IBP. The only operator that needs to be
considered is therefore

OHDD = (DµD
µφ)†(DνD

νφ). (4.23)

4.2.2.4. φ2D2X

The only SU(2)L structure that produces a singlet overall is the two higgs fields being
contracted to a triplet. Afterwards one is left with four possibilities for distributing
the derivatives
• Both derivatives act on the field strength tensor.
• Both derivatives act on the same higgs field.
• Both derivatives act on different higgs fields.
• One derivative acts on a higgs field and one on the field strength tensor.

The first two options can be ignored as we can rewrite

DµDν = 1
2{Dµ, Dν}+ 1

2[Dµ, Dν ] (4.24)

where the second part only generates lower class operators. One is therefore left
with a symmetric part from the derivatives and an antisymmetric part from the field
strength tensor. The operator therefore vanishes. Using IBP one can then link the
remaining two cases to each other, leaving only one operator

OHDDW = i((Dµφ)†τ IDνφ)W I
µν (4.25)

4.2.2.5. φ2X2

For this class one can either contract the two higgs fields to a singlet or a triplet

φ†φW I
µνW

Iµν , (4.26)
εIJKφ†τ IφW J

µνW
Kµν . (4.27)

As the second term is symmetric under interchanging the two field strength tensors,
and therefore under interchanging J and K, while at the same time containing εIJK ,
it vanishes. The only relevant operator is therefore

OHW =
(
φ†φ− v̂2

2

)
W I
µνW

Iµν . (4.28)
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4.2.2.6. D4X

In the operator class D4X all derivatives act on the field strength tensor. Therefore
all operators are identical up to commutators of covariant derivatives. So one can
chose a structure like

DαD
αDµDνW I

µν (4.29)

and see that the derivatives are symmetric under swapping µ and ν (up to lower
class operators) while the field strength tensor is asymmetric. At the same time the
SU(2) index is not contracted which leaves no operator for this class. Further classes
in which the SU(2) index can’t be contracted will be omitted.

4.2.2.7. D2X2

For the operator class D2X2 there are two relevant lorentz structures.

• The two derivatives have the same lorentz index.

• The two derivatives are contracted with different field strength tensors.

The position of the derivatives can again be chosen arbitrarily as all of these possi-
bilities are identical up to IBP and commutators of derivatives. Starting with the
second option one can use the Bianchi identity

DρXµν +DµXνρ +DνXρµ = 0 , (4.30)

and relabeling the indices, to show that the two structures are linearly dependent:

(DµW νρ)I (DρWµν)I = − (DµW νρ)I
[
(DµWνρ)I + (DνWρµ)I

]
(DµW νρ)I (DρWµν)I + (DµW νρ)I (DνWρµ)I = − (DµW νρ)I (DµWνρ)I

(DµW νρ)I (DρWµν)I + (DµW ρν)I (DρWνµ)I = − (DµW νρ)I (DµWνρ)I

2 (DµW νρ)I (DρWµν)I = − (DµW νρ)I (DµWνρ)I , (4.31)

Therefore only one operator appears for this class

ODW = (DαWµν)I (DαW µν)I . (4.32)

4.2.2.8. X3

In order to generate an overall SU(2)L singlet, while having field strength tensors with
two nonidentical lorentz indices, one can come up with only one possible structure.
The chosen operator reads

OW = εIJKW
Iν
µ W Jρ

ν WKµ
ρ . (4.33)
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4.2.3. Dimension-8
The ordering for the classes of dimension-8 operators is the same as for dimension-6.
More higgs fields imply a higher class and for the same number of higgs fields more
derivatives mean a higher class. In total there are twelve relevant classes.

4.2.3.1. φ8

Similarly to the operator class φ6, there are multiple possible ways to form an
overall singlet using φ†φ and φ†τ Iφ terms. As all of the fields are identical, operators
containing εIJK can be ignored. Using equation (2.48) the remaining possible
operators can be shown to be related, leaving only one operator to consider

OH8 =
(
φ†φ− v̂2

2

)4

. (4.34)

4.2.3.2. φ6D2

In this class we can have three SU(2)L structures, three triplets and a Levi-Civita
tensor, two triplets and one singlet and three singlets. In the case of the three triplets,
the derivatives have to act on different triplets and one on an unconjugated field and
one on a conjugated one. Otherwise there would be two similar terms (up to the
index of the Pauli matrices) and the whole operator would vanish due to the anti
symmetric nature of the Levi-Civita tensor. Therefore one can write down only one
operator for this configuration:

iεIJK(φ†τ Iφ)(Dµφ
†τJφ)(φ†τKDµφ) (4.35)

Using equation (2.48) structures with two triplets can be reduced to only singlets.
Furthermore using IBP one can assume that the two derivatives act on different
fields, giving three possible operators for this structure. For the structure with εIJK
one can use

Tr(τ IτJτK) = 2iεIJK . (4.36)
and (2.48) in order to write it in terms of operators without the epsilon tensor.
Hence in total there are three linearly independent operators:

OH61 =
(
φ†φ− v̂2

2

)2

((Dµφ)†Dµφ), (4.37)

OH62 =
(
φ†φ− v̂2

2

)
((Dµφ)†φ)(φ†Dµφ), (4.38)

OH63 =
(
φ†φ− v̂2

2

)
((Dµφ)†φ(Dµφ)†φ+ φ†Dµφφ

†Dµφ). (4.39)

4.2.3.3. φ4D4

The operator class φ4D4 contains the S-operators from the Éboli basis. In order to
make comparisons easier, these operators are set as the first three operators of this
class:

OS0 = ((Dµφ)†Dνφ)((Dµφ)†Dνφ), (4.40)
OS1 = ((Dµφ)†Dµφ)((Dνφ)†Dνφ), (4.41)
OS2 = ((Dµφ)†Dνφ)((Dνφ)†Dµφ). (4.42)
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Starting with the structure of the higgs fields one can either have two triplets or two
singlets. Using equation (2.48) one can again ignore the triplets. For the placement
of the derivatives one can group the resulting operators in the following way:

• All four derivatives act on the same field.

• Three derivatives act on the same field.

• Two derivatives, that are contracted, act on the same field, while the other two
act on one different field.

• Two derivatives, that are contracted, act on the same field, while the other two
act on two different fields.

• Two derivatives, that are not contracted, act on the same field.

• All derivatives act on different fields.

Four derivatives acting on the same field can be connected to three derivatives acting
on the same field using IBP. Similarly one can move from this group to the group
where two not contracted derivatives act on the same field using IBP. This again
renders this group linearly dependent. For the third group one can use IBP for one
derivative of each lorentz index once. This results in operators where at most two
derivatives, that are not contracted, act on the same field. This group can therefore
also be linked to the last two groups. Similarly for the fourth group one can use IBP
for one of the derivatives that act on the same field, to move to the last two groups.
If two not contracted derivatives act on the same field the other two can either act
both on one other field

OH4D41 = 1
2
(
(DµD

νφ)†φ(DµDνφ)†φ+ φ†DµD
νφφ†(DµDνφ)

)
, (4.43)

OH4D42 =
(
φ†φ− v̂2

2

)
((DµD

νφ)†DµDνφ), (4.44)

OH4D43 = 1
2
(
(DµD

νφ)†φφ†(DµDνφ)
)
, (4.45)

or act on two other fields

OH4D44 = 1
2
(
(DµD

νφ)†Dµφφ†Dνφ+ (Dµφ)†DµDνφ(Dνφ)†φ
)
, (4.46)

OH4D45 = 1
2
(
(DµD

νφ)†Dµφ(Dνφ)†φ+ (Dµφ)†DµDνφφ†Dνφ
)
, (4.47)

OH4D46 = 1
2
(
(Dµφ)†Dνφ

) (
(DµDνφ)†φ+ φ†DµDνφ)

)
. (4.48)

The last group of operators contains the three S-operators.
A slightly different approach of constructing the operators is starting with the four
higgs fields

(φ†φ)(φ†φ) (4.49)

and adding the derivatives one by one. The first derivative can be fixed to one
position as all resulting possibilities are identical up to hermitian conjugation

((Dµφ)†φ)(φ†φ) (4.50)
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Using IBP one can forbid one position for each further derivative thereby avoiding
two contracted derivatives acting on the same field giving the following possibilities

((Dµφ)†Dµφ)(φ†φ), (4.51)
((Dµφ)†φ)((Dµφ)†φ), (4.52)

((Dµφ)†φ)(φ†Dµφ). (4.53)

Once all derivatives are placed one arrives at 27 possible operators. After eliminating
identical operators, operators that are identical after interchanging the two lorentz
indices and operators that are the hermitian conjugate of each other, one arrives at
the same nine operators mentioned beforehand.

4.2.3.4. φ4D2X

The operator class φ4D2X can contain two structures that produce a SU(2)L singlet

φ†φ[φ†τ Iφ]W I
µν , (4.54)

εIJK [φ†τ Iφ][φ†τJφ]WK
µν . (4.55)

Starting with the first structure one finds the following groups of operators

• Both derivatives act on the field strength tensor.

• One derivative acts on the field strength tensor.

• Both derivatives act on the same higgs field.

• The derivatives act on different higgs fields.

The first group only contains one operator that due to

DµDνW I
µν = DνDµW I

µν +O(X2), (4.56)
2DµDνW I

µν = O(X2), (4.57)

is proportional to lower class operators. The operators that appear in the second
group (up to hermitian conjugation) are

φ†Dνφ[φ†τ Iφ] (DµWµν)I , (4.58)
φ†φ[φ†τ IDνφ] (DµWµν)I . (4.59)

Using IBP on the first group, one generates the sum of these operators which, since
the first group vanishes, makes them linearly dependent up to lower class operators.
The third group is again symmetric under swapping the derivatives (up to lower class
operators) and anti symmetric under exchanging the lorentz indices due to the field
strength tensor. Consequently this group vanishes. The fourth group contains four
operators

iφ†φ
(
(Dµφ)†τ IDνφ− (Dνφ)†τ IDµφ

)
W I
µν , (4.60)

i
(
[(Dµφ)†τ Iφ][(Dνφ)†φ]− [φ†τ IDµφ][φ†Dνφ]

)
W I
µν , (4.61)

i
(
[(Dµφ)†τ Iφ][φ†Dνφ]− [φ†τ IDµφ][(Dνφ)†φ]

)
W I
µν , (4.62)

iφ†τ Iφ
(
(Dµφ)†Dνφ− (Dνφ)†Dµφ

)
W I
µν . (4.63)
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These operators are connected to the second group by using IBP for the derivative,
that acts on the field strength tensor in that group. In total one is left with six
operators and three equations linking them to each other from using IBP. In terms
of equations one can write these three equations

(4.58) + (4.59) ∝ 0 , (4.64)
(4.58) ∝ (4.61) + (4.62) + (4.63) , (4.65)
(4.59) ∝ (4.61) + (4.62) + (4.60) . (4.66)

Equations (4.65) and (4.66) implies that (4.58) and (4.59) linearly depend on the
fourth group. Using (4.64) one can subsequently find a linear relation between
(4.63) and the other three operators. So only three of these operators are linearly
independent leaving

OHHDDW1 = i
(
φ†φ− v̂2

2

)(
(Dµφ)†τ IDνφ− (Dνφ)†τ IDµφ

)
W I
µν , (4.67)

OHHDDW2 = i
(
[(Dµφ)†τ Iφ][(Dνφ)†φ]− [φ†τ IDµφ][φ†Dνφ]

)
W I
µν , (4.68)

OHHDDW3 = i
(
[(Dµφ)†τ Iφ][φ†Dνφ]− [φ†τ IDµφ][(Dνφ)†φ]

)
W I
µν . (4.69)

For the second structure one can rewrite the epsilon tensor as

Tr(τ IτJτK) = 2iεIJK . (4.70)

Using equation (2.48) one can now rewrite all operators of the second structure in a
similar structure as 4.54. Therefore all of the operators in the second structure can
be written in terms of the first structure making them redundant.

4.2.3.5. φ4X2

In the operator class φ4X2 one can construct the following SU(2)L structures

[φ†φ][φ†φ]W I
µνW

Iµν , (4.71)
[φ†τJφ][φ†τJφ]W I

µνW
Iµν , (4.72)

[φ†τ Iφ][φ†τJφ]W I
µνW

Jµν , (4.73)
εIJK [φ†φ][φ†τ Iφ]W J

µνW
Kµν . (4.74)

The first two structures are identical after using equation (2.48) while the last
structure vanishes as it is symmetric under swapping J and K with respect to the
field strength tensors and contains a Levi-Civita tensor. The operators chosen for
this basis are

OW2H41 =
(
φ†φ− v̂2

2

)2

W I
µνW

Iµν , (4.75)

OW2H43 = (φ†τ Iφ)(φ†τJφ)W I
µνW

Jµν . (4.76)

4.2.3.6. φ2D6

The six derivatives in the operator class φ2D6 can be arranged freely by using IBP and
the fact that commutators of derivatives generate lower class operators. Therefore,
all operators in this class are linearly dependent up to lower class operators and one
can chose

OHDDD = (DµDνDαφ)†DµDνDαφ. (4.77)



Chapter 4. EFT 41

4.2.3.7. φ2D4X

For the operator class φ2D4X one can start with the structure

φ†τ IφW I
µν (4.78)

and add the derivatives afterwards. Using IBP one can argue that all derivatives
should act on the higgs fields generating three groups of operators

• All derivatives act on the same field.

• Three derivatives act on the same field and one on the other field.

• Two derivatives act on each field.

By using equation (4.24) one can generate a symmetric term in Dµ and Dν whenever
both of these derivatives act on the same field. Since the field strength tensor is anti
symmetric in µ and ν all of these operators vanish. In the end one is left with two
operators in which Dµ and Dν act on different fields and no derivatives act on the
field strength tensor

OHD4W1 = i(DαDµφ)†τ IDαD
νφW I

µν , (4.79)
OHD4W2 = i

(
(DαD

αDνφ)†τ IDµφ− (Dµφ)†τ IDαD
αDνφ

)
W I
µν . (4.80)

4.2.3.8. φ2D2X2

For the operator class φ2D2X2 one wants to create a set of operators that contains
the M-operators

OM0 = 1
2(Dαφ)†DαφW I

µνW
Iµν , (4.81)

OM1 = 1
2(Dµφ)†DνφW I

ναW
Iαµ, (4.82)

OM7 = i
2εIJK((Dµφ)†τ IDνφ)W J

ναW
Kαµ. (4.83)

Before placing the derivatives one can come up with four structures

φ†φW I
µνW

Iµν , (4.84)
φ†φW I

µνW
Iµα, (4.85)

εIJKφ†τKφW I
µνW

Jµν , (4.86)
εIJKφ†τKφW I

µνW
Jµα. (4.87)

For the derivatives there are the following options

• Both derivatives act on the same field strength tensor.

• One derivative acts on each field strength tensor.

• One derivative acts on a field strength tensor and one on a higgs field.

• Both derivatives act on the same higgs field.

