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Abstract

In this work we consider a model based on the Standard Model supplemented by a scalar having
the SU(3)c ® SU(2)r ® U(1)y quantum numbers (8,2); /2 which was proposed by A. V. Manohar
and M. B. Wise [1]. As we show here, this model is consistent with the principle of minimal
flavour violation and custodial SU(2).+r symmetry can be implemented. We find its interactions
with the SM particles and study the phenomenological implications of the existence of these new
scalars. Constraints of the parameters are find studying the Higgs signal strengths, the oblique
parameter S and the running of the strong coupling. Using the values of the Higgs signal strengths
we perform a 2 test and also study specific limits that each Higgs signal strengths produces.
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1 Introduction

The discovery of the Higgs boson on July of 2012 by the LHC has been one of the most important
milestones of the decade in particle physics. This scalar particle was the last remnant of the
Standard Model (SM) of particle physics and its discovery is the confirmation of the existence of
a particle already predicted in the 60s [2-4]. The importance of this particle is that it solves the
problem of generating the masses of the particles of the SM.

The “minimum” Higgs mechanism, which considers the existence of just one scalar, is not the
only possibility for generating the masses of the SM. The discovery of the Higgs, therefore, can be
understood not just like the confirmation of the mechanism needed to generate masses in the SM
but like the discovery of the first element of a possible more extended scalar sector.

The SM, although has been extremely successful on many situations, has, as well, some lacks.
This model is not able to explain the asymmetry between matter and antimatter, the origin of
dark matter, how the masses of the neutrinos are generated or how the scales of the masses are
produced. These lacks can be solved through extensions of the SM where more particles of higher
energy are considered. For example, the problem of the neutrino masses could be solved considering
the existence of new particles at higher scales which generate these masses through the so called
seesaw mechanism [5].

In this work we focus on the extensions of the scalar sector of the SM. We consider the model
of A. V. Manohar and M. B. Wise [1] which is based on the existence of a new scalar doublet, like
the one of the SM, but with other quantum number, the colour, like the gluons responsible of the
strong interaction. This model has additional imaginary parameters to the one of the SM. These
are sources of CP violation which are needed for solving the problem of the asymmetry between
matter and antimatter.

The aim of this work is to review this model developing its Lagrangian and calculating the
interaction between the new scalars and the particles of the SM. Nowadays we have a huge among
of data coming from the LHC which can be used to constrain the parameters of many models
of new physics. In this work we also try to update the phenomenological analysis with the data
coming from this powerful machine.

The work is organised as follows. In we make a brief review of the SM developing its
Lagrangian from gauge invariance and explaining how this symmetry is spontaneously broken by
the vacuum. Furthermore, we explain how this spontaneous symmetry breaking can lead to the
generation of the masses of the particles of the SM trough the Higgs mechanism. In §3| we explain
the model of A. V. Manohar and M. B. Wise. We show the new particles that appear in this
model, we calculate their masses and their interactions with the particles of the SM. Moreover,
we show how these particles can be integrated out condensing their properties on operators of
higher dimension. In §4] we analyse the phenomenological implications of this model. We present
the constraints on the masses found by Ref. [6], we analyse the constraints that are generated by
the Higgs signal strengths and by the oblique parameter S. We also study how the running of
the strong coupling gets modified by the presence of these new scalars which can be used to find
additional constraints on the masses. Finally in §5) we conclude the work. The Feynman rules of
some interesting processes can be found in appendix [A] and some calculations at loop-level can be
found developed step-by-step in appendix [B]
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2 The Standard Model

The Standard Model is a quantum field theory that explains the strong, weak and electromagnetic
interactions combining special relativity and quantum mechanics. This theory is a gauge theory
based on the symmetry group SU(3)c ® SU(2);, ® U(1)y [] This means that imposing invariance
to the Lagrangian under a local SU(3)¢ ® SU(2), ® U(1)y transformation the interaction terms
appear naturally in the theory, i.e., they are needed to preserve this symmetry. The first theory of
this kind was Quantum Electrodynamics (QED) which was completed at the end of the 40s [7-10]
by S. Tomonaga, J. Schwinger and R. Feynman, who were awarded with the Nobel prize in 1965
for this work. This gauge theory was based on the group U(1l)g and was able to explain the
electromagnetic interactions with an accuracy never seen before. Actually, nowadays QED gives
the most precise prediction of an observable, the anomalous magnetic moment of the electron |11],
with an agreement between the theoretical prediction and the experiment measurement of 0.67
parts in a billion [12].

As a consequence of the success of the QED many physicists tried to develop gauge theories for
the other interactions. The next gauge theory that was developed was the Yang-Mills theory in
1954 [13] based on the isospin SU(2) symmetry, a non-abelian gauge theory. Although this theory
did not explain correctly the strong interaction this work was the foundation for the following gauge
theories. Its importance is such that both the strong and the weak interactions were explained with
Yang-Mills theories.E] The former interaction was explained by Quantum Chromodynamics (QCD)
in 1973 [14], a Yang-Mills theory based on the symmetry group SU(3)¢ developed by Murray Gell-
Mann, Harald Fritzsch and Heinrich Leutwyler. The latter by the electroweak theory that unifies
the description of the weak and the electromagnetic interaction and is based on the SU(2),®@U(1)y
group. This theory was built in the 60s starting in 1961 with a paper of Glashow [15] where it
was firstly proposed a SU(2) ® U(1) model to describe the weak and electromagnetic interactions
(also independently proposed by Salam and Ward |16] in 1964). The problem of these theories
was that the symmetry breaking that gave mass to the gauge bosons responsible for the weak
interaction was inserted by hand [17]. The solution to this problem was to generate the masses
through a spontaneous symmetry breaking (SSB) of the gauge symmetry. However, the Goldstone
theorem [18] apparently demonstrates that the SSB implies the generation of massless spin-zero
bosons (the Nambu-Goldstone bosons) that had not been observed. This problem was solved
when independently three different groups (Englert and Brout [2]; Higgs [3]; Guralnik, Hagen and
Kibble [4]) showed that the Goldstone theorem does not apply on gauge theories. Finally in 1967
Weinberg [19] proposed what we know nowadays as electroweak theory.

2.1 Quantum Electrodynamics

To obtain the QED Lagrangian we start with the Lagrangian for a free Dirac fermion:

Ly = i%(m)y“@,ﬂ/}(m) — mip(x)Y(x). (2.1)

This Lagrangian is clearly invariant under a global U(1)q transformation

Here subscripts C, L and Y refer respectively to colour, left part of the spinors and hypercharge (Y = 2(Q+I3),
where @ is the electric charge and I3 the third component of the isospin).

2As the theory of C. N. Yang and R. Mills was the first non-abelian gauge theory the term of Yang-Mills theory
is used to describe such theories though they are based on a non-abelian group different than the one proposed by
Yang and Mills.
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(x) = ¢ (x) = exp(iQ0)¢ (), (2.2)

where 6 is a real constant and () will be interpreted as the electric charge of the excitations of this
field (in units of the elementary charge, e).
This Lagrangian is not invariant under a local gauge transformation though:

() = P'(x) = exp(iQ0(x)) (0, +iQ0,0(x))¢(x). (2.3)

This means that the phase can change without changing the physics but this change must be
the same in the whole Universe, i.e., the parameter 6 cannot depend on the space-time. This fact
seems very unnatural and one would expect a total independence of the Lagrangian with the phase
because this is not physical.