• Both derivatives act on different higgs fields.
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The first of these options can always be ignored by using IBP which generates the
second and third option. Writing down the possible operators for the first structure
one gets

φ†φ (DαWµν)I (DαW µν)I , (4.88)
φ†DαφW

I
µν (DαW µν)I , (4.89)

φ†DαD
αφW I

µνW
Iµν , (4.90)

Dαφ†DαφW
I
µνW

Iµν . (4.91)

Using IBP one can transform the second operator into the third and the fourth which
leaves three independent operators for this structure. For the second structure we
can use IBP in order to avoid contractions of derivatives with field strength tensors
they are acting on. The possible operators for this structure then read

φ†φ (DαWµν)I (DνW µα)I , (4.92)
φ†DνφDαW

I
µνW

Iµα, (4.93)
φ†DαD

νφW I
µνW

Iµα, (4.94)
Dαφ

†DνφW I
µνW

Iµα. (4.95)

For the first operator we can use the Bianchi identity (4.30)

φ†φ (DαWµν)I (DνW µα)I = −φ†φ (DαWµν)I (DµWαν)I − φ†φDαW
I
µν (DαW νµ)I

µ↔ν= −φ†φ (DαWνµ)I (DνWαµ)I − φ†φ (DαWµν)I (DαW νµ)I ,
2φ†φ (DαWµν)I (DνW µα)I = φ†φ (DαWµν)I (DαW µν)I , (4.96)

in order to link it to the first structure. For the second operator one can do the same
calculation

φ†DαφW
I
µν (DνW µα)I = −φ†DαφW

I
µν (DµWαν)I − φ†DαφW

I
µν (DαW νµ)I

µ↔ν= −φ†DαφW
I
νµ (DνWαµ)I − φ†DαφW

I
µν (DαW νµ)I ,

2φ†DαφW
I
µν (DνW µα)I = φ†DαφW

I
µν (DαW µν)I , (4.97)

which leaves two operators linearly independent.
As OM7 belongs to the fourth structure this is the next one to look at. Similarly to
the second structure derivatives, acting on field strength tensors they are contracted
with, can be avoided using IBP. The possible operators are

εIJKφ†τKφ (DαWµν)I (DνW µα)J , (4.98)
εIJKφ†τKDαφW

I
µν (DνW µα)J , (4.99)

εIJKφ†τKDνDαφW
I
µνW

Jµα, (4.100)
εIJKDνφ†τKDαφW

I
µνW

Jµα. (4.101)

By interchanging ν and α for the first operator one can observe, that the two field
strength tensors are symmetric under the transformation I ↔ J . Due to the Levi-
Civita tensor this operator therefore vanishes. The third operator vanishes with
the same argument and equation (4.24), leaving two independent operators for this
structure.
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For the third structure one can again, similarly to the first structure, avoid two
derivatives acting on the same field strength tensor by using IBP. The possible
operators read

εIJKφ†τKφ (DαWµν)I (DαW µν)J , (4.102)
εIJKφ†τKDαφW

I
µν (DαW µν)J , (4.103)

εIJKφ†τKDαDαφW
I
µνW

Jµν , (4.104)
εIJKDαφ†τKDαφW

I
µνW

Jµν . (4.105)

The first, the third and the fourth operator all vanish due to the Levi-Civita tensor
being anti symmetric when swapping I and J , while the remaining operator is
symmetric under this transformation. For the remaining operator one can use the
Bianchi identity in order to get

εIJKφ†τKDαφW
I
µν (DαW µν)J =− εIJKφ†τKDαφW

I
µν (DµW να)J

− εIJKφ†τKDαφW
I
µν (DνWαµ)J (4.106)

µ↔ν= − 2εIJKφ†τKDαφW
I
µν (DµW να)J (4.107)

thereby linking it to the fourth structure.
In total one can find the following seven operators for this class

OM0 = 1
2(Dαφ)†DαφW I

µνW
Iµν , (4.108)

OM1 = 1
2(Dµφ)†DνφW I

ναW
Iαµ, (4.109)

OM7 = i
2εIJK((Dµφ)†τ IDνφ)W J

ναW
Kαµ (4.110)

ODWH1 =
(
φ†φ− v̂2

2

)
(DαWµν)I (DαW µν)I (4.111)

ODWH2 = ((DαD
µφ)†φ+ φ†DαD

µφ)W I
µνW

Iαν (4.112)
ODWH3 = ((DαD

αφ)†φ+ φ†DαD
αφ)W I

µνW
Iµν (4.113)

ODWH4 = iεIJK((Dµφ)†τ Iφ− φ†τ IDµφ)W J
µα (DνW

να)K (4.114)

4.2.3.9. φ2X3

The operator class φ2X3 comes with two possible structures

φ†φεIJKW
Iν
µ W Jρ

ν WKµ
ρ , (4.115)

φ†τ IφW Iν
µ W Jρ

ν W Jµ
ρ , (4.116)

leaving no free indices for other operators. In the second structure W Jρ
ν W Jµ

ρ is
symmetric under interchanging µ↔ ν which leaves only one operator for this class

OW3H21 = (φ†φ− v̂2

2 )εIJKW Iν
µ W Jρ

ν WKµ
ρ . (4.117)
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4.2.3.10. D4X2

In the operator class D4X2 one is again free to chose the position of the derivatives,
as all possibilities are equal (up to lower class operators) using equation (4.24) and
IBP. The resulting operator is

OD2W = (DαD
αWµν)I

(
DβD

βW µν
)I
. (4.118)

4.2.3.11. D2X3

The SU(2)L structure of this operator class is identical to the one of the operator
class X3. Concerning the lorentz structure there are three groups:
• Both derivatives are connected to the same field strength tensor.
• Both derivatives are connected to each other.
• The derivatives are connected to different field strength tensors.

For the first group the following operators are possible
εIJK (DµDνWµν)IW J

ρσW
Kρσ, (4.119)

εIJKW
I
µν (DµDνWρσ)JWKρσ, (4.120)

εIJK (DµWµν)I (DνWρσ)JWKρσ, (4.121)
εIJKW

I
µν (DµWρσ)J (DνW ρσ)K . (4.122)

Using equation (4.24) the derivatives in the first two operators are symmetric under
µ↔ ν (up to lower class operators). Due to the field strength tensor W I

µν they then
vanish. The third operator is proportional to the second one plus the fourth one
using IBP for Dµ, leaving one independent operator for this group.
For the second group the two derivatives either act on the same field strength tensor
or on two different field strength tensors. These two possibilities are connected via
IBP:

εIJK (DαD
αWµν)IW JνρWKµ

ρ

IBP= − εIJK (DαWµν)I (DαW νρ)JWKµ
ρ − εIJK (DαW

µν)IW Jρ
ν (DαWρµ)K

µ↔ν= − εIJK (DαWµν)I (DαW νρ)JWKµ
ρ − εIJK (DαW

νµ)IW Jρ
µ (DαWρν)K

=− 2εIJK (DαWµν)I (DαW νρ)JWKµ
ρ . (4.123)

leaving again only one operator for this group.
For the last group there are nine possibilities:

O1 = εIJK (DσDµW
µν)IW Jρ

ν WKσ
ρ , (4.124)

O2 = εIJK (DµWµν)I (DσW
νρ)JWKσ

ρ , (4.125)
O3 = εIJK (DµW

µν)IW Jρ
ν (DσWρσ)K , (4.126)

O4 = εIJK (DσWµν)I (DµW νρ)JWKσ
ρ , (4.127)

O5 = εIJKW
I
µν (DσD

µW νρ)JWKσ
ρ , (4.128)

O6 = εIJKW
Iν
µ (DµWνρ)J (DσW

ρσ)K , (4.129)
O7 = εIJK (DσW µν)IW Jρ

ν (DµWρσ)K , (4.130)
O8 = εIJKW

Iν
µ (DσWνρ)J (DµW ρσ)K , (4.131)

O9 = εIJKW
Iν
µ W Jρ

ν (DσDµWρσ)K . (4.132)
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The first operator O1 can be linked to the second group in the following way

εIJK (DσD
µWµν)IW JνρWKσ

ρ

BI=− εIJK (DµD
µWνσ)IW JνρWKσ

ρ − εIJK (DνD
µWσµ)IW JνρWKσ

ρ

σ↔ν= − εIJK (DµD
µWνσ)IW JνρWKσ

ρ − εIJK (DσD
µWνµ)IW JσρWKν

ρ

=− εIJK (DµD
µWνσ)IW JνρWKσ

ρ − εIJK (DσD
µWµν)IWKσ

ρ W Jνρ

=− 1
2εIJK (DµD

µWνσ)IW JνρWKσ
ρ . (4.133)

Using the same ideas the second operator O2 can be linked to the second group:

εIJK (DµW
µν)I (DσWνρ)JWKρσ

BI=− εIJK (DµW
µν)I (DνWρσ)JWKρσ − εIJK (DµW

µν)I (DρWσν)JWKρσ

σ↔ρ= − εIJK (DµW
µν)I (DνWρσ)JWKρσ − εIJK (DµW

µν)I (DσWρν)JWKσρ

=− 1
2εIJK (DµW

µν)I (DνWρσ)JWKρσ. (4.134)

In a similar fashion one can deal with the fifth operator O5

εIJKW
Iµν (DσDµWνρ)JWKρσ

BI=− εIJKW Iµν (DσDρWµν)JWKρσ − εIJKW Iµν (DσDνWρµ)JWKρσ

ν↔µ= − εIJKW Iµν (DσDρWµν)JWKρσ − εIJKW Iνµ (DσDµWρν)JWKρσ

=− 1
2εIJKW

Iµν (DσDρWµν)JWKρσ, (4.135)

linking it to the first group. For the remaining operators one can use IBP and
symmetry arguments

O3
IBP= −O2 −O1, (4.136)

O4
IBP= −O5 −O6, (4.137)

O6 ∝ O2(µ↔ σ, ν ↔ ρ), (4.138)

O7
IBP= −O8 −O9, (4.139)

O8 ∝ O4(µ↔ σ, ν ↔ ρ), (4.140)
O9 ∝ O1(µ↔ σ, ν ↔ ρ). (4.141)

Using all of these equations there are no independent operators left in this group
and one is left with two operators for the whole class

ODWWW0 = εIJK (DαWµν)I (DαW νρ)JWKµ
ρ , (4.142)

ODWWW1 = εIJK (DαWµν)I
(
DβW µν

)J
WK
αβ. (4.143)
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4.2.3.12. X4

For the last operator class, X4, only one SU(2)L structure is possible. For the lorentz
indices four possibilities can be found. These possibilities are the T-operators

OT0 = 1
4W

I
µνW

IµνW J
αβW

Jαβ, (4.144)

OT1 = 1
4W

I
µνW

IαβW J
αβW

Jµν , (4.145)

OT2 = 1
4W

Iν
µ W Iα

ν W Jβ
α W Jµ

β , (4.146)

OT3 = 1
4W

I
µνW

I
αβW

JναW Jβµ. (4.147)
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4.2.4. Renormalization

For the renormalization of the EFT one can go one of two ways

• start with a fully renormalized model (e.g. on-shell renormalized) and do the
matching afterwards

• start with a non renormalized theory and perform the renormalization after
the matching using the same renormalization criteria.

For a MS-scheme these methods lead to identical results as all 1
ε
poles (and the finite

part that comes with them) appear in the coefficients for the SM operators. So it
does not matter whether they are subtracted before or after the matching procedure.
For other finite renormalizations one needs to be a bit more careful. Starting with
the treatment of the higgs tadpoles that can arise from the model discussed in this
paper, one can expand the resulting higgs one point function as

T =
∞∑
n=1

cnv̂3+(2n−4)

Λ2n−4 . (4.148)

When renormalizing the underlying theory the whole expression for the tadpole is
needed for the counterterm. The counterterm operators, being dimension-2 and -4
operators, therefore come with coefficients that are needed in order to cancel higher
dimensional operators. When going to the EFT these coefficients are expected to
change depending on up to which dimension the matching is performed. In a similar
vein the counterterms required for an on-shell renormalization are expected to change
between the full model and the EFT.
The counterterms for an on-shell and tadpole free renormalization for the set of
operators presented in sec. 4.2.1-4.2.3 in the SU2-limit can be calculated using the
definitions in equation (3.72), (3.73), (3.79), (3.78), (3.81) and (3.80):

δZv =− ckin + g2v̂2cDW
Λ2
EFT

+ g4v̂4cD2W

2Λ4
EFT

, (4.149)

δZW =− cGauge + 2g2v̂2cDW
Λ2
EFT

+ 3g4v̂4cD2W

4Λ4
EFT

+ g2v̂2cHDD
8Λ4

EFT

, (4.150)

δZh =− ckin + −(cHD1 + 2cHD3)v̂2 − 4m2
hcHDD

Λ2
EFT

(4.151)

− m2
h(v̂2(2cH4D41 + cH4D43) + 6m2

hcHDDD)
Λ4
EFT

(4.152)

δλh =− cH4 + ckinm
2
h

v̂2 + m2
h(cHD1 + 2cHD3 − g2cDW + 2λhcHDD)

2Λ2
EFT

+ m2
h(m2

h(8λhcHDDD + cH4D43 + 2cH4D41)− 2g4v̂2cD2W )
8Λ4

EFT

, (4.153)

δµ2 =− cH2 −
m2
hckin

2 − m2
h(v̂2(cHD1 + 2cHD3) + 2m2

hcHDD)
4Λ2

EFT

− m4
h(4m2

hcHDDD + v̂2(2cH4D41 + cH4D43))
8Λ4

EFT

. (4.154)

The explicit counterterms for the EFT can be found in section B.
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Table 4.1.: Wilson coefficients for dimensions d=2 and d=4 showing the m0

and m2 terms.
D2, D4 cO,ε cO

OH2 −φ†φ 3(2j+1)λ2m2

4π2ε

(2j+1)λ2m2(3 log
(
µ2

m2

)
+1)

4π2

OH4 −
(
φ†φ

)2 3(2j+1)λ4

24π2ε

(2j+1)λ4(3 log
(
µ2

m2

)
−8)

24π2

OGauge
−1
4 W

I
µνW

Iµν g2j2(2j+1)
12π2ε

g2j2(2j+1)(log
(
µ2

m2

)
)

12π2

Okin (Dµφ)†Dµφ 3(2j+1)λ2

24π2ε

(2j+1)λ2(3 log
(
µ2

m2

)
−2)

24π2

4.3. Matching
In general the EFT-matching can be done on different levels of the calculation ranging
from process by process down to n-point function by n-point function. Matching
on the level of whole processes is required when a general basis is used as can be
seen in section 4.1.1. Somewhere in between lies the method of integrating out the
heavy degrees of freedom. For heavy vector like fermions this tends to be a quite
tedious calculation but new studies [51][45] have provided a more straight forward
approach to do so on the dimension-6 level. The result of this method is an effective
Lagrangian for each operator class. This effective Lagrangian can directly be used
for matching or it can be further processed (e.g. EOM, IBP, etc.) in order to fit the
chosen operator basis. This procedure however is not readily available for dimension-8
operators stemming from heavy vector like fermions.
Doing the matching for each n-point function is the most straight forward way of
calculating the coefficients, once a dedicated basis for the underlying theory is found.
Once the basis is known the contribution to each affected n-point function of the
underlying theory is calculated as a series in 1

ΛEFT . One can further separate the
results for each n-point function in terms of lorentz and momentum structures (similar
to the structures used for the reduction of one loop tensor functions in section A), in
order to arrive at a large linear system of equations.
For the EFT scale of the model in this thesis mΨ is chosen. The other scales, that
are supposed to be small in comparison, are the masses of the SM (∼ v̂), the mass
splitting in the model as well as the momenta involved in the process. This results
in the requirements for the expansion parameters

v̂
mΨ
� 1, (4.155)

λv̂√
2mΨ

� 1, (4.156)
pipj
m2

Ψ
� 1. (4.157)

Looking at theses requirements from the point of view of the EFT, equations (4.155)
and (4.156) guarantee that higher dimensional operators with more higgs fields can
be neglected, while (4.157) guarantees that higher dimensional operators with more
derivatives can be neglected. As field strength tensors can be written as a commutator
of derivatives, one can see, that any higher dimensional operator (unless specifically
enhanced by an unaccounted effect) should be suppressed, which allows cutting the
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EFT expansion after dimension-8.
In tables 4.1, 4.2, 4.3, 4.4 and 4.5 the resulting Wilson coefficients for J = 3 and
J = 4 are presented. For the Wilson coefficients of an operator of dimension d one
finds terms that are suppressed by 1

m(d−4) , which is the expected suppression of 1
Λ(d−4)
EFT

as well as terms with additional suppression factors of 1
m

i.e.(
c1

m2 + c2λ
2v̂2

m4

)
O(d=6). (4.158)

These additional 1
m4 terms appear at the same order in the expansion as the dimension

8 operators. Therefore these contributions have to be treated similarly as them.
When talking about dimension 6 terms in the EFT one should only consider the

1
m2 part of the Wilson coefficient. Similarly the 1

m4 part of the Wilson coefficient
of a dimension 6 operator should be considered when discussing the dimension 8
effects. Going forward, dimension 6 contributions refer to all contributions that are
suppressed by 1

m2 while dimension 8 contribution refer to those suppressed by 1
m4 .

Studying the structure of the Wilson coefficient, one finds that the isospin dependence
comes with a factor of 2J + 1 from the multiplicity of the fermions and a polynomial
in J divided by a power of J . An example would be the operator OHD1 with the
coefficient

cHD1

Λ2
EFT

= (2J + 1)λ4(7J + 1)
120Jπ2m2 + (2J + 1)λ6v̂2(214J + 1)

13440Jπ2m2 . (4.159)

In general the power of 1
J
stems from the CGC and is present in terms, that come from

vector bosons coupling to different multiplets and are accompanied by a polynomial in
J of at least the same order. Further powers of J in the polynomial in the numerator
come from couplings of vector bosons to two fermions of the same multiplet. As a
rule two powers of J are added for every two field strength tensors in the operator.
An explicit example for this can be seen in table 4.1 for OGauge where the polynomial
is of degree two. For the 1

m2 and 1
m4 terms one finds a polynomial of degree three

divided by J . For the power of λ one finds one power for each higgs field in the
operator as well further terms due to the expansion in λv̂

m
.

With the structure of the coefficients understood, one can compared them with
the constraints on these operators found in the literature. As one is dealing with
a dedicated basis only some of these operators are constrained in the literature,
namely the T-, S- and M-operators [4] and a couple of dimension 6 operators, that
parameterize aTGC [3] and anomalous higgs couplings [2]. In table 4.6 the current
limits are compared with the coefficients as they appear in the EFT of the proposed
model. The coefficients of the model are calculated for two sets of parameters,
m = 700 GeV, J = 3, λ = 1 and m = 1100 GeV, J = 4, λ = 3, which represent one
point with gJ � λ and one point with gJ ∼ λ. For gJ � λ one finds a mild conflict
for cT1 and cT2 . Whether this conflict results in a possible exclusion of the set of
parameters however, depends on the interference pattern of the operators (the bounds
are only single operator bounds) and whether the operators actually describe the
model in the region of phase space that is responsible for the limit. In the previous
study for one multiplet [19] the total EFT contribution was found to be smaller
compared to the single operator contribution of the dominant T-operator. Therefore
this set of parameters is expected to be allowed from the side of experimental bounds
on the EFT.
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For the second set of parameters with λ = 3, one can observe violations for the
three bounds set by anomalous higgs couplings (cHD1, cHD3 and cHW ), with the
strongest violation appearing in cHD1 + 2cHD3 = −cH�. This combination gives
contributions to the higgs 2-point 3-point and 4-point function. As such it appears
in the renormalization of the higgs field δZh which cancels most of their impact. The
remaining impact will be analyzed in 5.4. The limit on cHD1 can be ignored altogether
as cHD1 only ever appears in SU(2)C conserving combination cHD1 + 2cHD3. For cHW
the one sigma limit is broken by a factor of five. As this operator does not impact
a propagator there is no counterterm from the renormalization. There is however
possible correlation with other operators, which might decrease the impact, so that
it is fine with the two sigma bounds. Lastly the operators OM0 exceeds the limit for
its Wilson coefficient while the T-operators are below their limits. This implies that
it is possible that the M-operators give the dominant contribution for VBS processes.
Unfortunately one has to keep in mind that there are a total of seven operators in
the operator class φ2D2X2 that can theoretically destructively interfere with OM0 .
In order to solve the question of which operators are dominant one has to run the
full VBS simulation which will be done in section 5.5.1.2.
Lastly one can discuss the range of validity of the EFT based on the expansion made
in equations (4.155)-(4.157) and the setups in table 4.6. Equation (4.155) should
pose no problem, as fermion masses of m ≥ 700 GeV are considered. For equation
(4.156) one finds a mass splitting of 4m = 174 GeV for λ = 1 and 4m = 522 GeV
for λ = 3. These are considerable smaller than the original masses of the fermions
and one shouldn’t get into trouble using these sets of parameters. Lastly equation
(4.157) suggests that the EFT is only valid up to

√
s = m. In the previous study [19]

a range of validity up to
√
s ≤ 1.3m was found. A similar analysis is performed in

section 5.5.1.3.
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Table 4.2.: Wilson coefficients for dimensions d=2, d=4 and d=6 for J = 3 and
J = 4. Only the 1

m2 and 1
m4 are shown.

dimension 2 and 4 operators cO(J = 3) cO(J = 4)

OH2 −φ†φ −7λ6v̂4

160π2m2 − λ8v̂6

160π2m4
−63λ6v̂4

1120π2m2 − 9λ8v̂6

1120π2m4

OH4 −
(
φ†φ

)2 84λ6v̂2

960π2m2 + 9λ8v̂4

960π2m4
252λ6v̂2

2240π2m2 + 27λ8v̂4

2240π2m4

OGauge
−1
4 W

I
µνW

Iµν 2242g2λ2v̂2

11520π2m2 + 5593g2λ4v̂4

11520π2m4
78484g2λ2v̂2

17920π2m2 + 19573g2λ4v̂4

17920π2m4

Okin (Dµφ)†Dµφ 56λ4v̂2

5760π2m2 − 13λ6v̂4

2240π2m4
336λ4v̂2

17920π2m2 − 51λ6v̂4

17920π2m4

operator class: φ6 cO
Λ2
EFT

(J = 3) cO
Λ2
EFT

(J = 4)

OH6
(
φ†φ− v̂2

2

)3 −16λ6

240π2m2 − 3λ8v̂2

240π2m4
−42λ6

560π2m2 − 9λ8v̂2

560π2m4

operator class: φ4D2

OHD1 ((Dµφ)†φ)(φ†Dµφ) 2464λ4

5760π2m2 + 643λ6v̂2

5760π2m4
9744λ4

17920π2m2 + 2571λ6v̂2

17920π2m4

OHD2
(
φ†φ− v̂2

2

)
((Dµφ)†Dµφ) 28λ4

1440π2m2 − 13λ6v̂2

1440π2m4
168λ4

4480π2m2 − 51λ6v̂2

4480π2m4

OHD3 ((Dµφ)†φ)((Dµφ)†φ) + h.c. 2464λ4

11520π2m2 + 643λ6v̂2

11520π2m4
9744λ4

35840π2m2 + 2571λ6v̂2

35840π2m4

operator class: φ2D4

OHDD (DµD
µφ)†(DνD

νφ) 42λ2

480π2m2 + 7λ4v̂2

480π2m4
252λ2

2240π2m2 + 45λ4v̂2

2240π2m4

operator class: φ2D2X

OHDDW i((Dµφ)†τ IDνφ)W I
µν

2394gλ2

17280π2m2 + 3493gλ4v̂2

17280π2m4
1596gλ2

8960π2m2 + 2967gλ4v̂2

8960π2m4

operator class: φ2X2

OHW
(
φ†φ− v̂2

2

)
W I
µνW

Iµν −22442g2λ2

23040π2m2 − 11207g2λ4v̂2

23040π2m4
−78484g2λ2

35840π2m2 − 39191g2λ4v̂2

35840π2m4

operator class: D2X2

ODW (DαWµν)I (DαW µν)I −2016g2

7680π2m2 − 2273g2λ2v̂2

7680π2m4
−10752g2

17920π2m2 − 11859g2λ2v̂2

17920π2m4

operator class: X3

OW εIJKW
Iν
µ W Jρ

ν WKµ
ρ

819g3

1440π2m2 + 923g3λ2v̂2

1440π2m4
2912g3

2240π2m2 + 3211g3λ2v̂2

2240π2m4
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Table 4.3.: Wilson coefficients for dimensions d=8, for operators with four, six
or eight higgs fields for J = 3 and J = 4

operator class: φ8 cO
Λ4
EFT

(J = 3) cO
Λ4
EFT

(J = 4)

OH8
(
φ†φ− v̂2

2

)4 −λ8

160π2m4
−9λ8

1120π2m4

operator class: φ6D2

OH61
(
φ†φ− v̂2

2

)2
((Dµφ)†Dµφ) −13λ6

1440π2m4
−51λ6

4480π2m4

OH62
(
φ†φ− v̂2

2

)
((Dµφ)†φ)(φ†Dµφ) 643λ6

2880π2m4
2571λ6

8960π2m4

OH63
(
φ†φ− v̂2

2

)
((Dµφ)†φ(Dµφ)†φ) + h.c. 643λ6

5760π2m4
2571λ6

17920π2m4

operator class: φ4D4

OS0 ((Dµφ)†Dνφ)((Dµφ)†Dνφ) 3773λ4

25920π2m4
4957λ4

26880π2m4

OS1 ((Dµφ)†Dµφ)((Dνφ)†Dνφ) −217λ4

6480π2m4
−101λ4

2688π2m4

OS2 ((Dµφ)†Dνφ)((Dνφ)†Dµφ) 3773λ4

25920π2m4
4957λ4

26880π2m4

OH4D41
1
2((DµD

νφ)†φ(DµDνφ)†φ) + h.c. 7λ4

60π2m4
333λ4

2240π2m4

OH4D42
(
φ†φ− v̂2

2

)
((DµD

νφ)†DµDνφ) 7λ4

240π2m4
9λ4

224π2m4

OH4D43
1
2((DµD

νφ)†φφ†(DµDνφ) 7λ4

30π2m4
333λ4

2240π2m4

OH4D44
1
2((DµD

νφ)†Dµφφ†Dνφ) + h.c. 1057λ4

4320π2m4
1423λ4

4480π2m4

OH4D45
1
2((DµD

νφ)†Dµφ(Dνφ)†φ) + h.c. 1057λ4

4320π2m4
1423λ4

4480π2m4

OH4D46
1
2((Dµφ)†Dνφ)

(
(DµDνφ)†φ+ φ†DµDνφ)

)
959λ4

2160π2m4
253λ4

448π2m4

operator class: φ4D2X

OHHDDW1 i
(
φ†φ− v̂2

2

)
((Dµφ)†τ IDνφ)W I

µν + h.c. −889gλ4

4320π2m4
−753gλ4

2240π2m4

OHHDDW2 i([(Dµφ)†τ Iφ][(Dνφ)†φ])W I
µν + h.c. 217gλ4

1920π2m4
3821gλ4

17920π2m4

OHHDDW3 i([(Dµφ)†τ Iφ][φ†Dνφ])W I
µν + h.c. 217gλ4

1920π2m4
3821gλ4

17920π2m4

operator class: φ4X2

OW2H41
(
φ†φ− v̂2

2

)2
W I
µνW

Iµν −2807g2λ4

5760π2m4
−9809g2λ4

8960π2m4

OW2H43 (φ†τ Iφ)(φ†τJφ)W I
µνW

Jµν 0 0
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Table 4.4.: Wilson coefficients for dimensions d=8, for operators with two higgs
fields for J = 3 and J = 4

operator class: φ2D6 cO
Λ4
EFT

(J = 3) cO
Λ4
EFT

(J = 4)

OHDDD (DµDνDαφ)†DµDνDαφ λ2

160π2m4
9λ2

1120π2m4

operator class: φ2D4X

OHD4W1 i(DαDµφ)†τ IDαD
νφW I

µν
17gλ2

720π2m4
17gλ2

560π2m4

OHD4W2 i
(
(DαD

αDνφ)†τ IDµφ
)
W I
µν + h.c. −gλ2

48π2m4
−3gλ2

112π2m4

operator class: φ2D2X2

OM0
1
2(Dαφ)†DαφW I

µνW
Iµν 14291g2λ2

8640π2m4
24791g2λ2

6720π2m4

OM1
1
2(Dµφ)†DνφW I

ναW
Iαµ 7891g2λ2

4320π2m4
13771g2λ2

3360π2m4

OM7
i
2εIJK((Dµφ)†τ IDνφ)W J

ναW
Kαµ 17g2λ2

240π2m4
51g2λ2

560π2m4

ODWH1
(
φ†φ− v̂2

2

)
(DαWµν)I (DαW µν)I −2273g2λ2

3840π2m4
−11859g2λ2

8960π2m4

ODWH2
(
(DαD

µφ)†φ+ φ†DαD
µφ
)
W I
µνW

Iαν −97g2λ2

960π2m4
−501g2λ2

2240π2m4

ODWH3
(
(DαD

αφ)†φ+ φ†DαD
αφ
)
W I
µνW

Iµν 253g2λ2

512π2m4
3957g2λ2

3584π2m4

ODWH4 iεIJK
(
(Dµφ)†τ Iφ− φ†τ IDµφ

)
W J
µα (DνW

να)K −11g2λ2

1152π2m4
−11g2λ2

896π2m4

operator class: φ2X3

OW3H21
(
φ†φ− v̂2

2

)
εIJKW

Iν
µ W Jρ

ν WKµ
ρ

923g3λ2

720π2m4
3211g3λ2

1120π2m4
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Table 4.5.: Wilson coefficients for dimensions d=8, for operators with no higgs
fields for J = 3 and J = 4

operator class: D4X2 cO
Λ4
EFT

(J = 3) cO
Λ4
EFT

(J = 4)

OD2W (DαD
αWµν)I

(
DβD

βW µν
)I −9g2

320π2m4
−9g2

140π2m4

operator class: D2X3

ODWWW0 εIJK (DαWµν)I (DαW νρ)JWKµ
ρ

24g3

35π2m4
3g3

10π2m4

ODWWW1 εIJK (DαWµν)I
(
DβW µν

)J
WK
αβ

g3

40π2m4
2g3

35π2m4

operator class: X4

OT0
1
4W

I
µνW

IµνW J
αβW

Jαβ −2551g4

2880π2m4
−5863g4

1680π2m4

OT1
1
4W

I
µνW

IαβW J
αβW

Jµν −613g4

360π2m4
−5731g4

840π2m4

OT2
1
4W

Iν
µ W Iα

ν W Jβ
α W Jµ

β
1441g4

360π2m4
7289g4

420π2m4

OT3
1
4W

I
µνW

I
αβW

JναW Jβµ 4673g4

1440π2m4
9677g4

840π2m4

Table 4.6.: Limits on Wilson coefficients from anomalous higgs couplings [2]
(one sigma), aTGC [3] (95% CL) and aQGC [4] (95% CL) compared with the
coefficients for the model for two sets of parameters. Setup 1: m = 700 GeV,
J = 3, λ = 1 ; setup 2: m = 1100 GeV, J = 4, λ = 3

Wilson coefficient cO Observed Setup 1 Setup 2

−cHD1−2cHD3
Λ2
EFT

(TeV−2) [-0.41,0.47] -0.18 -8.252
cHD1
Λ2
EFT

(TeV−2) [-4.94,0.26] 0.091 4.126
cHW
Λ2
EFT

(TeV−2) [-0.16,0.19] -0.093 -0.880
4cW

g3Λ2
EFT

(TeV−2) [-1.44,1.47] 0.536 0.651
cHDDW
gΛ2

EFT
(TeV−2) [-2.45,2.08] 0.033 0.184

cS0
Λ4
EFT

(TeV−4) [-2.7,2.7] 0.055 1.035
cS1

Λ4
EFT

(TeV−4) [-3.4,3.4] -0.014 -0.211
cM0

Λ4
EFT

(TeV−4) [-0.69,0.70] 0.304 1.000
cM1

Λ4
EFT

(TeV−4) [-2.0,2.1] 0.336 1.112
cM7

Λ4
EFT

(TeV−4) [-3.4,3.4] 0.013 0.025
cT0

Λ4
EFT

(TeV−4) [-0.12,0.11] -0.071 -0.046
cT1

Λ4
EFT

(TeV−4) [-0.12,0.13] -0.136 -0.089
cT2

Λ4
EFT

(TeV−4) [-0.28,0.28] 0.321 0.228



5. Results

For the analysis of the proposed model and its impact on VBS we will restrict
ourselves to a couple of parameter points, in order to understand the behavior of
the model when varying the three parameters J , λ and mΨ. These exemplary model
parameters should not be in conflict with the present data. As such a model has not
been analyzed at the LHC there are no direct limits to draw upon from the ATLAS
or CMS collaborations. We will therefore base the selection for these exemplary
parameter points on the previous study for one multiplet and λ = 0 [19], and quick
analyses of non-VBS processes to arrive at reasonable parameter choices for our
model. The limits on the parameters that arise from these considerations should
however not be mistaken as stringent limits on the model, which can only be set by a
full experimental analysis of this model, which is beyond the scope of the presented
thesis
Starting with the case of λ = 0 one can use the results of [19] in order to set a lower
limit on the mass and an upper limit on the isospin. The upper limit for the isospin
of J ≤ 4 in [19] is mainly chosen based on the analysis of perturbative unitarity of
V V → V V processes. In this analysis J = 5 was found to be just outside of the
perturbative region while J = 4 was well within that region. For the model discussed
in this thesis this implies that choosing one multiplet with J = 4 and two multiplets
with J = 3.5 still produces a model that can be analyzed perturbatively.
The lower limit on the mass of mΨ ≥ 600 GeV in [19] is based on the current limits
on anomalous triple gauge couplings (aTGC), anomalous quartic gauge couplings
(aQGC) and limits on four fermion vertices stemming from Drell-Yan production of
two fermions at the LHC. Again this limit applies similarly to the model discussed
here, but probably needs to be slightly raised to the presence of three multiplets
compared to one.
Leaving the case λ = 0 behind one has to wonder how larger values of λ influence
these limits. In [19] the perturbative limit for J was analyzed for purely transverse
scattering, as this was the channel in which almost all of the contribution of the
model was situated. When increasing λ these purely transverse channels are not
expected to change significantly, thereby leaving the limit on J from [19] intact.
With respect to the mΨ limit one now has to deal with the fact, that the multiplet
with the smallest mass becomes lighter as λ increases. As the limit from [19] mainly
depends on the energy of the two particle production threshold the limit for the mass
has to be adjusted accordingly

mΨ −
λv̂√

2
' 600 GeV. (5.1)