In order to obtain a local gauge invariant Lagrangian we have to add an extra piece which
transforms properly to cancel the non-invariant terms of the Lagrangian, i.e., the term proportional
to 9,0(x) of Eq. (2.3). Since 9,0(x) has a Lorentz index we need to introduce a new spin-1 field,
A, (z) which transforms as:

Au(z) = A (z) = Ay (2) — éaue. (2.4)

So adding the term —eQA,(2)Y(z)y* () to the Lagrangian of Eq. (2.1) we obtain a local
gauge invariant Lagrangian. Due to the geometrical significance of the local gauge invariance it is
convenient to interpret this term as part of a covariant derivative in such a way that our Lagrangian
becomes:

L = ip(2)y" Dy (x) — mi(2)i(x), (2.5)

where D, () = [0, + ieQA,(x)](x). This covariant derivative transforms under local gauge
transformation like the derivative does under global gauge transformations:

Do) = () = exp(iQB(x)) Dyt(x). (2.6
Finally, we would need to add the kinetic term of the gauge field if we want this to be a true
propagating field:
1

Lxin = —ZFW(m)F’“’(x), (2.7)

where F),,(z) = 0,4, — 0,A, is the usual electromagnetic strength, clearly invariant under local
gauge transformations.

Therefore, interpreting the gauge field found here as the electromagnetic field we find the proper
interaction between the fermion and the electromagnetic field. Note that this interaction arises
naturally by imposing local gauge symmetry and it is not added by hand. This is the power of
the gauge principle. Besides, gauge invariance forbids mass terms for the gauge field (%mQA“AH),
providing a natural explanation of the fact that the photon is massless.
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2.2 Quantum Chromodynamics

In the 1960s the abundance of baryonic and mesonic states suggested the existence of a deeper level
of elementary constituents of matter, the quarks. This new particles were proposed in 1964 [20,21]
independently by Gell-Mann and Zweig in order to explain the Eightfold Way. Remember that the
Eightfold Way was a classification of the baryons and mesons that Gell-Mann himself introduced
in 1961 [22]. The Eightfold Way arranged the known mesons in octets and the known baryons in
an octet of particles with spin 1/2 and a decuplelﬂ of particles of spin 3/2.

The way in which the quark model explained the Eightfold Way is by considering that the
baryons were composed of three fermions of spin 1/2, three quarks, and the mesons of a quark and
an antiquark. Furthermore they consider that three different types (flavours) of quarks existed
(u, d and s type).ﬁ With three different quarks they obtained nine instead of eight mesons, the
missing meson was later discovered, and ten baryons for a given spin. Obtaining the baryon octet
is a bit trickier and we refer the interested reader to Ref. [24].

The problem of this model was that it violated the Pauli exclusion principle, there were baryons
constituted by three equal quarks. In order to avoid the violation of this principle O. W. Greenberg
proposed that the quarks had another quantum number [25], the colour, such that each quark can
have three different colours. Baryons and mesons are described by colour-singlet combinations:

1 1 -
B = —¢""|qaq54,), M = —35“5|qaqﬂ>- (2.8)

V6 V3

As states with colour have not been observed it is assumed that the states of nature are
colourless. This assumption is known as confinement hypothesis.

The existence of this new quantum number characteristic of the particles that feel the strong
interactions suggested that colour plays the same role in the strong interactions as the electric
charge in QED. Finally, in 1973, Murray Gell-Mann, Harald Fritzsch and Heinrich Leutwyler
developed a gauge theory based on SU(3)colour |14], the quantum chromodynamics theory (QCD),
that explained the strong interactions.

In order to find the Lagrangian of QCD we start with the free Lagrangian of the fermions, as
we did for QED:

Lo = _;(iv"0, — ms)qy, (2.9)
f

where the subscript f refers to flavour and we have adopted a vector notation in colour space,
T_ (1 2 3
This Lagrangian is clearly invariant under global SU(3)¢ transformations:
@ — (¢7) =Ugdq}, UUt=UTU =1 detlU = 1. (2.10)

These SU(3) matrices can be expressed in terms of the generators of the fundamental repre-
sentation %)\“ (a =1,2,...,8):

a

U= exp{i%@a}. (2.11)

3 Actually one of the particles was missing so he proposed the existence of this new particle that was discovered
in 1964 [23].
“Nowadays we know that there are actually six flavours (u, d, s, ¢, b and t type).
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where 6, are arbitrary constants and the %)\“ matrices are traceless and form a Lie algebra:

A \b
[7’ 2
where f% are the SU(3)¢ structure constants, which are real and totally antisymmetric.
Like we did in the case of QED we impose local SU(3)¢ invariance in our Lagrangian. For
doing so we add eight independent gauge parameters in our Lagrangian, the gluons, as we have
eight independent generators. The covariant derivative will be in this case of the form:

] - Z‘fabcg, (2.12)

)\ll
DFqp = |0* + igngg(x) qr = [0" +ig:G" ()]s (2.13)

This covariant derivative transforms under local SU(3)¢ transformations in the same way that
a standard derivative does under global SU(3)¢ transformations, thanks to the specific transfor-
mation of the gauge fields:

D" = (DY = UD U, Gr = UGHUT + ~(0"U)U. (2.14)
Js

Finally, we have to add the kinetic term for the gluon field. The field strengths is the one
corresponding to a non-Abelian field

. e
—L[D“, D" =0'G” — 0"GH +igs|GH, G"]| = TGZ”(x), (2.15)

9s

which transforms under SU(3)¢ transformation like:

G (z) =

G = (G™) = UG™UT, (2.16)

so the colour trace Tr(G*G ) = %GZWGZV remains invariant. Therefore, the total Lagrangian
will be:

1 v va — (s
L= —ZGg G, + qu(z'y“Du — my)qy. (2.17)
f

2.3 Electroweak Unification

As mentioned above, the weak interactions were explained by the Electroweak theory, a non-
Abelian gauge theory based on the symmetry group SU(2); ® U(1)y. This theory unifies the
description of the weak and electromagnetic interactions.

To understand properly this theory we have to take into account that the weak interactions do
not conserve parity. This means that the spinors of our Lagrangian have to be split in their left
and right part| because the left and right parts feel different interactions.

It is also important to identify the particle content of our theory. As mention in the previous
section, there are six different types of quarks (six flavours) and each of which can be in one of
the three different colour states. However, in this section, we can forget about colour because

5Note that the spinors are not an irreducible representation of the Poincaré group. This means that we can
express the Lagrangian in terms of the decomposition of this reducible representation, the left and the right part
of the spinors, which are the irreducible representation.



Victor Miralles Aznar Universitat de Valéncia

the electromagnetic and weak interactions are blind to it. With respect to the flavour, they are
organised in three families in such a way that the left parts of two of the flavours form a doublet:

(o), () G &

so we have the family of the up and down quarks, the family of the charm and strange quarks and
the family of the top and bottom quarks.
For the leptons we have as well three families where the left parts of them are also organised

in doublets:
(o), e (7)) 219
€ L H L T L

In order to simplify the calculation we will consider just one family,

Lo = (@) d,ulz) + id(@)y Sud(x) = 3 i, ()7 0,0 (), (2.20)

where we have introduced the notation

w@= () D ) de 221

This Lagrangian is invariant under global SU(2), ® U(1)y

i(z) — Y = exp{iy1B}exp {i%aj} Vi),

Po(x) — vy = exp{iyaS}ba(x), (2.22)
Va(x) = by = exp{iy2B}s(v),

where o; (j = 1,2, 3) are the the Pauli matrices, generators of the fundamental representation of
the SU(2) group. Clearly the right parts of the fields are singlets under SU(2), transformations,
so this transformation do not affect them. The parameters y; are the hypercharges which will have
to be set to a particular value to find the proper electromagnetic interaction.