55
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q

q̄ µ+

µ−

γ∗/Z

Figure 5.1.: Drell-Yan: qq̄ → µ+µ−

In order to study the region λ ≤ 1 the two sets of multiplets that will be investigated
are

(J, Y ) =
{

(5
2 ,−

1
2); (3, 0); (5

2 ,
1
2)
}

mΨ = 700 GeV, (5.2)

(J, Y ) =
{

(7
2 ,−

1
2); (4, 0); (7

2 ,
1
2)
}

mΨ = 700 GeV. (5.3)

For larger values of the coupling the mass is chosen as mΨ = 1100 GeV which allows
for λ ≤ 3 when requiring the lightest mass to be above 500 GeV.
Using these parameter points one can now study the effect of this model on the
Drell-Yan production of fermions (section 5.1 and 5.2), on vector boson production
(section 5.3), on the HVV coupling (section 5.4), on on-shell VBS (section 5.5.1) and
on higgs pair production from two vector bosons (section 5.6). The goal within these
sections is to assess possible signals for the model and expected limits from present
LHC data on the allowed parameter range. In these sections the full model will be
compared to its EFT, which leads to the discussion of the possibility of finding BSM
contributions first in M-operators.

5.1. Production of opposite sign SM fermions

The first process to look at is the Drell-Yan production of a muon pair (fig. 5.1).
In [19] one multiplet with J = 4 and m = 600 GeV was found to be on the verge
of being excluded based on the search for resonant and nonresonant phenomena in
dilepton final states [52]. As a quick comparison one can look at the change in the
transverse part of the Dyson-resummed Z boson propagator

Π = i

p2 −m2
Z − ΠT (mΨ, λ, J, p2) , (5.4)

and compare it to the SM

Π(Full)2

Π(SM)2 = (p2 −m2
Z)2

(p2 −m2
Z − ΠT (mΨ, λ, J, p2))2 . (5.5)

This ratio gives a good idea of how the production cross section changes. One has to
keep in mind however, that in the SM both a photon and a Z boson mediate this
process while only the W 3 boson propagator, with W 3 only coupling to left chiral
SM fermions, is significantly influenced by the new fermions. The absolute value of
the ratio therefore overestimates the impact on the whole process. One can however
still use this ratio in order to compare different parameter choices with the limit
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Π2(Full)/Π2(SM)
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Figure 5.2.: Ratio of Π(Full)2

Π(SM)2 from equation (5.5) for the case of one multiplet
with a mass of m = 600 GeV and an isospin of J = 4 (black) and for the case of
three multiplets with J = 3, J = 2.5, J = 2.5 with a mass of m = 700 GeV and
a coupling of λ = 0 (blue, dashed) and λ = 1 (red, dashed)

found in [19].
In figure 5.2 the ratio is shown for the parameter choice from the previous work
[19] and one multiplet (black) as well as the first parameter choice for this paper
m = 700 GeV and J = 3 (blue and red). Comparing the two cases without coupling,
one can observe that both curves have a similar shape, with the blue curve being
shifted to larger energies. This behavior can be understood when looking at the
isospin dependence of the propagator correction

ΠT (J, p,m) =
∑ Jf (Jf + 1)(2Jf + 1)

3 ΠT (p,m) = TJΠT (p,m). (5.6)

This isospin factor is 60 for one multiplet with J = 4 and 63 for one multiplet with
J = 3 and two with J = 2.5. This explains the similar shape and the shift is simply
explained by the slightly larger mass of m = 700 GeV. Going to the case of λ = 1 one
can see that the single dip at

√
s = 1400 GeV = 2m has been split into three dips at√

s ≈ 1050 GeV = 2mχ2 ,
√
s = 1400 GeV = 2mχ1 and

√
s = 1750 GeV ≈ 2mχ3 . This

leads to a stronger deviation from the SM around the first dip and a smaller deviation
around the second dip compared to the λ = 0 case. Since the threshold region is
mostly responsible for the limit on J , one can say that larger λ give weaker bounds
on J . This trend however has a limit as the position of the threshold is linearly
dependent on λ while the amplitude stays almost unchanged once the thresholds are
far enough separated (which will be shown later on). Compared to the case with
one multiplet it now becomes apparent why the mass for the three multiplets is
chosen slightly larger in comparison as now the curves of the two cases align up to√
s ≈ 1050 GeV. This implies that for both, smaller masses and larger couplings,

the deviation from the SM in the region before the first threshold become larger
than in the case of only one multiplet. As this case was already on the edge of being
ruled out (or even slightly over it) one can conclude that for J = 3 the combination
m = 700 GeV, λ = 1 is on the edge of the allowed parameter space.

Figure 5.3 shows a similar situation as figure 5.2 with the only change being a larger
isospin for the three multiplets (J = 4). Starting again with the case of no coupling
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Figure 5.3.: Ratio of Π(Full)2

Π(SM)2 from equation (5.5) for the case of one multiplet
with a mass of m = 600 GeV and an isospin of J = 4 (black) and for the case of
three multiplets with J = 4, J = 3.5, J = 3.5 with a mass of m = 700 GeV and
a coupling of λ = 0 (blue, dashed) and λ = 1 (red, dashed)

(blue), one can see that, up to the threshold of the single multiplet
√
s = 1200 GeV,

both models give somewhat similar deviation from the SM. Going further to the
pair production threshold of the three multiplets the deviation from the SM rises
further, which, assuming the peak of the black curve is somewhat the limit, implies
that evidence for this model should have been detected.
Going to λ = 1 improves the situation slightly as the maximum deviation from the
SM is smaller. Still with a similar threshold at slightly smaller energies and a lot
larger deviations above

√
s = 1200 GeV this model should already be detectable.

Therefore a multiplets with J = 4 and two multiplets with J = 3.5 and a mass of
m = 700 GeV can be ruled out no matter the choice of the coupling parameter λ.
In order to explore larger values of J and λ a mass of m = 1100 GeV is chosen for
the third comparison. In figure 5.4 this comparison is shown for the single multiplet
(black) and for three multiplets with a mass of m = 1100 GeV, a largest isospin of
J = 4, and a coupling of λ = 2 (blue) and λ = 3 (red). When comparing the threshold
position for the λ = 2 and the λ = 3 case as well as the deviation at the threshold,
one can see that an increase in λ no longer significantly lowers the deviation but only
shifts the position of the threshold. When comparing the λ = 3 case with the case of
one lighter multiplet one can observe quite a similar behavior up to

√
s = 1500 GeV

which is due to the quite similar masses, m = 600 GeV and mχ2 = 578 GeV. Starting
at
√
s = 1500 GeV the effects of the other multiplets become apparent and the

deviations from the SM becomes larger again. As uncertainties on the LHC data side
grow with increasing energy these deviations might be compatible with the SM.

As the main focus of this thesis lies on studying the impact of this model on VBS and
whether it can produce large M-operators, this short study of the effect of the model
on the Z boson propagator in Drell-Yan production of two muons will suffice for now,
as it already gives a good qualitative picture of the effects. From the figures 5.2, 5.3
and 5.4 one can see, that the parameter points J = 3, m = 700 GeV, λ = 1 and
J = 4, m = 1100 GeV, λ = 3 are both limits on how far one can push the parameters
before definitely being observable in muon pair production.
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Figure 5.4.: Ratio of Π(Full)2

Π(SM)2 from equation (5.5) for the case of one multiplet
with a mass of m = 600 GeV and an isospin of J = 4 (black) and for the case of
three multiplets with J = 4, J = 3.5, J = 3.5 with a mass of m = 1100 GeV and
a coupling of λ = 2 (blue, dashed) and λ = 3 (red, dashed)

5.2. Production of same sign SM fermions

At high enough
√
s a virtual W, which is produces by qq̄ annihilation, can directly

decay into a pair of the new heavy fermions. These fermions then decay via Z
and W boson emission to the lightest state, χ0

2. The first decays within this decay
chain are between different multiplets due to the larger mass splitting between the
multiplets (of the order of 100 GeV for sizable values of λ) compared to the small
mass splitting within a multiplet (of the order of 100 MeV to 1 GeV). The later
decays therefore produce Pions with a couple of hundred MeV of energy which are
useless for the event reconstruction and can be ignored. The vector bosons from
the first decay however can carry a couple of hundred GeV of energy (depending on
λ), which produce hadronic jets or fermions that could be well detectable. As these
events require vector bosons with an energy larger than 2mχ in order to produce SM
quarks or leptons with 100 GeV of energy, one can usually ignore their contribution
compared to the standard model. Some signals, like same sign leptons without any
jets, are however rare in the standard model. Sticking with the production of a muon
pair (this time with the same charge), one can investigate how many of these events
can be expected from the model. The production of such events can be seen in figure
5.5, where a Z boson is produced and decays into two fermions of a heavier multiplet,
which then further decay into fermions of the lightest multiplet and W bosons. As
the charge of the fermions in the lightest multiplet does not matter (these decay to
the neutral one anyways), this process can also be mediated by a W boson instead of
the Z boson. Looking at the decay side it is also possible to emit both W bosons
sequentially from the same fermion line as can be seen in figure 5.6.

Looking at the possible number of events for such processes one can come up with
three scenarios

• Only very few events (if any) are expected which allows for no further limitations
on the model

• Quite a few events are expected and it is not clear whether the excess is
detectable compared to the SM background. This means, that only full analysis
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Figure 5.5.: Drell-Yan production of a same sign lepton pair. The charges of
the final new fermions are suppressed as these decay to the neutral state anyways.
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Figure 5.6.: Drell-Yan production of a same sign W pair. The charge of the
final new fermions is suppressed as these decay to the neutral state anyways.

of both the model and possible backgrounds can determine limitations for the
model

• A lot of events compared to the SM background are expected. This requires
the events to be hard to detect or undetectable. This can be done by limiting λ
to the point, where the W bosons, and therefore the muons, don’t carry enough
energy in order to be triggered on. This is achieved by requiring λ� 1.

In order to know which scenario one has to deal with a rough approximation of the
number of events should suffice. For this purpose the processes can be separated into
a production cross section for two new on shell fermions and a decay part. Starting
with the production one can make the approximation

dσ(pp→ W 3 → χχ̄)
dQ(W 3) ≈ dσ(pp→ γ∗/Z → µ+µ−)

dQ(Z)

· 2σ(uū→ W 3 → χχ̄) + σ(dd̄→ W 3 → χχ̄)
2σ(uū→ γ∗/Z → µ+µ−) + σ(dd̄→ γ∗/Z → µ+µ−)

, (5.7)
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where the production is expected to be similar to the SM fermions times the ratio
between the cross sections of the hard processes. The factor of two accounts for the
factor between the up- and down-quark parton density functions for large momentum
fractions x. In a similar vein the production via W± bosons can be approximated as

dσ(pp→ W → χχ̄)
dQ(W ) ≈ dσ(pp→ W 3 → χχ̄)

dQ(W 3)

· 2σ(ud̄→ W+ → χχ̄) + σ(dū→ W− → χχ̄)
2σ(uū→ W 3 → χχ̄) + σ(dd̄→ W 3 → χχ̄)

. (5.8)

The relevant cross sections in the limit of zero fermion masses for the SM, equal
masses for the new fermions and

√
s� mz read

σ(uū→ γ∗/Z → µ+µ−) = g4

64πs
(88 sin(θw)4 − 12 sin(θw)2 + 9)

324 cos(θw)4 , (5.9)

σ(dd̄→ γ∗/Z → µ+µ−) = g4

64πs
(40 sin(θw)4 − 24 sin(θw)2 + 9)

324 cos(θw)4 , (5.10)

σ(uū→ W 3 → χiχ̄j) =
2g4T 2

Z,ij

64πs

√
1− 4m2

χ

s
(2m2

χ + s)
9s , (5.11)

σ(dd̄→ W 3 → χiχ̄j) =
2g4T 2

Z,ij

64πs

√
1− 4m2

χ

s
(2m2

χ + s)
9s , (5.12)

σ(ud̄→ W+ → χiχ̄j) =
4g4V ∗udT 2

W+,ij

64πs

√
1− 4m2

χ

s
(2m2

χ + s)
9s , (5.13)

σ(dū→ W− → χiχ̄j) =
4g4VudT 2

W−,ij

64πs

√
1− 4m2

χ

s
(2m2

χ + s)
9s . (5.14)

Using the SU(2)-limit and large
√
s one can approximate the Z boson with the W 3

state from the unbroken theory. Having a closer look at the squared coupling factors
T 2
ij , one finds that they are identical for W and Z, when summing over all particles

within the same multiplet∑
T3(i),T3(j)

TZJ ;(χi,T3(i)),(χj ,T3(j)) =
∑

T3(i),T3(j)
TWJ ;(χi,T3(i)),(χj ,T3(j)). (5.15)

This can be used to find

dσ(pp→ W → χχ̄)
dQ(W ) = dσ(pp→ W 3 → χχ̄)

dQ(W 3) · 2. (5.16)

One further finds that this sum is way larger when both particles belong to the same
multiplet compared to them belonging to different multiplets. This implies that
processes like in figure 5.6 are suppressed compared to figure 5.5. On the decay side
of things the branching ratios for the new fermions and for the W boson are needed

Γ(W+ → µ+ν)
Γ(W ) = 0.106 (5.17)

Γ(χi → W+χj)
Γ(χi)

≈ 1
3 . (5.18)
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Table 5.1.: Values for the pp → γ∗/Z → µ+µ− cross section for different
virtulities, extracted from [53]

Q(Z) 1.4 TeV 2.0 TeV 2.2 TeV 2.5 TeV
dσ(pp→γ∗Z→µ+µ−)

dQ(Z) 3 ab
GeV 0.5 ab

GeV 0.3 ab
GeV 0.1 ab

GeV

This results in a total factor of

2
(

Γ(W+ → µ+ν)
Γ(W )

)2 (Γ(χi → W+χj)
Γ(χi)

)2

≈ 1
400 (5.19)

for the decay. Lastly the muon production cross section is needed which can be
extracted from recent publications (e.g [53] or [54]) and is shown for some points in
table 5.1. With this information it is now possible to estimate the expected number
of events for the production of two muons with the same charge until the end of the
high luminosity program at the LHC

N ≈ 3 ab−1
∫
dQ(W 3)dσ(pp→ W 3 → χχ̄)

dQ(W 3) · 3 · 1
400 . (5.20)

As the σ(pp→γ∗/Z→µ+µ−)
dQ(Z) distribution is steeply falling and the ratio between the di-

muon production and the production of a pair of new fermions is increasing towards
a constant for larger virtualities, it is sufficient to only consider a small region of Q
above the production threshold of two fermions of the multiplet with the medium
mass. With the σ(pp→γ∗/Z→µ+µ−)

dQ(Z) distribution halving roughly every 200 GeV one can
make the approximation

N ≈ 3 ab−1 dσ(pp→ W 3 → χχ̄)
dQ(W 3)

∣∣∣∣∣
Q=2mχ

· 200 GeV · 3 · 1
400

≤ 3 ab−1
(
dσ(pp→ γ∗/Z → µ+µ−)

dQ(Z)

)∣∣∣∣∣
Q=2mχ

· 2σ(uū→ W 3 → χχ̄) + σ(dd̄→ W 3 → χχ̄)
2σ(uū→ γ∗/Z → µ+µ−) + σ(dd̄→ γ∗/Z → µ+µ−)

∣∣∣∣∣
Q=2mχ+200 GeV

· 200 GeV · 3 · 1
400 . (5.21)

For the two masses of mχ = 700 GeV and mχ = 1100 GeV and an isospin of J = 3
and J = 4 respectively one finds

N(mχ = 700 GeV, J = 3) ≈ 3 ab−13 ab
GeV20, 73 GeV

2 ≈ 326 , (5.22)

N(mχ = 1100 GeV, J = 4) ≈ 3 ab−10.3 ab
GeV553 GeV

2 ≈ 87 . (5.23)

These numbers of events now have to be compared with the SM background. This
background was calculated in the context of studying supersymmetry events with
two same-sign leptons [55]. After some preselection (sufficient pT for the leptons,
rapidity cut to account for the detector and spatial isolation of jets and leptons)
7273 SM events at 200 pb−1 and

√
s = 10 TeV or roughly 109 events for 3 ab−1,

ignoring the increase in center of mass energy, are expected. This number of course
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Figure 5.7.: Vector boson production (ff̄ → W+W−) with anomalous triple
gauge coupling

can be drastically decreased using sophisticated cuts. In the given analysis cuts on
the invariant dilepton mass (mll), on the transverse mass, on the missing transverse
energy and on the transverse momentum of the leading jet reduce this background to
5.3 events (79500 at the HL-LHC), with the dominant background being tt̄ production.
With this said 87 or 326 events respectively seem to be quite few compared to the
background which results in no further limitations on λ when going forward. As
the background study is quite old and the cuts are not tailored towards finding this
model, one might still want to keep these kind of processes in mind, when looking
for the model and perform a dedicated study, which would however exceed the scope
of this thesis.