As we did in QED and in QCD we require the Lagrangian to be invariant under local SU(2), ®
U(1)y transformations. We need therefore to introduce four new fields that change the standard
derivatives by covariant derivatives:

Dyt (x) = [0, + z‘g%Wg(x) +ig'y Bu(x)] tn (),

Dya(x) = [0 + ig'y2 Bu(@)|¢a(2), (2.23)
)

Yol

D,s(x) = [0, +ig'ys B ()| ¥s(x).
This covariant derivatives have to transform under local SU(2);, ® U(1)y transformations in
the same way that the usual derivative does under global SU(2), ® U(1)y transfomations. This

fixes the transformation of the gauge fields:
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By(2)  B,(x) = Bu(x) — ~0,8(a), (2.24)

/

Wo(x) = Wi(x) = Un(@) WUl (z) + gaMUL(x)U;, (2.95)

where we have used the notation Wu(m) = ZW)(x) and Ur(z) = exp{iF o’ (x)}.
Besides of changing the usual derivative to this covariant derivative, we have to add the kinetic
terms of the new fields if we want them to be true propagating fields. This kinetic terms are, like

in QED and QCD, constructed from the corresponding field strengths:

B" = 9"BY — 9" B, (2.26)
— ; — — — — —_— — J—
W (z) = —é[(aﬂ FigWh), (97 + igW?)] = "W — "W + ig,[WH, W] = %Wf”(g;). (2.27)

Once we have defined the field strengths we can construct the kinetic parts that will be like in
QED for the B, field and like in QCD for the W, field. The total Lagrangian becomes:

L= i%(ﬂi)V“DuW(iv) - iBuuBW - iW;uWiwa (2.28)

where the sum over repeated indices is implicit.

Note that, as in the previous theories, gauge invariance forbids the existence of mass terms for
the gauge bosons but in this case the mass terms for the fermions are also forbidden. Remember
that such terms are of the form ma) = m(tugur + Urug) and these terms are not invariant under
SU(2), transformations. In the next section we will show how the Higgs mechanism solves this
problem introducing the Spontaneous Symmetry Breaking but first, let us develop this Lagrangian
to find the theory of QED.

Let us look at the interaction of the W, bosons with the fermionic field, i.e., the term — g@lv“%ng/zl.
Writing explicitly the Pauli matrices we obtain:

ﬁWj — 1 WS \/§WAJ[
2 42\ vew, —wip )
where we have defined W, = (W} +iW?)/ V2. We therefore construct a complex field (W) with

the two independent real gauge fields Wl} and Wi The excitations of this field give rise to two
charged bosons, W* and W™, and its interaction with the fermions is given by:

(2.29)

Loo = —%{W;[E’y‘udj: "‘V_Le'Y“eL] + h. C.}.

s
-

WY (1 = 75)d + 77" (1 — 75)€] + h. c.}. (2.30)

In order to analyse the terms of the B, field, —¢'B, Zj.:l ijj'y“wj, we have to take into
account that this gauge field cannot be the electromagnetic field, because the photons conserve
parity. Therefore we have to find a linear combination of the B, and Wj fields, both neutral fields,
in order to find the electromagnetic interaction:

10
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w3 cosbyy  sinfy 7
a = B
( B/L ) ( —sinfy,  cosfy ) < AM ) ) (2.31)

The interaction of these new fields, Z,, and A, with the fermions is:

3
Lne = — Z@j7M{AM [g%sin@w + g/ijOSHW] + 7, [Q%COSQW — g’yjsinew] }@/Jj (2.32)
j=1

But in order to find the QED Lagrangian a precise relation have to be satisfied:

gsinfy = ¢ cosOy = e, Y =Q —T;, (2.33)
Whereﬂ T3 = 03/2 and Q is the electromagnetic charge operator:

u/v 0
Ql = ( QO/ Qd/e ) ) QZ = Qu/m Q?) = Qd/e- (234)

The second equality of Eq. (2.33)) provides the definition of the hypercharge in order to repro-
duce the QED theory, as we announced previously.

2.4 Spontaneous Symmetry Breaking

As we have seen before the SU(2), ® U(1)y symmetry of the Electroweak theory forbids the mass
terms for the gauge bosons and the fermions. To generate the masses for the fermions and the
Z and W¥ bosons we need to break the gauge symmetry but we want to break it in a natural
way without imposing it by hand. Moreover, it is crucial to have a gauge invariant Lagrangian
to have a renormalisable theory. The most natural way for doing it is breaking the symmetry
spontaneously by the vacuum. This is generated when we have an invariant Lagrangian under a
group transformation, G, but the vacuum is degenerated, in such a way that the vacuum states
are related through a transformation under the group G. All the vacuum states are equally
provable but the Nature chooses one breaking the symmetry. This is what happens when we cool
a ferromagnet under the Curie temperature, the magnetisation can be acquired in one direction
or the reverse but one is chosen spontaneously.

One of the difficulties of applying spontaneous symmetry breaking on the electroweak theory
was that it seemed to imply the appearance of massless spin-0 particles that have not been observed,
this is the so called Goldstone theorem.

2.4.1 Goldstone Theorem

The Goldstone Theorem states that: “In any field theory satisfying locality, Lorentz invariance
and positive definite norm, if an exact continuous symmetry of the Lagrangian is not a symmetry
of the physical vacuum, the theory must contain a massless spin zero particle(s) whose quantum
numbers are those of the broken group generator(s).”

Proof:

6Note that, in general, T3 is the third generator of the fundamental representation of the SU(2) group but, as
we have chosen the Pauli matrices as our basis, T3 = 03/2

11
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Consider that we have a set of n real fields ¢; with a potential V' (¢;). Now consider that the
Lagrangian is invariant under a group, GG, that transforms the fields like:

Gi — ¢y = bi + 0 = ¢ +ie" T}, (2.35)
where T are the generators of the group G.
The potential V' (¢;) is also invariant:

OV v, .
Let us consider that the potential is minimised by ¢; = v;
8V)
= 0. 2.37
(a¢z ¢i=v; ( )
Deriving again on Eq. (2.36]) we get
0?V ov
T:p;, + —T5 = 0. 2.38
a¢18¢k zg¢]+a¢i ik ( )
Evaluating Eq. (2.38]) in the minimum and using Eq. (2.37)) we obtain
(92‘/ a 2 a

=0

Then, if the generator T is broken by the vacuum, Tjv; # 0, Eq. (2.39) implies the existence
of a zero eigenvalue on the mass matrix, i.e., the existence of a particle of zero mass. If there is
a subgroup H C G that leaves the vacuum invariant the mass matrix has (dimG — dimH) zero
eigenvalues, one for each broken generator.

2.4.2 The Higgs Mechanism

Let us show how, in theories with a local gauge symmetry, the Goldstone theorem can be avoided,
interpreting the Goldstone bosons merely as non-physical objects that can be eliminated of our
Lagrangian thanks to the local gauge invariance. For doing so let us consider the Electroweak
theory with an SU(2), doublet of complex scalar fields,

(+
¢(z) = ( (2(0)((;) ) : (2.40)
The potential of this term would be:
V(g) = 1*¢'p + Mo'¢)?, (2.41)

with A > 0 to have a potential bounded from below and with z? < 0 to have a degenerated vacuum.
The minimum of this potential is localised at

2

oV (9)
el

= [9](20? + 4\|62) = 0= || = |/ 5 =

TRl (2.42)

_ 2
where we have defined our v = \/Tﬂ'

12
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The states whose vacuum expectation value (vev) satisfy Eq. (2.42) will be the states of
minimum energy of the Lagrangian. As the electric charge must be conserved, the ¢(*)(x) field
cannot acquire a vev, so the only possibility is that

1(016@]0)| = E (2.43)

When one of these vacuum states is chosen, (0|¢(?)|0) = 75 for instance, the SU(2), ® U(1)y
is broken to the electromagnetic subgroup U(1)g:

oo =5 (3 )= (%) A0 moeom=F( 3 )=( T8 )0
V2 V2
”;