5.3. Vector Boson Pair Production

The next processes to consider are the production of two vector bosons at LHC and
LEP as depicted in figure 5.7. As we are working in the SU(2)-limit one can ignore
the contribution to the photon vertex and focus on the W+W−Z vertex

W+, µ

W−, ν

Z, ρ

p

q

P
= iΓµνρ(p, q, P )WWZ. (5.24)

In section 5.1 it was shown, that the contribution to the vector boson propagator can
become relatively large. once the threshold for two fermion production is reached.
Therefore the correction to the Z propagator has to be taken into account as well

W+
µ

W−
ν

Zρ

p

q

P
= iΓµνρ(p, q, P )Propagator. (5.25)
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Following the original parameterization of the three boson vetex [56] one can write
the CP-even part of the effective Lagrangian for the vertex in the SU(2)-limit as

LWWZ =ig(gV1 ((∂µW †
ν − ∂νW †

µ)W µZν − (∂µWν − ∂νWµ)W †µZν)
+ κVW

†
µWν(∂µZν − ∂νZµ)

+ λV
m2
W

(∂µW †
ν − ∂νW †

µ)(∂νWρ − ∂ρW ν)(∂ρZµ − ∂µZρ)). (5.26)

In terms of the vertex this leads to the following expression

Γµνρ(p, q, P ) =g(gZ1 + s

2m2
W

λZ)(p− q)ρgµν − λZ
m2
W

(p− q)ρP µP ν

+ (gZ1 + κZ + λZ)(P µgρν − P νgρµ). (5.27)

For the model we will consider the dimension 6 EFT contributions to the vertex
and the transverse part of the off-shell propagator (the on-shell contributions as well
as the longitudinal ones vanish). Comparing this to equation (5.27) one finds the
following relations

gZ1 + s

2m2
W

λZ = −16g2v̂2cDW + g2v̂2cHDD − 4gv̂2cHDDW
16Λ2

EFT

+ s
3cW + 6gcDW

gΛ2
EFT

,

(5.28)
λV
m2
W

= 12gcDW + 6cW
gΛ2

EFT

, (5.29)

gZ1 + κZ + ΛZ =
−16g2v̂2cDW + g2v̂2cHDD − 4gv̂2cHDDW + 48m2

W (2gcDW + cW
g

)
8Λ2

EFT

= 2−16g2v̂2cDW + g2v̂2cHDD − 4gv̂2cHDDW
16Λ2

EFT

+m2
W

6cW + 12gcDW
gΛ2

EFT

,

(5.30)

which results in

gZ1 = −16g2v̂2cDW + g2v̂2cHDD − 4gv̂2cHDDW
16Λ2

EFT

= (2j + 1)v̂2(64g4j2 − 7g2λ2)
960π2m2 , (5.31)

λZ = m2
W

12gcDW + 6cW
gΛ2

EFT

= g3j2(2j + 1)m2
W

240π2m2 , (5.32)

κZ = gZ1 . (5.33)

Using these equations the LHC CMS limits [3] and LEP limits [11] can be compared
to the proposed model. In table 5.2 the LHC and LEP limits on the three anomalous
triple gauge coupling parameters at 95% confidence level are shown alongside the
values calculated for the BSM model for two parameter setups. The first setup is
for the lower mass of m = 700 GeV with the maximal allowed isospin of J = 3 and
the maximal allowed coupling λ = 1 and the second setup is for the larger mass of
m = 1100 GeV with an isospin of J = 4 and a coupling of λ = 3. Looking at the



Chapter 5. Results 65

Table 5.2.: Limits on the anomalous triple gauge couplings from CMS [3] and
LEP [11] compared to the expected values for the presented model. The parameter
points for the setups are: 1: m = 700 GeV, J = 3, λ = 1; 2:m = 1100 GeV,
J = 4, λ = 3

CMS(WV) 35.9 fb−1 LEP setup 1 setup 2
κZ [−0.0079, 0.0082] [−0.074, 0.051] 0.0005 0.0012
λZ [−0.0065, 0.0066] [−0.059, 0.017] 0.0002 0.0001
gZ1 [−0.0061, 0.0074] [−0.054, 0.021] 0.0005 -0.0001

values one can see that for either of the these parameter choices the proposed model
would be far below the current experimental limits This behavior aligns with the
λ = 0 case studied in [19] where it was shown that the coefficients of the operators
OW and ODW destructively interfere and mostly cancel each other. Comparing these
results one has to keep in mind, that the model presented here has three multiplets
and therefore the factor TR has to be replaced. Using equation 3.41 one finds

TR(J) + 2TR(J − 1
2) = J2(2J + 1). (5.34)

As the aTGC parameters are well within the experimentally allowed range, no limit
on the parameters of the model will be set going forward.
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Table 5.3.: Limits on the anomalous higgs couplings from CMS ([2], one sigma
bounds) compared to the expected values for the presented model. The parameter
points for the setups are: 1: m = 700 GeV, J = 3, λ = 1; 2:m = 1100 GeV,
J = 4, λ = 3.

CMS(HVV) 137 fb−1 setup 1 setup 2
δcz [−0.28, 0.03] 0.018 0.103
cZZ [−0.09, 0.12] 0.05 0.41
cz� [−0.06, 0.02] -0.002 0.002

5.4. Anomalous Higgs Boson Couplings
For the anomalous higgs boson coupling to vector bosons one can look at the HVV
vertex and the effects of the dimension 6 operators on this vertex. Using the commonly
used so-called higgs basis [57] the relevant part of the effective Lagrangian in the
SU(2)-limit can be written as

LHV V =h
v

(
δcz

g2v̂2

4 ZµZ
µ + czz

g2

4 (∂µZν − ∂νZµ)(∂µZν − ∂νZµ)

+ cz�g
2Zµ∂ν(∂µZν − ∂νZµ)

+ δcW
g2v̂
2 W+

µ W
−µ + cWW

g2

2 (∂µW+
ν − ∂νW+

µ )(∂µW−ν − ∂νW−µ)

+ cW�g
2W−

µ ∂ν(∂muW+ν − ∂νW+µ)
)
. (5.35)

Focusing on the HZZ vertex one can again compare the coefficients and finds

δcz = − v̂2(6g2cDW + cHD1 − 2cHD2 + 2cHD3) + 4cHDD(m2
H −m2

W )
4Λ2

EFT

= (2j + 1)g4j2v̂2

160π2m2 − (2j + 1) (2jλ2(2λ2v̂2 +m2
H −m2

W ) + 2λ4v̂2)
160π2jm2 , (5.36)

cZZ = − v̂2(g2cHDD − 2gcHDDW + 8cHW )
2g2Λ2

EFT

= −(160j3 + 160j2 + 2j − 19)λ2v̂2

1440π2m2 , (5.37)

cz� = −κZ + gZ1
g

. (5.38)

For these three parameters and the two parameter choices for the BSM model (first
setup: m = 700 GeV, J = 3, λ = 1 ; second setup: m = 1100 GeV, J = 4, λ = 3)
the expected values from the model and the experimental (one sigma) limits [2]
can be compared. Looking at those values one sees that the first setup is well
within the allowed limits, while the second setup exceeds the bound on cZZ and δcz.
The exceeded limit in δcz is driven by OHD1 and OHD3, but is comparatively a lot
smaller than for the combination −cHD1 − 2cHD3 in table 4.6. This implies that the
renormalization plays a sizable effect for these considerations. When considering
correlation it is possible that the value for δcz falls within the two sigma band allowing
us to move forward with this setup.
Investigating cZZ further one finds that the operator OHW is mostly responsible for
this value in the model. In the model with λ = 0 the dimension 6 operators could be
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neglected, as these would only scale with J3 (stemming from the trace over three
generators) compared to the J5 scaling of the dimension 8 operators. For the V V H
vertex one can still find up to three powers of J , stemming from two couplings and a
sum over the members of the multiplets, one power of λ from the higgs coupling and
additional powers of λ from the mass splitting in the propagators. Going back to the
operator OHW one then finds

cHW
Λ2
EFT

= g2(2J + 1)(−160J2 − 80J + 77)λ2

11520π2m2 ∝ g2J3λ2

m2 . (5.39)

This is the same scaling behavior with respect to J and λ as one would expect
for the M-operators and for gJ = λ the same scaling behavior as the T-operators.
With respect to m this operator is only suppressed by m2 compared to the m4 one
finds for the dimension 8 operators. Therefore, for values of λ of the order of gJ
the dimension 6 operators can give sizable contributions. Considering the fact that
the bounds in table 5.3 are one sigma bounds and taking into account the possible
correlation between these observables, one can conclude that the parameter point
λ = 3, m = 1100 GeV and J = 4 is on the edge of what is experimentally allowed
with respect to cZZ and δcz. We will therefore only consider λ ≤ 3 for m = 1100 GeV
and J = 4.

5.5. On-Shell Four Particle Scattering
For probing the influence of the model on four point functions, and thereby investigat-
ing the possibility of large M-operators, one can look at the different 2→ 2 processes
for vector bosons and higgs bosons. These different processes were implemented
into a custom program, that uses LoopTools [35] for the numerical evaluation of the
one loop integrals as well as Cuba [58] for the integration over the phase space (see
section 2.4). The incoming and outgoing particles are implemented as on-shell. The
squared amplitude is calculated as

|M |2 = |MSM +MBSM |2 = |MSM |2 + 2Re(MSMM
∗
BSM) + |MBSM |2 (5.40)

which includes the interference as well as the squared amplitudes for the SM and
the new model. As MBSM is by construction a one loop quantity one can argue that
only the interference term and the SM term should be considered since |MBSM |2
would be of the same order as possible two loop graphs. For this issue one can look
at the λ and J dependence of the one loop and possible two loop graphs for four
external particles. Taking the process V V → HH one finds one power of λ at each
higgs vertex and, depending on which fermions propagate, either one power of J
at each vector boson vertex or at least one power of λ from one of the attached
fermion propagators. Additionally one power of J can be found when summing over
all particles of the multiplets. In total this gives five powers of J or λ

∝ J · J2 · λ2. (5.41)
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Looking at a two loop graph one has two additional vertices which leads to two
additional factors of J or λ

∝ J · J4 · λ2. (5.42)

Comparing |MBSM |2 to the interference term of the two loop amplitude with the
SM one finds ten powers of the coupling coefficients for one loop squared compared
to only seven at two loop. This implies that the one loop squared contribution is
expected to be quite a bit larger than the two loop mixed contribution which justifies
equation 5.40. The BSM contributions are then implemented purely at one loop,
therefore having only one vertex or one propagator affected at a time. For the EFT
the same approach is taken.
When trying to estimate the effects of the model for LHC processes like pp→ V V jj
one has to consider the fact that some of the vector bosons in these processes can
be highly virtual. For vector boson scattering the incoming vector bosons can
have virtualities of a couple of hundred GeV while the outgoing ones are in good
approximation on-shell. For the on-shell ones there is no contribution to the outgoing
vector boson propagator while the incoming ones are expected to get contributions.
Since the virtualities are still small compared to the production threshold of two new
fermions and additionally negative one wouldn’t expect much of an influence there
either (see section 5.1). This implies that studying the effects of the new model on
on-shell V V → V V scattering gives a good understanding of the effects of the model
on pp→ V V jj.
Lastly some comments on the scattering angle are needed. While the new model
is relatively flat in the scattering angle the SM contribution is strongly peaked
for forward and backward scattering due to the strong enhancements to the t- or
u-channels at these angles. At the LHC the visible scattering angle is limited by the
geometry of the detectors. Therefore scattering along the beam axis (at angles close
to 0◦ or 180◦) can’t be observed. For the on-shell scattering this means that a cut on
the scattering angle is acceptable in order to enhance the relative contribution of
the new fermions. For this purpose a cut of 5◦ ≤ θ ≤ 175◦ is applied for all on-shell
cross sections.
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5.5.1. VBS
For the VBS processes in the SU(2)-limit five processes are relevant:

• scattering of same sign W bosons: W+W+ → W+W+

• scattering of opposite sign W bosons: W+W− → W+W−

• scattering of one W and one Z boson: W+Z → W+Z

• scattering of two Z bosons: ZZ → ZZ

• production of two Z bosons from two W bosons (or vice versa): W+W− → ZZ

For these processes the cross section for the full model and its EFT can be studied
and compared.

5.5.1.1. Full Model

Starting with the lower mass for the new fermions, m = 700 GeV, one can study the
effects of the isospin and the coupling λ on the five processes as well as the interference
pattern between the SM and the BSM model. For this purpose the J = 4 case, which
is excluded following the argumentation in section 5.1, is also shown in order to see
the size of the impact of choosing larger isospins. Starting with W+W+ → W+W+

in figure 5.8 the SM (black) and the BSM cross section for J = 3 (red, blue) and
J = 4 (green, orange) are shown. In the region

√
s > 2 TeV one finds an increase in

the cross section due to the new fermions by about 20% for J = 3 and about 100%
for J = 4. This increase is independent of the choices of λ, that are allowed following
section 5.1. This strong dependence on the isospin is due to the four point function
being proportional to J5, stemming from four couplings to vector bosons and a sum
over all particles of the multiplets. The second region of importance is the threshold
region around

√
s = 2m = 1.4 TeV which is shown in figure 5.8b. In this region one

can observe a destructive interference between the SM and the BSM model, which
causes decreases of 10% (J = 3) to 20% (J = 4) for the cross section. At around√
s = 2m = 1.4 TeV the imaginary part of the BSM amplitude, stemming from two

fermions being on-shell in s-channel loops, starts rising and compensating for the
destructive interference in the real part of the amplitude. Lastly one can investigate
the λ dependence of the cross section. When comparing λ = 1 and λ = 0 one can
observe three threshold regions

√
s = 2(m− λv̂√

2) = 1.05 TeV,
√
s = 2m = 1.4 TeV

and
√
s = 2(m+ λv̂√

2) = 1.75 TeV, that are caused by the three masses of the mass
eigenstate multiplets. At these thresholds the slope of the BSM cross section peaks
which is again more prominent in the J = 4 case and hardly visible in the J = 3 case.

Going to the next process, W+W− → W+W−, in figure 5.9 one can observe a
slightly different picture. For this process the interference between the SM and the
BSM model is constructive which leads to a different behavior around the thresholds
for pair production. For all cases of isospin and λ a peak in the cross section can
be observed (again for J = 3 these are hardly visible). This constructive interfer-
ence around the threshold region also results in larger differences between the SM
and the BSM cross section for J = 4 and similar differences for J = 3. Above
the thresholds the difference between the cross sections of SM and of the BSM
model for J = 3 shrinks and finally vanishes. This can be explained by destructive
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Figure 5.8.: Cross section of the full model with m = 700 GeV for W+W+ →
W+W+ for different invariant masses of the vector boson pair. 5.8b provides
a closer look at the threshold region. The SM distribution (black) and the full
model distributions for J = 3, 4 and λ = 0, 1 (blue, red, yellow, green) are shown.

interference between the real parts of the amplitude from the new fermions and
the SM which is compensated by the remaining imaginary part of the BSM amplitude.

For W+W− → ZZ in figure 5.10 one finds the same general behavior as for
W+W− → W+W−, when it comes to the interference between the SM and the
BSM model. The striking feature in comparison is simply the size of the contribu-
tion, which is substantially smaller than in the case of scattering of opposite sign
W bosons. This leads to overall smaller differences in the cross sections for all J and λ.

For the next process, W+Z → W+Z, in figure 5.11 one finds structurally similar
behavior as for the scattering of same sign W bosons. Again one can observe destruc-
tive interference in the threshold region but with slightly smaller BSM contributions.

Lastly for ZZ → ZZ in figure 5.12 the SM contribution is considerably smaller than
for the other processes. For small energies one still finds a constructive interference
and at the difference between the full cross section and the SM one finds a similar
behavior as for W+W− → W+W−.
For all of these processes one can make the following general statements

• For J = 4 the deviations from the SM can be quite sizable and the different
masses of the mass eigenstate multiplets can be observed. This case is however
ruled out in section 5.1.

• For J = 3 the deviations from the SM are of the order of 10% and the different
masses of the mass eigenstate multiplets are hardly noticeable. Furthermore
the λ = 1 and λ = 0 case mostly differ by the position of the first threshold,
while the general shape of the cross section is mostly similar (but shifted).

In order to study larger couplings, the second parameter point of m = 1100 GeV
and J = 4 can be studied for the same processes. Although λ = 3 is disfavored
due to the HVV parameters in section 5.4 it is included in order to see an upper
limit of the effects that large couplings can cause. In figure 5.13 and 5.14 the cross
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Figure 5.9.: Cross section of the full model with m = 700 GeV for W+W− →
W+W− for different invariant masses of the vector boson pair. 5.9b provides
a closer look at the threshold region. The SM distribution (black) and the full
model distributions for J = 3, 4 and λ = 0, 1 (blue, red, yellow, green) are shown.
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Figure 5.10.: Cross section of the full model with m = 700 GeV for W+W− →
ZZ for different invariant masses of the vector boson pair. 5.10b provides a closer
look at the threshold region. The SM distribution (black) and the full model
distributions for J = 3, 4 and λ = 0, 1 (blue, red, yellow, green) are shown.

sections for λ = 0 (orange), λ = 1 (green), λ = 2 (red), λ = 3 (blue) and the SM
(black) are shown for the processes W+W+ → W+W+ and W+W− → W+W−. As
little further insight can be gained by the remaining processes, they will no longer
be discussed. For completeness the figures for these processes can be found in the
appendix in figures C.1, C.2 and C.3. The λ = 0 and λ = 1 distributions follow the
same shape as for the m = 700 case thereby not producing any new phenomenology.
For λ = 2 in figure 5.14b one can observe the two particles production thresholds
at
√
s = 2.2 TeV and

√
s ≈ 1.5 TeV from the two lighter multiplets. Additionally a

slight bump in the cross section at
√
s ≈ 1.85 TeV can be seen which stems from the

on-shell production of one particle from the light and one from the medium multiplet.
This bump becomes more pronounced when going to λ = 3. This implies that the
cross section at these mixed thresholds depends stronger on the coupling and less on
the isospin compared to the cross section at the production threshold of two particles
of the same multiplet. Concerning the size of the excess over the SM, one finds that
λ = 0, λ = 1 and λ = 2 all produce a similar amount of excess (but shifted due to the
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Figure 5.11.: Cross section of the full model with m = 700 GeV for W+Z →
W+Z for different invariant masses of the vector boson pair. 5.11b provides a
closer look at the threshold region. The SM distribution (black) and the full
model distributions for J = 3, 4 and λ = 0, 1 (blue, red, yellow, green) are shown.
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Figure 5.12.: Cross section of the full model with m = 700 GeV for ZZ → ZZ
for different invariant masses of the vector boson pair. 5.12b provides a closer
look at the threshold region. The SM distribution (black) and the full model
distributions for J = 3, 4 and λ = 0, 1 (blue, red, yellow, green) are shown.

different threshold positions) while λ = 3 generates overall a larger excess. As the
onset of this increase can also be observed for λ = 2 one can make the assumption
that this increase is caused by absorptive contributions from particles from different
multiplets.
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Figure 5.13.: Cross section of the full model with m = 1100 GeV forW+W+ →
W+W+ for different invariant masses of the vector boson pair. 5.13b provides
a closer look at the threshold region. The SM distribution (black) and the full
model distributions for J = 4 and λ = 0, 1, 2, 3 (yellow, green, red, blue) are
shown.
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Figure 5.14.: Cross section of the full model with m = 1100 GeV forW+W− →
W+W− for different invariant masses of the vector boson pair. 5.14b provides
a closer look at the threshold region. The SM distribution (black) and the full
model distributions for J = 4 and λ = 0, 1, 2, 3 (yellow, green, red, blue) are
shown.
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5.5.1.2. EFT

Looking at the EFT side of things there are mainly three things to investigate:

• Do dimension 6 operators give a sizable contribution

• How do the contributions of T- and M- operators compare

• How much do the contributions from the M-operators depend on the definition
of the other operators (see sections 4.2.3.6 - 4.2.3.9).

For the M-operators and operators that behave similarly one has to remember that
the choice of operators within the classes in sections 4.2.3.6 - 4.2.3.9 is not unique.
Therefore a different choice of operators, while keeping the M-operators, can be
achieved by using the allowed tools (total derivatives, replacing commutators etc.).
During this process contributions proportional to the M-operators can appear, which
results in different Wilson coefficients for the M-operators between different sets
of operators making them somewhat arbitrary. What is however invariant under
changing the basis, is the total contribution stemming from all operator classes that
are connected via the tools presented section 2.2.1.1. The common part of all of these
operator classes is the presence of two higgs fields, as these can’t be transformed
away without equations of motion. Transformations after which the two higgs fields
only appear as v̂2

2 in the Wilson coefficient are however possible. As both higgs fields
and factors of v̂ always appear together with a factor of λ one can group all of these
contributions together as contributions that are proportional to λ2

m4 . In a similar vein
one can group contributions that behave like T-operators as λ0

m4 and contributions
that behave like S-operators as λ4

m4 .
With these definitions out of the way one can now study the EFT contributions for
the two sets of parameters, m = 700 GeV, J = 3, λ = 1 and m = 1100 GeV, J = 4,
λ = 3, for the processes W+W+ → W+W+ and W+W− → W+W− in figures 5.15 -
5.18 (with the remaining processes found in the appendix in figures C.4- C.9). Subplot
(a) of each plot shows the comparison of dimension 6 and dimension 8 contributions.
For the λ = 1 case the dimension 6 contribution is almost completely vanishing while
for the λ = 3 case one can find similarly large contributions from both, dimension
6 and dimension 8, up until

√
s = 2m = 2.2 TeV. This increase in contributions

from dimension 6 can be understood by looking at the VVV and HVV couplings
in section 5.3 and 5.4. There it was found that the VVV-vertex has rather small
contributions at dimension 6 level while the HVV-vertex gets sizable contributions
for larger values of λ. Additionally the dimension 6 operators that first appear in the
VVV-vertex depend on J3 while the dimension 8 operators that only affect the four
particle vertex (like the T-operators) grow with J5. For the M-operators one finds
a factor of λ2J3 which is identical to the dominant dimension 6 operator in HVV:
OHW . One can therefore conclude that there is no mechanism in this model, that
suppresses dimension 6 operators compared to dimension 8 operators for growing λ.
The next study (b) of the plots shows the comparison between the contribution
coming from T-operators and from M-operators. For the λ = 1 case the M-operators
can be neglected compared to the T-operators, which are responsible for most of the
EFT cross section. Going to larger couplings of λ = 3 this behavior seems to turn
around as the dimension 8 EFT cross section is now dominated by the M-operators.
This is however only half of the truth, as when comparing the M-operators to the full
set of contributions proportional to λ2

m4 (c) , one finds that the full set produces way
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Figure 5.15.: Cross section of the EFT for m = 700 GeV, J = 3 and λ = 1
for W+W+ → W+W+ for different invariant masses of the vector boson pair.
5.15a shows the SM (black) the full EFT (yellow) the dimension 6 (green) and
the dimension 8 (red) contributions. 5.15b shows the SM (black) the full EFT
(yellow) the contributions from the T-operators (green) and the M-operators
(red). In 5.15c the contribution from the M-operators (green) is compared to the
one from all connected operators (red). 5.15d shows the contribution from the
T-like operators (green), M-like operators (blue) and the T-like operators (red).

smaller cross sections compared to the M-operators. This implies strong destructive
interference between different contributions within this set of operators.
Lastly one can investigate, how the three complete sets of contributions ( λ0

m4 , λ2

m4 ,
λ4

m4 ) behave for λ = 1 and λ = 3 (d). For λ = 1, as expected, λ0

m4 gives the dominant
contribution while for λ = 3 it is quite unclear and process dependent.
With all these comparison done one still has to keep in mind that the EFT has a
finite range of validity and results beyond

√
s = 2m are expected to have little to do

with the actual model. Still one can make the following generalized conclusions

• For λ = 1 (so λ� gJ) the EFT is dominated by the dimension 8 T-operators.

• For λ = 3 (so λ ∼ gJ) both dimension 8 and dimension 6 operators give sizable
contributions to the EFT cross section.

• There can be strong destructive interference within groups of operators (e.g.
λ2

m4 operators)
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Figure 5.16.: Cross section of the EFT for m = 700 GeV, J = 3 and λ = 1
for W+W− → W+W− for different invariant masses of the vector boson pair.
5.16a shows the SM (black) the full EFT (yellow) the dimension 6 (green) and
the dimension 8 (red) contributions. 5.16b shows the SM (black) the full EFT
(yellow) the contributions from the T-operators (green) and the M-operators
(red). In 5.16c the contribution from the M-operators (green) is compared to the
one from all connected operators (red). 5.16d shows the contribution from the
T-like operators (green), M-like operators (blue) and the T-like operators (red).
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Figure 5.17.: Cross section of the EFT for m = 1100 GeV, J = 4 and λ = 3
for W+W+ → W+W+ for different invariant masses of the vector boson pair.
5.17a shows the SM (black) the full EFT (yellow) the dimension 6 (green) and
the dimension 8 (red) contributions. 5.17b shows the SM (black) the full EFT
(yellow) the contributions from the T-operators (green) and the M-operators
(red). In 5.17c the contribution from the M-operators (green) is compared to the
one from all connected operators (red). 5.17d shows the contribution from the
T-like operators (green), M-like operators (blue) and the T-like operators (red).
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Figure 5.18.: Cross section of the EFT for m = 1100 GeV, J = 4 and λ = 3
for W+W− → W+W− for different invariant masses of the vector boson pair.
5.18a shows the SM (black) the full EFT (yellow) the dimension 6 (green) and
the dimension 8 (red) contributions. 5.18b shows the SM (black) the full EFT
(yellow) the contributions from the T-operators (green) and the M-operators
(red). In 5.18c the contribution from the M-operators (green) is compared to the
one from all connected operators (red). 5.18d shows the contribution from the
T-like operators (green), M-like operators (blue) and the T-like operators (red).
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5.5.1.3. Model vs EFT

With the cross section of the full model and of its EFT analyzed, one can now compare
the two of them in order to figure out, how well the EFT actually captures the features
of the full model. This is done for the case of λ = 0, which was studied in [19], and
the cases of λ = 1 and λ = 3 for J = 3 and J = 4 respectively. Similarly to the
previous sections the main features can be captured by studying W+W+ → W+W+

(figure 5.19) and W+W− → W+W− (figure 5.20). The left side of these plots (a)
show the cross sections for m = 700 GeV and J = 3 for the two cases λ = 0 and
λ = 1 for the full model (red, blue) and the EFT (orange, green). In the lower part
of these plots the difference in cross section from the SM normalized to the SM
((σ − σSM)/σSM) is shown to illustrate the relative deviation from the SM. In the
λ = 0 case the EFT can describe the full model up to

√
s ≈ 1 TeV and in the λ = 1

case up to
√
s ≈ 0.75 TeV. For both cases this means that the EFT can reproduce

the full model up to masses of 1.5 times the lightest fermion. For these invariant
masses the deviations from the SM are of the order of 5% or smaller, which makes
seeing any deviation there close to impossible.
In order to see a sizable deviation one can go to the right side of the figures (b),
where the cases of m = 1100 GeV and J = 4 for λ = 0 and λ = 3 are depicted,
again for the full model (red, blue) and the EFT (orange, green). Starting with
W+W+ → W+W+ and λ = 0 one can find a good agreement between the EFT
and the model up to the threshold for pair production of

√
s ≈ 2.2 TeV. This is a

better agreement than in the lower mass case. For the λ = 3 case however one finds,
that the EFT gives no increase in cross section up to

√
s ≈ 2.5 TeV and is therefore

unable to reproduce the full model anywhere. In order to understand this one can
look at the polarized cross sections which will be done in section 5.5.1.4.
For the W+W− → W+W− cross section for λ = 0 one finds a good agreement up to√
s = 1.5m between the EFT and the full model. Still in this region the deviation

from the SM is only a few percent. For the λ = 3 case one finds again no region
where the EFT is a good approximation of the full model. As a summary one can say

• For λ = 0 and λ = 1 one can achieve a good agreement between the EFT and
the full model up to about

√
s = 1.5m

• For λ = 3 one finds no region above
√
s = 0.6 TeV where the full model is well

described by the EFT
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Figure 5.19.: Cross section of the full model (red, blue) and the EFT (yellow,
green) for m = 700 GeV, J = 3 and λ = 0, 1 (5.19a) and for m = 1100 GeV,
J = 4 and λ = 0, 3 (5.19b) for W+W+ →W+W+ for different invariant masses
of the vector boson pair. The lower part shows the difference from the SM
distribution normalized by the SM.

W+W− → W+W−,

0

100

200

300

400

500

−0.1
0

0.1
0.2

1000 1500 2000 2500 3000

σ
[p
b]

SM
λ = 0
λ = 1

λ = 0, EFT
λ = 1, EFT

(σ
−
σ
S
M

)/
σ
S
M

√
s[GeV]

(a)

W+W− → W+W−,

0
100
200
300
400
500
600
700

−0.1
0

0.1
0.2
0.3
0.4

1000 1500 2000 2500 3000

σ
[p
b]

SM
λ = 0
λ = 3

λ = 0, EFT
λ = 3, EFT

(σ
−
σ
S
M

)/
σ
S
M

√
s[GeV]

(b)

Figure 5.20.: Cross section of the full model (red, blue) and the EFT (yellow,
green) for m = 700 GeV, J = 3 and λ = 0, 1 (5.20a) and for m = 1100 GeV,
J = 4 and λ = 0, 3 (5.20b) for W+W− →W+W− for different invariant masses
of the vector boson pair. The lower part shows the difference from the SM
distribution normalized by the SM.
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5.5.1.4. Polarized Cross Sections

In order to further investigate which features of the model for larger values of λ can
be modeled by the EFT and which can’t one can study polarized cross sections. For
this purpose the difference between the cross section of the full model (a) or the
EFT (b) and the SM is shown in figures 5.21 and 5.22 as well as C.13-C.15. The
cross sections of only transversely polarized particles (red), two transverse and two
longitudinal particles (blue), four longitudinal particles (orange) and the remaining
possible polarizations (green) can be found in each plot. In the lower parts of the
plots the ratio between the difference of the full model and the EFT as a fraction of
the difference between the model and the SM

σBSM − σEFT
σBSM − σSM

= 1− σEFT − σSM
σBSM − σSM

, (5.43)

are shown. Values above one imply different interference patterns with the SM, values
between zero and one represent stronger deviations from the SM in the full model and
negative values represent stronger deviations for the EFT. As larger deviations from
the SM make it easier to understand their structure, only the point m = 1.1 TeV,
J = 4, λ = 3 is investigated.
Starting with the process W+W+ → W+W+ in figure 5.21 one can find a slowly
increasing purely longitudinal component (orange) that, for small values of

√
s ,is

counteracted by a purely transverse component (red). For the purely transverse
component one finds two thresholds around

√
s = 2(m − 3v̂√

2) ≈ 1.15 TeV and√
s = 2m = 2.2 TeV, which stem from the production of two on-shell fermions of the

same multiplet. For the mixed component (blue) one also finds two threshold regions
in this plot, one at

√
s = (2m − 3v̂√

2) ≈ 1.70 TeV and one at
√
s = 2m = 2.2 TeV.