7,006010) = 2 ( ; ) - ( _Of ) 20, Y{0l§Op0) =

QU110 = (v + 73 ( H )-(0)

In Eq. can be seen how the generators of the SU(2), ® U(1)y are broken by the vacuum
while the generator of the U(1)g is not broken. The Goldstone Theorem would then imply the
existence of three massless particles, three Goldstone bosons. Note, however, that if we parametrise
the scalar doublet like:

o(z) = exp(i%@%x))% ( ot OH(:L‘) > , (2.45)

the local gauge invariance allows us to rotate the field in such a way that the three Goldstone
bosons, 0(z) disappear. This means that these particles are not physical in the context of local
gauge theories, the Goldstone theorem does not apply exactly in the same way as before. The
remaining three degrees of freedom become the longitudinal degree of freedom of the massive gauge
bosons W= and Z, which acquire mass. This mass term appears in the kinetic term of the complex
scalar field:

. Ixr 1 / . Irr 1 .
Lokin = (Du¢)TD“¢ = ((0, +igW, + §zg BM)¢)T(0’“‘ +igWH + 5@9 B*)o =
2

A Z“}, (2.46)

1 g2
— 29, HO"H H 2{—WTW“ _9
2" + v+ H) 4 + 8cos2fy,

where we have already eliminated the Goldstone bosons through a gauge transformation. This
gauge where we do not have Goldstone bosons is called unitary gauge.
Therefore, through this mechanism the gauge bosons W* and Z become massive with a mass

of

1
MZ COS@W = MW = évg. (247)

As the degrees of freedom of the three Goldstone bosons have been eliminated and three gauge
bosons have acquired a new degree of freedom, the longitudinal mode, it is often said that the

13
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Goldstone bosons have been “eaten” by the gauge bosons. In this way we end with three massive
gauge bosons and without any Goldstone boson so the Goldstone theorem is avoided.ﬂ

2.4.3 Fermion Masses

In the Electroweak theory the fermion mass terms were also forbidden by the SU(2), symmetry
because these terms mix the left and the right part of the fermions (£ = —m(Y ¥r + YptrL)).
However, we can generate these masses through the SSB adding in our Lagrangian Yukawa terms
that generate interactions between our fermions and the scalar doublet, terms that also preserve
the gauge symmetry:

3
Ly=-3" [ZLgfijeRj¢ + QYR d+ Qp, Y up,é + h. c} (2.48)

i,j=1

where the sum is over the three families and we have used the following notation:

. . (+) - 0%
w= () (i), om (%) (S0 ) ew
i L vt/ L

where qz is the charge conjugate of the scalar field in such a way that the term @LiY;}LuRja is

invariant under the U(1)y transformations (the sum of the hypercharge of @, ur and ¢ is 0).
Note that in this case we have considered the Lagrangian for the three families while in section
2.3] for simplicity, we only considered the Lagrangian for only one family. This is because the only
terms that mix the families are the Yukawa terms so the generalisation of the Lagrangian of Eq.
[2.29) is trivial f
If we move to the unitary gauge, Eq. becomes:

3

= H
Ly == [ELiijeRj + dp, M{.dp, —I—HLZ,Mf;uRJ} (1 + 5)’ (2.50)
ij=1
with
e __ v e d __ v d u v w
M;; = =&Y Mj; = —=Yj; M5 = —=Y35. (2.51)

V2 V2 V2
The mass matrices (M¢, M9 and M") are non-diagonal and complex. This means that, in
principle, we have introduced 54 new parameters to our Lagrangian. However, we can use the
symmetries of our Lagrangian to show that most of these parameters are redundant and that
finally we end up with just 13 new parameters. In order to show this we will change from the
interaction basis to the mass one, where the mass matrices become diagonal. This is also interesting
because the particles that propagate are the particles with a definite mass, the eigenvectors of the
mass matrices.

As mentioned before, the only term that mixes flavours is the one of Eq. ([2.50), this means that
the other parts of the Lagrangian are invariant under U(3)g, @U(3)u, @ U(3)a, @U(3);, @U(3)cp

"Note that, as said before, this does not mean that the Goldstone theorem is wrong, just that it cannot be
applied in such theories [4].
81t is enough considering that the u, d, v and e fields are 3 x 3 diagonal matrices in the flavour space.
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flavour transformations. This kind of transformations are often called Weak Basis Transformations
(WBT). Performing this kind of transformations we can diagonalise M€ and M“ and make M¢
Hermitian:

QL — Q1 =UpQy, up = up = Uyug, dr — dp = Uydg,
lL—>l/L:UllL, GR—>€;%:UQGR =
me O 0 m, 0 O
= M- UMU,=D=( 0 m, 0 |, M" = ULM"U, =D"={ 0 m. 0
0 0 m, 0O 0 my
M* — U MUy = M'* = M (2.52)

Now we need to diagonalise the M’? matrix. As this is a Hermitian matrix, we can diagonalise
it through a unitary matrix, V. For doing it we introduce again a transformation but in this case
a transformation that only affects the down part:

myq 0 0
dp > Vd,, dg—Vdg = M'>VMWV=D,=| 0 my, 0 |. (2.53)
0 0 mpy

With this final transformation we get a fully diagonal Yukawa part

- H
Ly = —|eDfen + dy Dy + ﬂLD“uR} (1 n 5), (2.54)
but this transformation is not a WTB transformation, i.e., the other parts of our Lagrangian are
not invariant under this transformation.
The Charged Currents sector of the Lagrangian, Eq. (2.30), mixes the up and the down
chiralities of the fields, so this sector will be clearly modified by this transformation:

9 ___ —
Loc = —E{W;[u]ﬁ“\/d,; + ULyt er] + h. c.}, (2.55)

while the sector of the Neutral Currents, Eq. , does not mix the left and the right chiralites
so this sector is invariant under this transformation. It is for this reason why we do not have
Flavour Changing Neutral Currents (FCNC) at tree-level in the Standard Model.

Let us look now to the free parameters introduced by the V' matrix, called Cabibbo-Kobayashi-
Maskawa (CKM) matrix. Any unitary matrix can be expressed like V' = exp(iH), where H
is a Hermitian matrix. The Hermitian matrices have N + =N
dimension of the matrix (N x N), and & 2; N
have, in principle, N + & 22_ N imaginary parameters and real ones, because the imaginary
become real and the real become imaginary due to the factor i. However, all the pieces of the

Lagrangian but the one containing the CKM matrix are invariant under rephasing of the quark
fields:

5 real parameters, where N is the

imaginary parameters. Therefore, the V' matrix would
N2-N
2

e 0 0 e 0 0
d—Kld=| 0 &% 0 |d, u— K'u=| 0 €% 0 |u (2.56)
0 0 e 0 0 e
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Therefore we can apply these matrices to the CKM matrix
V- KVK? (2.57)

which allows to eliminate 2N — 1 phases, and the total number of free imaginary parameters of
N _ (2N -1) = w As we have three generations the
CKM matrix will have one imaginary parameter and three real parameters. In addition we have

the nine masses so in total 13 parameters, as mentioned before.