The first threshold can be attributed to the production of one light and one medium
on-shell fermion in the loops while the origin of the second threshold is less clear, as
it can come from two medium fermions or one heavy and one light. As there is no
visible threshold behavior at twice the light mass for the TTLL case, there is good
reason to believe that there is also no such behavior stemming from two medium
fermions being on-shell. For the comparison with the EFT of the purely transverse
component one finds a ratio close to 1 for most of the available values of

√
s, the

only exception being around
√
s = 1.5 TeV where σBSM − σSM becomes zero. For

the mixed contributions one can ignore the region before
√
s = 1.6 TeV as there is

close to no contribution from either the model or the EFT. For larger energies the
approximation is somewhat good but again not capturing the threshold behavior. For
the purely longitudinal contribution one can find good agreement up to

√
s = 2.5 TeV.

From this perspective it also becomes clear why the total EFT contribution almost
vanishes up to

√
s = 2.0 TeV as the TTTT and LLLL contributions cancel each other

out.
For the scattering of opposite sign W bosons, W+W− → W+W− in figure 5.22 one
finds the same general behavior in the threshold regions, this time with constructive
interference between the full model and the SM in the TTTT channel. For the
mixed contribution one can already find sizable contributions around the production
threshold of two light fermions. This excess can partially be explained as an onset of
the threshold behavior at

√
s = (2m− 3v̂√

2) ≈ 1.70 TeV but not completely, as there
seems to be a slight bump at

√
s = 1.2 GeV. Comparing the full model with the

EFT one again finds an abysmal description in the TTTT channel and somewhat of
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Figure 5.21.: Polarized cross section of the full model (5.21a) and the EFT
(5.21b) for m = 1100 GeV, J = 4 and λ = 3 for W+W+ →W+W+ for different
invariant masses of the vector boson pair. The purely transverse (red), the
mixed (TTLL, blue), purely longitudinal (yellow ) and the remaining (green)
contributions are shown. The lower part shows the difference between the full
model and the EFT normalized by the difference of the full model from SM.

a fine description in the TTLL and LLLL channels up to
√
s = 1.2 GeV.

Coming back to the different behavior of TTLL for same sign and opposite sign
W boson scattering, one can further investigate the Feynman diagrams in which
two internal fermions can become on-shell at the same time, in order to see where
this behavior can come from. For the same sign case one has a contribution to
the four particle vertex and contributions to the t- and u-channel exchange of Z or
higgs bosons. With t and u being negative there is no production threshold in these
diagrams, leaving only four boson vertex. For the opposite sign case one has an
s-channel higgs and Z exchange, giving possible threshold behavior from both the
three particles vertices and the propagators. In section 5.3 it was shown that the
VVV vertex is only marginally affected by large values of λ, while in section 5.4 it was
shown that the HVV vertex gains considerable contributions for large λ, giving rise
to the operator OHW . This operator increases the coupling of two transverse vector
bosons to the higgs boson, which then can decay into two longitudinal vector bosons,
thus giving rise to TTLL contributions around the

√
s = 2(m − 3v̂√

2) ≈ 1.15 TeV
threshold. When pushing the limits one might try to make the TTLL contribution
dominant by decreasing J while increasing λ at the same time. While this would
work for VBS one would run into huge trouble in the higgs sector by exceeding the
EFT bounds there.
Lastly the abysmal description of purely transverse scattering needs an explanation
as for λ = 0 and λ = 1 it is at least working up to

√
s = 1.5m. For this one can look

at the coefficients of the T-operators which are mainly responsible for this behavior.
As they are dimension 8 operators and contain no higgs field their coefficients do not
depend on λ. Therefore their contribution tries to match the onset of the threshold at√
s = 2m but not the one at

√
s = 2(m− λv̂√

2). This problem can also be understood
by using a different parameterization of the model. Instead of using m and λ one
can use mnew = m− λv̂√

2 and λ. With this parameterization the position of the first
threshold stays unchanged with increasing λ and the coefficients of the T-operators
would be proportional to 1

m4
new

instead of 1
m4 . This results in m4

m4
new
≈ 16 times larger
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Figure 5.22.: Polarized cross section of the full model (5.22a) and the EFT
(5.22b) for m = 1100 GeV, J = 4 and λ = 3 for W+W− →W+W− for different
invariant masses of the vector boson pair. The purely transverse (red), the
mixed (TTLL, blue), purely longitudinal (yellow ) and the remaining (green)
contributions are shown. The lower part shows the difference between the full
model and the EFT normalized by the difference of the full model from SM.

T-operators while parameterizing the same model. As a result the TTTT channels
would be better aligned but a different problem would be introduced. For this
parameterization going to large values in the coupling is impossible when requiring
λv̂√

2 � mnew. This renders this solution worthless in our situation. Another solution
would be the inclusion of additional factors of λv̂√

2m in the Wilson coefficient of the
T-operators in order to parameterize the shift in the threshold position. This however
would introduce terms that are suppressed by m6 and are therefore of the same size as
possible dimension 10 operators leaving an inconsistency in the matching procedure
to the EFT. With no direct solution in sight one can try to estimate how well a
perfect solution would be able to reproduce the full model. From the λ = 0 case in
[19] one can make the statement that any solution would only be able to reproduce
the full mode below the threshold and therefore only in a region where the deviation
from the SM is relatively small compared to the deviation at the threshold.
In order to increase the relative contribution from mixed scattering, one might try
to decrease the isospin in order to decrease the purely transverse contribution. In
figure 5.23 this is shown for J = 3 compared to the J = 4 in figure 5.22. One can
observe that both the purely transverse as well as the mixed contributions drastically
decrease (by a factor of four in the peaks), while the purely longitudinal is decreased
by roughly a factor of two. For this choice of parameters the LLLL channel is now the
dominant helicity combination for all values of

√
s except around the first threshold.

This factor of two implies that the amplitude is proportional to J which stems from
the sum over the third component of the isospin. As vector bosons couple to fermions
of the same multiplet proportional to J , one can assume that for purely longitudinal
scattering, the BSM contribution stems either from vector bosons coupling to fermions
of different multiplets or from corrections to the higgs graphs.
The last scenario that needs to be discussed is choosing one multiplet with J = 3
and two multiplets with J = 3.5 to start with. This results in one multiplet with
nine states and two multiplets with seven states, or in terms of isospin, two muliplets
that behave similarly to J = 3 and one similar to J = 4. For this combination one
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Figure 5.23.: 5.23a shows the cross sections of the full model (red, blue) and
the EFT (yellow, green) for m = 1100 GeV, J = 3 and λ = 0, 3 for W+W− →
W+W− for different invariant masses of the vector boson pair. The lower part
shows the difference between the distributions and the SM distribution, normalized
to the SM distribution. 5.23b shows the corresponding polarized cross sections
for λ = 3 for the purely transverse (red), the mixed (TTLL, blue), the purely
longitudinal (yellow ) and the remaining (green) contributions. The lower part
shows the difference between the full model and the EFT normalized by the
difference of the full model from SM.

would expect the contributions to be a mixture of the cases J = 4 and J = 3, that
were discussed beforehand. As the lightest multiplet has seven states the first peak
for purely transverse scattering is expected to be closer to the J = 3 case in figure
5.23. In contrast to the J = 3 case one would expect a stronger second peak for
purely transverse scattering (similar relative excess as the first peak in figure 5.22.
For the mixed contributions one would expect a larger excess than in the J = 3 case
yet not as large as in the J = 4 case. Altogether this leaves a model in which mixed
scattering can be dominant around the peak at

√
s = 2m− λv̂√

2 but not around the
first peak of transverse scattering at

√
s = 2(m− λv̂√

2).
As a summary form the study of polarized cross sections one can make the following
statements

• The EFT is not able to reproduce the shift of the production threshold for two
of the light fermions due to increasing λ for TTTT.

• The EFT can describe both, purely longitudinal and mixed scattering, quite
well up to

√
s = 1.5m

• Even though the TTLL contribution can be the dominant one in the EFT
(and therefore suggest dominant M-operators), the full model is dominated by
the TTTT channel until after the first threshold at

√
s = 2(m− λv̂√

2) (at least
for reasonable values of λ). For gJ < λ the whole distribution can become
dominated by the purely longitudinal contribution.
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5.6. Higgs Pair Production From Two Vector Bosons

For the higgs pair production from two vector bosons we will study the process
W+W− → hh which, in the SU(2) limit, gives identical results for the model as
the other possible process ZZ → hh. In figure 5.24 the isospin dependence of the
cross section for m = 700 GeV and λ = 1 (a) and for m = 1100 GeV and λ = 3 (b)
is shown. In the bottom figure (c) the λ dependence of the cross section is shown
for m = 1100 GeV and J = 4. For the isospin dependence one finds a factor of
roughly two between the J = 3 and J = 4 cases. For the λ dependence one finds a
factor of about five between the cross sections in their peaks This aligns well with
the expected λ4 dependence, which stem from two couplings to the higgs boson and
the squaring of the amplitude. For the threshold at

√
s = 2(m− λv̂√

2) one finds the
strongest rise of the cross section at this point while the peak of the cross section is
reached at slightly larger energies. This behavior is consistent with the threshold
behavior of ZZ → ZZ in figure 5.12a, which also has a comparatively small SM
contribution. Comparing the additional cross section due to the BSM model in the
TTLL and LLLL channels for V V → V V one finds less excess than in V V → hh
which becomes even more prominent when considering J = 3 and λ = 3. Additionally
the mixed excess in the V V → V V processes is mostly linked to the thresholds at√
s = 2m− λv̂√

2 and
√
s = 2m while the excess in the V V → hh processes is tied to

the threshold at
√
s = 2(m− λv̂√

2). As a result V V → hh is a strong contender when
searching for models with additional fermions with smaller isospin J ≤ 3 and large
couplings λ� gJ to the higgs field.

5.6.1. Implications for LHC Searches

As a summary we will discuss which processes can give the first signs of the proposed
model depending on the choice of the parameters. For all discussed isospins and
couplings to the higgs boson, a mass for the lightest mulitplet of aroundm ∼ 700 GeV
was proposed. Going significantly lower drastically limits the possible values of the
isospin due to the quite strong bounds in the dilepton final states (section 5.1 and
[52]. At the same time masses above m = 1.2 TeV for the lightest multiplet would
require quite a large isospin or coupling in order to produce any significant excess in
the currently experimentally accessible mll [52], mV V [4] and mhh [59, 2] regions.
For the parameter choice g · J � λ the main constrains come from the dilepton
production (section 5.1) and VBS (section 5.5.1). For m = 700 GeV the constrains
on dilepton production require J ≤ 3 which results in only 10 − 20% deviation
in the VBS channels, making the dilepton channel the most prominent channel to
find this model. This marks a deviation from the case of only one multiplet in
[19] for which J = 4 is still possible. This larger isospin made VBS, due to the J5

scaling of the amplitude, a strong contender for finding this kind of model. Vector
boson pair production from qq̄ annihilation plays no significant role when looking
for additional fermions with large isospin due to destructive interference between
different contributions (section 5.3.
For g · J ∼ λ the deviations in the invariant mass distributions split up due to the
mass splitting between the different mulitplets. This results in J = 4 still being
somewhat fine with the dilepton production analysis, which then results in a similar
excess for VBS compared to [19]. In addition to these channels the contributions
to anomalous higgs couplings and the higgs boson pair production become sizable.
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Figure 5.24.: Cross section of the full model form = 700 GeV and λ = 1 (5.24a),
for m = 1100 GeV and λ = 3 (5.24b) and for m = 1100 GeV and J = 4 (5.24c)
for W+W− → hh for different invariant masses of the vector boson pair. In 5.24a
and 5.24b J = 3 (yellow) and J = 4 (red/green) are shown alongside the SM
(black). In 5.24c the coupling λ is varied (1: yellow, 2: green, 3: red).

As two higgs bosons tend to be the more challenging final state compared to two
vector bosons (especially due to the access to fully- and semi-leptonic final states)
one would still expect VBS to be a more relevant channel compared to higgs boson
pair production. Searches for anomalous higgs couplings can prove to be a powerful
tool when looking for large values of λ, as has been shown in section 5.4, and are
expected to see this kind of model at a similar time as dilepton production and VBS
for gJ ∼ λ.
Lastly the region g · J < λ was only briefly mentioned in section 5.5.1 as it is of
less interest for this study. For these parameters the new fermions mainly couple to
the higgs boson and effects in VBS come mostly from longitudinal scattering. This
kind of signature can also be achieved by other models that generate these kind of
contributions already at leading order,e.g. an extended higgs sector.



6. Conclusions

The goal of this thesis is studying BSM models that are capable of of producing
sizable M-operators of the Éboli basis in its EFT. For this purpose the class of models
that introduce new, heavy, non-chiral fermions, that couple to vector bosons and the
higgs field are studied. By requiring the isospin of the new fermions to be larger than
one, coupling to the SM fermions is prohibited, which implies that effects on SM
processes can only be seen at the one loop level in the BSM model. As coupling to
the higgs field changes the isospin of the fermions at least two fermionic multiplets are
needed. These mulitplets then mix due to the interaction with the higgs field, which
is shown to introduce a mass splitting between and within the multiplets, depending
on the parameters. As stable charged fermions would be directly detectable at the
LHC all charged particles are required to be able to decay, leaving only neutral
stable particles. This requirement is shown to be fulfilled by three multiplets with
isospins and hypercharges of J, 0, J ± 1

2 ,±
1
2 and J ± 1

2 ,∓
1
2 where the latter two have

the same mass. As J � Y is considered for this class of models, it is argued that
the coupling to the photon can be omitted. This leads to most calculations being
done in the SU(2)-limit (g′ → 0). A quick analysis of extensions to this model was
done and it was concluded that CP conserving alterations of the presented model
(more/less multiplets, different masses) would either produce a similar phenomenology
or charged stable particles. Therefore the most simple implementation of this model,
with identical masses for the three multiplets and identical couplings to the higgs
field, was deemed sufficient for further analyses.
In order to study the effects of this model the one loop contributions of new fermions
to propagators, three particles vertices and four particle vertices were calculated,
depending on the remaining three parameters of the model: the mass of the multiplets
m, the isospin of the single multiplet J and the coupling of the fermions to the higgs
field λ. For further implementation the one loop contributions were renormalized
on-shell.
For the comparison with its EFT a complete set of operators at dimension 6 and
dimension 8 was required. The existing complete sets of operators rely on equations of
motion in order to reduce the number of operators and to make sure no redundancies
appear. These equations of motion however have been shown to push effects from the
sector where the coupling happens (in this case the vector boson and higgs sector)
to sectors that shouldn’t be affected by the model (in this case the fermionic sector).
In order to avoid this issue, a dedicated basis was constructed. While constructing
this set of operators, it was shown, that this set is indeed complete and that no
redundancies occur. The coefficients for the different operators were then calculated
by expanding the one loop n-point functions of the model in terms of pipj

m2 and λ2v̂2

m2 ,
and comparing them to the n-point functions of the EFT operators.
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For further analyses two sets of parameter points, one for g · J � λ and one for
g · J ∼ λ, were chosen such that contributions from the new fermions are on the
edge of what is experimentally allowed in the pp→ V → ll̄ channel. For these sets
of parameters the impact on anomalous triple gauge couplings and anomalous higgs
couplings was studied, finding little impact on the former and substantial impact on
the latter for the case of g · J ∼ λ.
For on-shell vector boson scattering it was found that for three multiplets J = 4 is
required in order to make VBS a competitive channel when searching for this type of
model as J = 3 would only yield 10− 20% deviation from the SM. For g · J � λ the
VBS cross sections showed only little difference in shape compared to the λ = 0. This
implies that for g · J � λ the model can be approximated by three non interacting
multiplets with slightly shifted masses.
In the region g · J ∼ λ analyzing the different polarized cross sections showed, that
the model is still dominated by purely transverse scattering until after the pair
production threshold of two fermions of the lightest multiplet. For larger energies
the mixed contributions (two longitudinal and two transverse vector bosons) and
the purely longitudinal contributions have been shown to be the most important
ones. Lastly when going to g · J < λ it was shown that purely longitudinal scattering
becomes the dominant contribution. As mixed and purely longitudinal scattering
become more important, it was shown that also on-shell higgs boson pair production
gets a larger contribution from the proposed model, making it a strong contender
when searching in the parameter region g · J ≤ λ.
The comparison with the EFT showed that the EFT hardly ever is a good description
of the model. For g · J � λ the EFT can capture effects up to roughly

√
s ∼ 1.5m.

As effects in this region are only of the order of 5− 10% compared to up to 100%
around

√
s ∼ 2m one would expect first signs of this model in the threshold region

and not the lead up to it. For g ·J ∼ λ the EFT does a good job capturing the purely
longitudinal and mixed contributions but does worse for the purely transverse part.
Even though the M-operators can become the dominant dimension 8 contribution
one has to take into account that purely transverse scattering is still dominant in
the full model and that dimension 6 operators play a significant role for this choice
of parameters. This leads to the conclusion that M-operators never show first hints
for this class of models as they never parameterize the dominant contribution of the
model in the region of

√
s where one would expect first signs for this class of models.

As this class of models captures most models that are capable of producing dominant
M-operators, this result questions searching for M-operators altogether.
Additionally significant destructive interference within the set of operators, that are
complete under the presented transformations, to which the M-operators belong,
was found. This again stresses the importance of multi operator searches. At the
same time it limits the importance of bounds on dimension-8 Wilson coefficients,
stemming from searches using incomplete sets of operators or single operators.
Lastly addressing the prospect of EFT searches for this class of models one has to
admit that the EFT is quite a bad description of the model overall. Instead of using
an EFT, when searching for this class of models in VBS for g · J � λ, one could
search for the first threshold using the model for λ = 0 utilizing the position of the
threshold (2m) and an effective isospin (to account for mixing of multiplets) as a
parameterization. For g · J ∼ λ one would expect effects in higgs pair production,
VBS, anomalous higgs couplings and dilepton production at the same time making
a multiprocess analysis of the full model for g · J = λ a possible way forward. For
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g · J � λ one would expect first signs of this model in higgs obersvables rather than
VBS.





Appendix

A. Coefficient Functions for Passarino-Veltman-Reduction

In the equations (A.1)-(A.11) the decomposition of the one loop tensor functions in
terms of momenta, metric tensors and scalar coefficients is shown.

Bµ = p1µB1 (A.1)
Bµν = gµνB00 + p1µp1νB11 (A.2)

Cµ =
2∑
i=1

piµCi (A.3)

Cµν = gµνC00 +
2∑

i,j=1
piµpjνCij (A.4)

Cµνρ =
2∑
i=1

(gµνpiρ + gνρpiµ + gρµpiν)C00i +
2∑

i,j,k=1
piµpjνpkρCijk (A.5)

Dµ =
3∑
i=1

piµDi (A.6)

Dµν = gµνD00 +
3∑

i,j=1
piµpjνDij (A.7)

Dµνρ =
3∑
i=1

(gµνpiρ + gνρpiµ + gρµpiν)D00i +
3∑

i,j,k=1
piµpjνpkρDijk (A.8)

Dµνρσ = (gµνgρσ + gµρgµσ + gµσgρν)D0000 +
3∑

i,j,k,l=1
piµpjνpkρplσDijkl (A.9)

+
3∑

i,j=1
(gµνpiρpjσ + gµρpiνpjσ + gµσpiρpjν + gνρpiµpjσ (A.10)

+ gνσpiρpjµ + gρσpiµpjν)D00ij (A.11)
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B. Counterterms for the Renormalization of the EFT

The counterterms for the EFT in terms of λ, J and m read

δZv = −
(2J + 1)λ2(3 log( µ2

m2 ) + 3
ε
− 2)

24π2

− J2(2J + 1)m2
Wg

2

60π2m2 − (2J + 1)(J − 2)v̂2λ4

240Jπ2m2

− J2(2J + 1)g2m4
W

280π2m4 − λ2(2J + 1)(224J2m4
W + 112Jm4

W − 79m4
W )

3360π2m4

+ (2J + 1)λ6v̂4(4J + 1)
13440π2Jm4 (B.1)

δZW = −
g2J2(2J + 1)(log( µ2

m2 ) + 1
ε
)

12π2

− g2J2(2J + 1)m2
W

30π2m2 − g2λ2v̂2(2J + 1)(80J2 + 40J − 43)
2880π2m2

− 3g2J2(2J + 1)m4
W

560π2m4 − g2λ2v̂2m2
W (2J + 1)(224J2 + 112J − 79)

6720π2m4

− g2λ4v̂4(2J + 1)(140J3 + 70J2 − 85J + 24)
20160π2Jm4 (B.2)

δZh = −
(2j + 1)λ2(3 log( µ2

m2 ) + 3
ε
− 2)

24π2

− (2J + 1)λ2m2
W

40π2m2 − (2J + 1)λ4v̂2

16π2m2

− 3(2J + 1)λ2m4
W

1120π2m4 − 3(2J + 1)λ4v̂2m2
W

80π2m4 − (2J + 1)λ6v̂4

64π2m4 (B.3)

δλh =
(2J + 1)λ2v̂2m2

h(3 log( µ2

m2 ) + 3
ε
− 2)

24π2v̂4 −
(2J + 1)λ4v̂4(3 log( µ2

m2 ) + 3
ε
− 8)

24π2v̂4

+ J2(2J + 1)m4
Wm

2
h

30π2m2v̂4 + (2J + 1)λ2v̂2m4
h

160π2m2v̂4 + (2J + 1)λ4v̂4m2
h(16J − 2)

480π2m2J v̂4 − (2J + 1)λ6v̂6

80π2m2v̂4

+ J2(2J + 1)m2
hm

6
W

140π2m4v̂4 + (2J + 1)λ2v̂2(224J2m2
hm

4
W + 112Jm2

hm
4
W − 79m2

hm
4
W + 3m6

h)
6720π2m4v̂4

+ 3(2J + 1)λ4v̂4m4
h

320π2m4v̂4 + (2J + 1)λ6v̂6m2
h(206J − 1)

26880π2m4v̂4 − 3(2J + 1)λ8v̂8

2240π2m4v̂4 (B.4)

δµ2 = −
(2J + 1)λ2m2(3 log( µ2

m2 ) + 3
ε

+ 1)
4π2

− (2J + 1)λ2m4
h

160π2m2 − (2J + 1)λ4v̂2m2
h

32π2m2 + (2J + 1)λ6v̂4

160π2m2

− (2J + 1)λ2m6
h

2240π2m4 − 3(2J + 1)λ4v̂2m4
h

320π2m4 − (2J + 1)λ6v̂4m2
h

2240π2m4 + (2J + 1)λ8v̂6

1120π2m4

(B.5)

C. VBS Plots for W+W− → ZZ, W+Z → W+Z and ZZ → ZZ

As W+W− → ZZ, W+Z → W+Z and ZZ → ZZ do not add significant insight the
corresponding plots to the ones shown in 5.5.1 are shown in this section.
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Figure C.1.: Cross section of the full model with m = 1100 GeV for W+W− →
ZZ for different invariant masses of the vector boson pair. C.1b provides a closer
look at the threshold region. The SM distribution (black) and the full model
distributions for J = 4 and λ = 0, 1, 2, 3 (yellow, green, red, blue) are shown.
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Figure C.2.: Cross section of the full model with m = 1100 GeV for W+Z →
W+Z for different invariant masses of the vector boson pair. C.2b provides a
closer look at the threshold region. The SM distribution (black) and the full
model distributions for J = 4 and λ = 0, 1, 2, 3 (yellow, green, red, blue) are
shown.
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Figure C.3.: Cross section of the full model with m = 1100 GeV for ZZ → ZZ
for different invariant masses of the vector boson pair. C.3b provides a closer
look at the threshold region. The SM distribution (black) and the full model
distributions for J = 4 and λ = 0, 1, 2, 3 (yellow, green, red, blue) are shown.
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Figure C.4.: Cross section of the EFT for m = 700 GeV, J = 3 and λ = 1 for
W+W− → ZZ for different invariant masses of the vector boson pair. C.4a shows
the SM (black) the full EFT (yellow) the dimension 6 (green) and the dimension
8 (red) contributions. C.4b shows the SM (black) the full EFT (yellow) the
contributions from the T-operators (green) and the M-operators (red). In C.4c
the contribution from the M-operators (green) is compared to the one from all
connected operators (red). C.4d shows the contribution from the T-like operators
(green), M-like operators (blue) and the T-like operators (red).



Appendix 95

100

150

200

250

300

350

400

450

1000 1500 2000 2500 3000

σ
[p
b]

√
s[GeV]

W+Z → W+Z

SM
D6+D8

D6
D8

(a)

100

150

200

250

300

350

400

450

1000 1500 2000 2500 3000
σ
[p
b]

√
s[GeV]

W+Z → W+Z

SM
Full
T
M

(b)

100

150

200

250

300

350

400

450

1000 1500 2000 2500 3000

σ
[p
b]

√
s[GeV]

W+Z → W+Z

SM
Full
M

D8 λ2

(c)

100

150

200

250

300

350

400

450

1000 1500 2000 2500 3000

σ
[p
b]

√
s[GeV]

W+Z → W+Z

SM
Full

D8 λ0

D8 λ2

D8 λ4

(d)

Figure C.5.: Cross section of the EFT for m = 700 GeV, J = 3 and λ = 1 for
W+Z →W+Z for different invariant masses of the vector boson pair. C.5a shows
the SM (black) the full EFT (yellow) the dimension 6 (green) and the dimension
8 (red) contributions. C.5b shows the SM (black) the full EFT (yellow) the
contributions from the T-operators (green) and the M-operators (red). In C.5c
the contribution from the M-operators (green) is compared to the one from all
connected operators (red). C.5d shows the contribution from the T-like operators
(green), M-like operators (blue) and the T-like operators (red).
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Figure C.6.: Cross section of the EFT for m = 700 GeV, J = 3 and λ = 1 for
ZZ → ZZ for different invariant masses of the vector boson pair. C.6b shows
the SM (black) the full EFT (yellow) the dimension 6 (green) and the dimension
8 (red) contributions. C.6a shows the SM (black) the full EFT (yellow) the
contributions from the T-operators (green) and the M-operators (red). In C.6c
the contribution from the M-operators (green) is compared to the one from all
connected operators (red). C.6d shows the contribution from the T-like operators
(green), M-like operators (blue) and the T-like operators (red).
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Figure C.7.: Cross section of the EFT for m = 1100 GeV, J = 4 and λ = 3 for
W+W− → ZZ for different invariant masses of the vector boson pair. C.7a shows
the SM (black) the full EFT (yellow) the dimension 6 (green) and the dimension
8 (red) contributions. C.7b shows the SM (black) the full EFT (yellow) the
contributions from the T-operators (green) and the M-operators (red). In C.7c
the contribution from the M-operators (green) is compared to the one from all
connected operators (red). C.7d shows the contribution from the T-like operators
(green), M-like operators (blue) and the T-like operators (red).



98

100

150

200

250

300

350

400

450

1000 1500 2000 2500 3000

σ
[p
b]

√
s[GeV]

W+Z → W+Z

SM
D6+D8

D6
D8

(a)

100

150

200

250

300

350

400

450

1000 1500 2000 2500 3000
σ
[p
b]

√
s[GeV]

W+Z → W+Z

SM
Full
T
M

(b)

100

150

200

250

300

350

400

450

1000 1500 2000 2500 3000

σ
[p
b]

√
s[GeV]

W+Z → W+Z

SM
Full
M

D8 λ2

(c)

100

150

200

250

300

350

400

450

1000 1500 2000 2500 3000

σ
[p
b]

√
s[GeV]

W+Z → W+Z

SM
Full

D8 λ0

D8 λ2

D8 λ4

(d)

Figure C.8.: Cross section of the EFT for m = 1100 GeV, J = 4 and λ = 3 for
W+Z →W+Z for different invariant masses of the vector boson pair. C.8a shows
the SM (black) the full EFT (yellow) the dimension 6 (green) and the dimension
8 (red) contributions. C.8b shows the SM (black) the full EFT (yellow) the
contributions from the T-operators (green) and the M-operators (red). In C.8c
the contribution from the M-operators (green) is compared to the one from all
connected operators (red). C.8d shows the contribution from the T-like operators
(green), M-like operators (blue) and the T-like operators (red).
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Figure C.9.: Cross section of the EFT for m = 1100 GeV, J = 4 and λ = 3 for
ZZ → ZZ for different invariant masses of the vector boson pair. C.9a shows
the SM (black) the full EFT (yellow) the dimension 6 (green) and the dimension
8 (red) contributions. C.9b shows the SM (black) the full EFT (yellow) the
contributions from the T-operators (green) and the M-operators (red). In C.9c
the contribution from the M-operators (green) is compared to the one from all
connected operators (red). C.9d shows the contribution from the T-like operators
(green), M-like operators (blue) and the T-like operators (red).
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Figure C.10.: Cross section of the full model (red, blue) and the EFT (yellow,
green) for m = 700 GeV, J = 3 and λ = 0, 1 (C.10a) and for m = 1100 GeV,
J = 4 and λ = 0, 3 (C.10b) for W+W− → ZZ for different invariant masses
of the vector boson pair. The lower part shows the difference from the SM
distribution normalized by the SM.
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Figure C.11.: Cross section of the full model (red, blue) and the EFT (yellow,
green) for m = 700 GeV, J = 3 and λ = 0, 1 (C.11a) and for m = 1100 GeV,
J = 4 and λ = 0, 3 (C.11b) for W+Z → W+Z for different invariant masses
of the vector boson pair. The lower part shows the difference from the SM
distribution normalized by the SM.
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Figure C.12.: Cross section of the full model (red, blue) and the EFT (yellow,
green) for m = 700 GeV, J = 3 and λ = 0, 1 (C.12a) and for m = 1100 GeV,
J = 4 and λ = 0, 3 (C.12b) for ZZ → ZZ for different invariant masses of the
vector boson pair. The lower part shows the difference from the SM distribution
normalized by the SM.
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Figure C.13.: Polarized cross section of the full model (C.13a) and the EFT
(C.13b) for m = 1100 GeV, J = 4 and λ = 3 for W+W− → ZZ for different
invariant masses of the vector boson pair. The purely transverse (red), the
mixed (TTLL, blue), purely longitudinal (yellow ) and the remaining (green)
contributions are shown. The lower part shows the difference between the full
model and the EFT normalized by the difference of the full model from SM.
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Figure C.14.: Polarized cross section of the full model (C.14a) and the EFT
(C.14b) for m = 1100 GeV, J = 4 and λ = 3 for W+Z → W+Z for different
invariant masses of the vector boson pair. The purely transverse (red), the
mixed (TTLL, blue), purely longitudinal (yellow ) and the remaining (green)
contributions are shown. The lower part shows the difference between the full
model and the EFT normalized by the difference of the full model from SM.
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Figure C.15.: Polarized cross section of the full model (C.15a) and the EFT
(C.15b) for m = 1100 GeV, J = 4 and λ = 3 for ZZ → ZZ for different invariant
masses of the vector boson pair. The purely transverse (red), the mixed (TTLL,
blue), purely longitudinal (yellow ) and the remaining (green) contributions are
shown. The lower part shows the difference between the full model and the EFT
normalized by the difference of the full model from SM.
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