2.4.4 Gauge Fixing

In section we saw how we could eliminate the Goldstone bosons using a particular gauge, the
unitary gauge, but this is not the only possibility. In many situations, this particular gauge is not
the most convenient in order to perform calculations, so it is interesting to introduce other gauges.
Let us write the scalar doublet in the following way

G*(z)
o) = ( (0 + H(x) +iG(x)) ) ’ (2.58)
where the G* and G° represent the three Goldstone bosons that we eliminated in the unitary

gauge.
If we now calculate the covariant derivative of the doublet we obtain

() = < 0u.Gt + FW (v + H +4G) +ie(Z,, cot 20w + A,)GT ) (2.59)

J50u(v+ H +1G0) + LW GY — oo 7, (v + H +1G°)

From this we can calculate the kinetic term with the Goldstone bosons

1
(D6)! Do = 5 (0, HO"H + 9,00 G°) + 0,G~ 0" G* + ie(Z, cot 20y + A)NGT B G-

g2

8 cos? Oy

+(Gwowen 7,2 (o4 1Y+ ) + (A + Zycor 2+ ) o

) <= ) <
+ %W,;@ " (v+ H —iG°) + %W;(v +H+iG) G+ 2, (v + H)+

2 cos 9W
% <AM ~ tan ewzu> (G+W—M(v FH —iGY) + G W (o + H + @G°)>, (2.60)
where we have used the relation A9 B = AQ"B — (0*A)B

Note that we have quadratic interactions between the Goldstone bosons and the gauge fields,
iMyWIo'G™ — iMy0"GTW, — Mz0"G°Z,,. (2.61)

Since we need to fix the gauge in order to properly quantise the theory, we can remove these
terms through an appropriate choice of the gauge-fixing term. For doing so we use the so called
Re gauges where the gauge-fixing term that we introduce is

L= }a Wi +ie Mw G| —

(0,7, + EMG°)? — (8 A2 (2.62)

f
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Note that this term can be added because our Lagrangian is gauge invariant. With this we
eliminate the quadratic terms and, furthermore, we guarantee to have an invertible kinetic term,
so we have a well defined propagator |26].

The unitary gauge is recovered in the limit & — oo but we have other possibilities, like the
Feynman-'t-Hooft gauge (£ = 1) or the Landau gauge (£ — 0). As mentioned before the unitary
gauge is not the most convenient in some cases so, as the result must be gauge invariant, sometimes
it is convenient to use a different gauge.

2.4.5 Custodial Symmetry

The Custodial Symmetry is an approximate symmetry of the scalar Lagrangian that becomes
exact on this part when ¢’ — 0 [27,28]. Let us recover the scalar Lagrangian that was developed
in section [2.4.3] but this time it is convenient to write it in terms of

1 - 1 o ) )
Y=—(0, ¢) = — _ ; 2.63
L, =Tr[(D'S)'D,X] — 1 Tr[ET2] + A Tr [T, (2.64)
where the covariant derivative is written as
DX = 0,8 + SWio"S + 29/ B, Yoy, (2.65)

This Lagrangian, before the symmetry breaking, is invariant under SU(2), transformations,
¥ — LY, as we have showed before. Furthermore, it is almost invariant under SU(2)g trans-
formations where ¥ — Y R! thanks to the trace. The only term that is not invariant under this
transformation is the one that goes with the hypercharge (and ¢’), because g% and ¢ have different
hypercharges:

Tr[0,5'B"So3] — Tr[0,X"B*SRi0sR] =  R'o3R # 0. (2.66)

Therefore, the scalar part of our Lagrangian is invariant under SU(2);, ® SU(2)g transforma-
tions in the limit in which ¢ — 0 and before the SSB. Let us consider that we are on this limit
and our Lagrangian gets spontaneously broken. In this situation the scalar field acquires a vev

(0[3]0) = % ( - ) | (2.67)

so the scalar field is no longer invariant under SU(2);, ® SU(2)g:

L{0|Z|0)R" # (0]2]0). (2.68)

However, the vev is still invariant under simultaneous SU(2), and SU(2)g transformations with
L = R, this is under the SU(2) g subgroup. This remaining symmetry is the so called custodial
symmetry.

Therefore the vev breaks the SU(2);, @ SU(2)r symmetry made of six generators into its
SU(2) 1+ r subgroup made of three generators. Thus, in total we will have three broken generators
which produce Goldstone boson that will be “eaten” by the three gauge bosons (W, Wy and W3)
through the Higgs mechanism. This produces a degeneration on the masses of these bosons. This
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degeneration will also be satisfied at tree level even if the symmetry is broken by other terms of
the Lagrangian, because it is this term the one that generates the masses at tree level. This result
is a famous prediction of the SM and it is referred to it with the value of the ratio:

miy myy

= =1, 2.69
miy, — mycos? Oy (269)

ptree

92

R which gives the

where m is the mass of the Z boson and 6y the mixing angle, cos? Oy =
separation from ¢ = 0.

Then, the fact of having a p parameter equal to one is a direct consequence of the custodial
symmetry and this implies that the radiative corrections to this parameter will be proportional
to the couplings of the terms that break this symmetry. Apart of the term proportional to ¢,
the Yukawa Lagrangian also breaks this symmetry because the up-type quarks have a different
mass than the down-type quarks. However, in the approximation of m, = my = m the Yukawa

Lagrangian can be written like

ﬁy = —T(QL’ d_L)\/EZ ( UR ) + h. C., (270)
v dr

clearly invariant under custodial symmetry after the SSB. This implies that the radiative correc-
tions to the p parameter due to massive fermions must disappear in this limit, and this is in fact
the case [27]. In conclusion, this symmetry protects the p parameter to have a value different from
1 and hence its name.

Experimentally the value of this parameter has been precisely measured and has a value com-
patible with the prediction of the SM (pez, = 1.00037 = 0.00023 [29]). It is interesting to analyse
how this prediction changes in the framework of new physics. The introduction of one scalar
doublet is not the only possibility in order to generate the masses of the particles and we can
consider the situation in which other scalar particles are added. This parameter is the one that
mostly constrains the possibility of having an exotic Higgs sector [30] and for this reason it is
interesting to study the predictions of other models, i.e., the conditions that have to satisfy the
scalar extensions in order to satisfy the Custodial Symmetry.

If we have a scalar sector containing N multiplets ¢; (i = 1,...,N) belonging to different
SU(2)r ® U(1)y representations (7;,Y;), each Higgs multiplet can be expressed as [31]

T
=Yi+T; 0 & =Y
®’L:|:®7,Q 7"'7®’7_7®Z'7@7;7"‘®1Q Y

1 1

(HY +v; +1i2)) for V; # 0 fields, ®) = —=(H} +v;) for Y; = 0 fields, (2.71)
261' \V 2Ci
where v; is the vev of the ®; multiplet and ¢; = 1(1/2) for a complex (real) scalar field.

In order to find an expression for the pi... parameter we need to find the values of the W and Z
vector boson masses. These masses are generated as a consequence of the vev, as we saw in section

. If we write the kinetic term of these scalars, like in Eq. (2.46)), in terms of the generators:

with ¢ =

Lign =Y _ci|DI'®i?,  with DI = 0" —igV2(T;" W + T, W)

i

- icojew (T3 — sin®0w Q) Z,, — ieQ; AV, (2.72)
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with T the SU(2); ladder operators and TP the third component of the isospin operator, we
trivially find that:

2

2
m2, = gzv2, m% = chW ;vaf, with v? = 2;[%(2& +1) - Y22 = (246 GeV)2.  (2.73)
Once we have the masses of these bosons we can get an expression for the electroweak p

parameter:

my 3 uG(T + 1) — VP
m%cosby 2> Y2 '

So from here, and taking into account that p has to be equal to one, we find that any scalar
extension for the SM should satisfy:

1
T, =3 (—1 +4/1+ 12}@2) , (2.75)

unless some fine-tuned cancellations were produced among the different multiplets, in which case
this relation does not need to be satisfied.

This condition is trivially satisfied by singlets with zero hypercharge and doublets with ¥ = %,
what makes these models the favoured candidates for an alternative to the minimal Higgs model.

(2.74)

p

3 Colour Octet Model

In this work we will focus on a model with an additional doublet of SU(2);, which will also be an
octet of SU(3)¢ and will have hypercharge 1/2, i.e., a (8,2);/2 scalar. So our scalar sector will be

(+) +4
¢:(¢¢0 ) SA:(goA)7 (3.1)

where the superscript A = 1...8 is the adjoint colour index.

Note that the scalar colour octet cannot acquire a vev because this would mean that the vacuum
is not a singlet of colour, so colour would not be conserved. A similar thing happens in the SM
with the charged scalars, they cannot have a vev because the electric charge has to be conserved.
So the vev will be the same that in the SM

0lelo) = Lo ). wostm= (g ). (32)

This vev will minimise the most general potential build with these two scalars which takes the
form

A , v?
— 2 oM, — —
V= <¢ o -2
+ )\4¢Tl Tr SJUSJSZ + >\5¢TZ Tr ST]SlSJ + h. C.] + >\6 Tr SJ”SlS“SJ + )\7 Tr STZS]ST];Sl
+ )\8 Tr STZSZ Tr STij -+ )\9 Tr STZSJ Tr ST]Sz + )\10 Tr SZSJ Tr ST’LSJU -+ )\11 Tr SzSJ Tr SUS“,
(3.3)

2
) +2m% Tr STS; + Mo Tr SVS; + Mg o; Tr SUS; + [N301 9" Tr S;S;
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where ¢ and j are SU(2) indices, the traces are in colour space and we have used the notation
S = SATA | with T4 the generators of the SU(3) group. All the parameters are real except Az, A\
and A5 but we can choose A3 real performing a phase rotation of the S fields. So we finally end
with two complex parameters which will be a source of CP violation.

This potential is clearly minimised by the vev of Eq. and does not have quadratic terms
that mix the two scalars, because they are not singlets of SU(3)¢, so it is already written in the
mass basis. We can now choose a particular vev and consider the excitations of the vacuum

_ G*(x) Apy S+ (@)
olr) = ( Lo+ Hz) +iG(x)) ) - S = < L (S (2) + 159 (2) ) o (34)

where, like in the SM, the G* and G are the Goldstone bosons that can be eliminated if we choose
the unitary gauge and we have separated the neutral complex octets into a real CP-even scalar
(S%") and a real CP-odd scalar (S9"). In fact, the masses of these fields are split by the vev. Let us
look at the first five terms of the potential which will be the responsible of producing the masses:

H)?  02\? H)? T
Vo 2 (% — %) + Ty (2m§ + )\1%) St 4 7F(2m§+

v+ H)?

H)? T
(A + o + 2&)%)5%59; + 5 (zmg £ O+ d — 2) 5 ) Sy sy, (3.5)

where T = 1/2 is the index of the representation and we have used the unitary gauge. From this
we trivially can get the masses

)\ 2
m%{: “viH?, m2OA =m§+(/\1+>\2+2/\3)v—,
2 Sk 4
2 2 v? 2 2 v?
Mg+ :m5+)\11, msoA :m5+()\1+)\2—2)\3)z. (36)
I

3.1 Kinetic Term

The kinetic term of the ¢ scalar will be the same than in the SM (§2.4.2)), as well as the gauge
fixing term (§2.4.4]) because our fields are totally decoupled. The kinetic term of our new scalars
will be

Lsiin = 2Tr[(D,S) D"S] with DS = 8,5 4 ig.[G,., S] + igW,S + iysg'B,S,  (3.7)

where the factor two in front generates the correct normalisation, the hypercharge will be yg = 1/2,
as mentioned before, and the trace is performed in the colour space.

Note that in this case in the covariant derivative we have a commutator between our scalar
field and the gluon field. This term is needed in order to have a covariant derivative transforming
like in Eq. under SU(3)¢ transformations. This is trivial to see taking into account that
our new scalar field belongs to the adjoint representation and therefore this will transform under
the SU(3)c group as S — USUT. The terms going with the W, and the B, are the same that
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for the SM scalar field ¢ but, in this case, we will have scalar charged particles (S*) and CP-odd
neutral scalars (S?A) that couple to the photons and the W* and Z gauge bosons that cannot be
eliminated in any gauge.

If we expand this kinetic term we find

LsKin = 2TF(aMSAT - gszBCGfscT - ig%W;SAT - iygg’BMSAT)
X (95 — g, fAPPGPSY 4 ig%WgSA +iysg' B,SY) = 0,5V 0" SA + Loc + Lspw,  (3.8)

where in the last step the Lagrangian Lgg refers to the coupling of our scalar particles with the
gluons and the Lggw to the coupling with the electroweak bosons. Now we can write Lg¢ in terms
of the S** and 5% fields

1
Lsa = —gof PGS TS + (s Oy + ST SY"))
E ]. E E
+ g fAPCPAPPGIGR(STTST + S(Sk S + 57 ST). (3.9)

We can also expand the Lggy term which will be, as mention before, like the one of the ¢ field
without eliminating the Goldstone bosons, i.e., the one of Eq. (2.60)),

2

2
Lspw = ie(Z, cot 20y + A,)S+ a5~ + (%W;Wﬂ‘ + g—Z“Z”> ((S?{‘)2 + (S?A)2>

8 cos? Oy
2 .
+ (eQ(AM + Z, cot 20 )? + %WJW*“)S*AS‘A n %W;S*AW‘ (5% — 59"

g T/ a0  a0ANSTL oA g 0ASTL ~0A
+ WS +iSy) 9 S 4 o 2,5) 0 5

+ 5 (4 — tanby 2, ) (ST W(SE —isy') + ST WSy + sy (3.10)

3.2 Yukawa Sector

The interaction of this additional doublet with the quark sector cannot be arbitrary because this,
in general, will generate FCNC at tree-level while experimentally the processes that involve these
currents are extremely suppressed. In the SM, as we showed before, there are no FCNC at tree-
level because the Yukawa couplings of the scalar sector and the mass matrices are proportional. So
if the two Yukawa couplings matrices of the (8,2);/, scalar are proportional to the ones of the SM
there will not be FCNC. This condition is usually called Minimal Flavour Violation (MFV). Note
that MFV is not a necessary condition to avoid the tree-level FCNC because we could have two
non-proportional matrices that are diagonal in the same basis but it is a sufficient condition [1].

Imposing MF'V, the Yukawa Lagrangian of the coloured scalars can be written, in the interaction
basis, like

3
Loy =-Y [nUYZ.;’@LiSde +npY Qp, Sup, +h. c.], (3.11)

i,j=1
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where 7y and 7p are complex constants.
In the mass basis this becomes

i

Loy — _<77U ”ZuaRiTAu;(SgA +iSY") +h. c.) n (\/ﬁnU%a%TAdgs” th c.)
- (nD%ERiTAdQ(S%A —iS%") 4 h. c.> - (\/inD%ZZ;Vi}TAugS—A +h c.). (3.12)

From this Lagrangian we can see clearly that our new scalars can decay to quarks. Using the
Feynman rules of appendix [A] we can calculate the decay width of these decays

T |77U‘2 my\ 2 2/ 9 212

T(S* — th) = T (7) Vio|2(m2 — m2)?, (3.13)
_ 2 Am2\ > Am2\ /2

(S0 — 47 :@<@> Reny|? (1 — 224 Tmng|? (1 — 2% 3.14
_ 2 Am2\ /2 am2\ %2

(S0 — 4 :@<@) Renp|2 (1 - 274 T2 (1 — 224 . 3.15

(500 = 1o () |Benol (1= )+l (100 (315)

3.3 Custodial Symmetry

In section [2.4.5] we showed how having a Lagrangian invariant under the custodial symmetry
implies that the electroweak p parameter is equal to one. In this model the prediction at tree-level
is still one but if we have terms in our Lagrangian that break this symmetry we can have radiative
correction to this value. It is interesting to show under which conditions the potential of Eq.
remains invariant under the SU(2).4+ g symmetry:

2)\3 == )\2, 2>\6 == 2)\7 == >\11, /\9 - )\107 )\4 == )\; (316)

Under these conditions we easily can write the potential in terms of the bi-doublets,

1 - 1 0 (+) 1 ~ 1 0A* +4
Y= E(qb’ o) = NG ( _92(_) ¢¢O ) SA — E(SA’ S4) = NG ( —SS—A goA ) , (3.17)

in order to make clear the invariance under custodial symmetry [32]:

V= 2 [Tr(ETE) — v2] g 2m2 Tr (8}5},) + A Te(TATP) Te(S78) Tr <SI,SB>
+ AN TH(TATP) Te(S4) Tr(SLE) + 4 Te(TATTC) [Im(A)i Tr (S1SaShSe ) + 1. c.]
+ 4Re(\y) Tr(TATOTC) Te (8180 ) Te (SR + 40 To(TATHTOT?) Tr (8155 ) Tr(8L5p)

X Te (TAT) Te(TOTP) Te (8185 ) Tr(SESp ) + 220 Te(TAT#) T (TOTP) Te (ShSc ) Te(S]Sp).
(3.18)
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The contribution of the colour octet scalars to the p parameter was calculated in Ref. |1] for
arbitrary values of the scalar-potential parameters ();), obtaining

o
Ap= 4 sin® Oy M2, f(mss,mgy ) + f(mss, mgy) — f(msy, mso) |, (3.19)
with . 2
2mim m
2 2 173 1
f(my,mg) =mj +ms5 — m2 — m3 log m (3.20)

which is equal to 0 when the first condition of Eq. (3.16) is imposed, as expected.

3.4 Effective Field Theory

Taking into account the constraints on the masses of these particles that have been obtained [6],
it seems reasonable to integrate out the (8,2);/, scalars and work in the framework of an Effective
Field Theory (EFT) [33]]

In this framework the physics of the new particles is captured in dimension six operators so
we need to find the relation between the coefficients of the dimension six operators (the Wilson
coefficients) and the parameters of our beyond SM theory. Once we have done this we can work
with the Lagrangian of the dimensional six operators instead of working with the Lagrangian of
our scalars which is useful because the calculations are easier. As phenomenologically the most
interesting processes are o(gg — h), I'(H — ~v) and I'(H — Z~v) we will only consider the
dimension six operators that contribute to these processes

2
_ C@gs 1 A ~Apv Cw o t a apy
5£——WH HG#UG # —Wg HHWHVW'M
CB v CwB a apv
- —2A29'2HTHBWB“ YN 99’ H'o"H B, W™, (3.21)

In order to obtain the relation between the Wilson coefficients and the parameters of our theory
we can consider a particular process in such a way that calculating it in both theories we find this
relation.

Let us first consider the process of gluon fusion, in which two gluons interact and produce a
SM Higgs boson. In the SM this process is forbidden at tree-level and the first contribution is
the one mediated by quarks. As it is proportional to the mass of the quarks the most important
contribution will be the one that is mediated by the top quarks (Fig. . If we add the (8,2);/,
particles this process is still forbidden at tree-level but at one-loop-level we will have additional
diagrams that are shown in Fig. The amplitude of these diagrams in the limit of infinite mass
has been calculated in the appendix , Eq. . What we want, therefore, is to capture this
contribution in the EFT in which this process in produced at tree-level. For doing so we just need
to find the relation between the parameters of both theories. The only term that will contribute
to this process in the EFT will be the one proportional to cg:

ceg? (v+ H)?

0L > =S (0,6 — 0,61 — g POGEGS) (4G — 976 — g, fAEC G )
2
S —SRVH(0,G = 0,GH0' G = G, (3.22)

9A detailed analysis of how these constraints were obtained is made in section
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where we move to the unitary gauge. The Feynman rule of this last term is shown in Fig. [I} From
this we can trivially find the relation between the Wilson coefficient ¢ and the parameters of our
theory

201 + Ao

2
— . CGg 2 2
------ () it (9~ Zoptt) ()
H
G, (P2)
Figure 1: Gluon fusion generated by dimension-six operators.

Another interesting process is the decaying of the Higgs boson into two photons. The contri-
bution of the colour octet scalars to this process, in the limit of infinity mass, have been calculated

in appendix Eq. (B.40). In the EFT the contribution will come from

cw L0+ H)? o oa, s p(0+H) , , cws ,(v+ H)? 3w
0L D — W2 Wk — B,,B* B, Wt
2ot T e ST A R Y L B
5 —eW T B WD H A A = e i B VB U H(0uA, — D, A (0" AT — 0 AY). (3.25)
The Feynman rule is shown in Fig. |2 from which trivially we obtain:
Cyy _ (cw + cB — cwp) _ At (3.26)
A2 A2 24m2m?%
V(D2).1t
- (ew + ¢ — cwp)e® v 2
H(py) ===-- il 12 ) M (9“ - m—2p2p§> (3.27)
H
’V(ﬁ?))vy
Figure 2: SM Higgs going to two photons generated by dimension-six operators.
Similarly we can find the relation between the Wilson coefficients cq, ¢y and cp:
ca 3dcw  3cg 201 + Ao
Lt _ e e (3.28)
A2 27N 2A2 64m2m?
Finally combining Eq. (3.26)) and Eq. (3.28)) we find the expression for cy g
CwB A2
=— . (3.29)
A2 48m2m?%

4 Phenomenological Analysis

In this section we will analyse the phenomenology of our model. The fact of having an extension
of the scalar sector makes this model richer than the SM, in such a way that the new particles can

24



Victor Miralles Aznar Universitat de Valéncia

interact with the SM particles and generate contributions to many processes, as we have seen in the
previous section. Of course any extension of the SM has to reproduce its successful predictions and
has to be compatible with the available data. Nowadays, the LHC is the most powerful machine
available to measure observables and, therefore, in this section we will compare the predictions of
our theory with the LHC data. Performing this comparison we will be able to find constraints on
the parameters of our theory.

4.1 Colour Octet Production

Gy.(p1) I ____}%'_(29?),, ) GL) k?fgﬁ?,) Gi.(P1) k?fgﬁ:s)
' R RN
A . .
“r.. .,
AT e d o ¢ o
G (p-) S(py, ps)  GL(p2) S py)  GY(pa) S*(py)

—~
53
~—
—~
fou
~
—
o
~

Figure 3: Pair production of colour octet scalars through gluon fusion.

Here we summarise the work made by Ref. [6] analysing the limits on the colour octet masses
obtained from the analysis of the colour octet production. These scalars can be produced by pairs
at tree-level through gluon fusion. The diagrams that contribute to this process are the ones
showed on Fig. [3| and its cross section has been calculated in Ref. |1]:

2
3ra

2m?
1 {B {3(4771% +5) + %(10m§ — 3)} ! ; = {m% + (s — m%) log (%)} ,
(4.1)

4m?
B=1/1- 85, (4.2)

This result is valid for charged scalars, for neutral scalars we have to add a factor 1/2 because the
final state is formed of two identical particles.

The neutral scalars can also be produced in a single production mechanism through the dia-
grams of Fig. [l For CP-even scalars the contribution of the diagrams [4b] and [4d are proportional
to Re(A4) + Re(As) and for CP-odd scalars they are proportional to Im(Ay) 4+ Im(A5). Therefore,
if we consider that the CP nonconservation is small, i.e. Ay = Re()\y) and A5 =~ Re(\s5), the only
diagram that contributes to the single SY production is the one of Fig. . The decay width of
the neutral colour scalars decaying to gluons was calculated in Ref. [34]

o(gg — SS) =

where
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Figure 4: Single production of colour octet scalars through gluon fusion. In addition we will have the diagrams (a)
and (b) with the internal propagators going anticlockwise.

? v (7? m?2
—60np( M+ A5)—5 | ——1)Re || —
w5 1) (1 ()

_211731}2 %
135 2 (2 2
42 (gt M)y (l - 1) > (4.3)
2 s\ 9

5  a?m? m?2

0 _ sy 2 t
(ST — gg9) = 320302 U I (m_g) ; (4.4)

where

I(z) =224 2(42 — 1) F(2), (4.5)

with F(z) defined on Eq. (B.29).

With this we can trivially obtain the cross section:

7T2 7T2
099 = Sk) = 7 0(s = m )T(Sg = g9),  olgg = Sp) = (s —m)T(S7 = g9).  (4.6)

These cross sections do not have physical meaning until we integrate them using the parton
distribution functions (PDF) because we never have free gluons, they are confined in the protons.
The PDF gives us the probability that a gluon of a proton carries a momentum xp if the proton
carries a momentum p (0 < x < 1) and it is a function of the factorisation scale p. In order to
perform this integration it is interesting to relate the invariant mass of the two gluons (s) system
and the one of the two proton system ()

5= (py, +sz>2 = (T1pp, + $2ppz)2 = 2x1T3 P1 - P2 = T1 725, (4.7)

where we have considered that the mass of the protons is much smaller than the invariant mass of
the two proton system.
Furthermore, we can write the delta function of Eq. (4.6) in terms of z; and x

55 — m2o) = (21255 — M) = ——5 _ms 4.8
s0) = 0(2122 mSO)_xls T : (4.8)
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The single colour octet scalar proton-proton cross section then becomes

7T2 1 1
oo = Sh) =5 [ o [ daagtar, watn, )6 = iy T(Shs = 99)
7T2 1 dl‘l 2

mg 0
= — — —= | ['(Sp; — 4.9
35 m%l o g(x1, )9 <-’E2, xlS) ( R,I 99), (4.9)

with g(x, p) the PDF.

o (fb) Vs =14 TeV

100 ¢

mg (TeV)

0.5 1 1.5 2 2.5 3

Figure 5: Figure taken from Ref. where it is shown the dependence on the cross section for pp — S%, 15%7 I
(solid line), pp — S% (dashed line) and pp — S¢ (red dotted line). The values of the parameters where ny = 1 and
A4,5 ~ 1, in such a way that the only important contribution to the single cross section is Fig.
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Figure 6: Production of single octet scalars (S%) and decay to dijets compared with CMS data at 13 T'eV taken
from Ref. [@
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Figure 7: Production of single octet scalars (S%) and decay to tf—pair compared with ATLAS data at 8 TeV taken
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Figure 8: Production of pair octet scalars (S%S%) and decay to a pair of dijets compared with ATLAS data at 13

TeV taken from Ref. @

Similarly we obtain the proton-proton cross section for the pair production. It is interesting to
notice that, although the single production is generated through loops, this becomes the dominant
channel for masses of the scalars higher than 1 TeV, as can be seen in Fig. [f

Once these particles are produced through gluon fusion they decay to other particles which
are detected on the LHC. The decay channels of the single production analysed on Ref. @ are to
dijets and to a tt—pair.

The decay to dijets will be the dominant channel when the decay to a tt—pair and the process
S?%, ; — STWTj are suppressed. The former has zero contribution when 7y = 0 which is easy to

see looking at Eqs. (3.14) and (3.15)). The latter will be kinematically suppressed when the mass of

the neutral scalar is smaller than the mass of the charged scalar plus the mass of the W= bosons.
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Figure 9: Production of pair octet scalars (S%S%) and decay to four bottoms quarks compared with ATLAS data
at 13 TeV taken from Ref. @
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Figure 10: Production of pair octet scalars (S%S%) and decay to four tops quarks compared with ATLAS data at
8 TeV taken from Ref. [@]

Imposing custodial symmetry implies Mgy = Mg+ and choosing Ay < 0 we get Mgy < Mg+, in
Ref. @ was chosen Ay = —5.

The dominant channel that produces dijets is the decay to a bb—pair for values of np > 10 and
for smaller values of np the decay to gg starts to become relevant. On Fig. [6] we can see how the
mgo is constrained around 650 GeV for values of A\, around —20, for positive values of \; almost
the same result is obtained.

Analysing the tf—pair production the limits that are obtained are mg > 500 GeV as can be
seen in Fig. [7]

For pair production the relevant decay channels will be the dijet pairs and the four top produc-
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tion with the same conditions than before. The constrains obtained from the pair dijet are shown
on Fig. [8] In this figure we see that mg > 500 GeV for np ~ 1 and |Ag| > 10. For higher values
of np there are not constraints because the relevant channel starts to be to four bottoms quarks.
The constraints for the four bottoms are shown in Fig. [9] where masses smaller than 1 TeV are
forbidden for values of np > 5 and Ay ~ —30.

Finally, the constraints obtained for four top quarks production are shown in Fig. [I0] With
this we also see that the masses are constrained to be higher than 700-800 GeV with values of

4.2 Higgs Signal Strengths

q .
------- H
qg T oq

(a) (b)

Figure 11: Production of SM Higgs through vector boson fusion (a), associated production with a ¢ (b) and
associated production with a vector boson (c).

The LHC data for the Higgs physics is given in terms of the so called Higgs signal strengths.
These are the measured cross section of the Higgs production times the branching ratio of the Higgs
decay in units of the prediction of the SM. These strengths are measured for any production and
decaying channel. At the LHC, the relevant production channels are gluon fusion (Fig. , vector
boson fusion (Fig. , associated production with a tf (Fig. and associated production
with a vector boson (Fig. . The relevant Higgs decay modes are the decay to two photons,
the decay to two weak gauge bosons (one real and one virtual), the decay to two 7 leptons and the
decay to a bb pair. So, for instance, the Higgs signal strength for the Higgs production through
gluon fusion and decaying to photons will be

o(pp — H)Br(H — )
o(pp = H)suBr(H = vy)sm

p = (4.10)

Now we can think about the processes that are modified by the introduction of the colour octet
scalars. In the previous section we saw that the new scalars modify the Higgs production through
gluon fusion and the Higgs decay into two photons. The amplitude for the contributions of these
particles to these processes has been calculated in the appendix [B] Clearly the other production
channels are not modified at tree-level by the scalars, neither the other decay modes. Furthermore,
if we take into account that, analysing the available data, Ref. [6] found that the masses of these
particles must be heavier than 500 GeV, we deduce that the Higgs cannot decay to these particles.
Therefore, the total decay width of the Higgs boson remains almost invariant, we will neglect the
contribution of the new scalars to the total decay width.
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Now let us calculate the Higgs signal strengths of the Higgs being produced by any process but
gluon fusion and decaying to two photons. For these cases the cross section of the Higgs production
in our model is the same than in the SM and the only modification will come from the decay

vy op— H)Br(H—yy)  Br(H —vyy)  TH-—oyy)  MOP
o(pp = H)suBr(H = vy)su Br(H = yy)sn T(H = yy)smn M5y,

(4.11)

The value for the SM amplitude was taken form Ref. [35] and adding our contribution we find

2 3 2 2 2 2
M= O T (Hmm_gv_ iy <2_4m_;v; (m_w)))
2567 v mi mi my my

2
32 m? 1 2 2 16207, 2 2
SR (-G (- M (2))) T (e r (22)) ]
3 my 2 mi mi mi miy my
the SM prediction is the same doing A; = 0.
As the mass of our scalars is much bigger than the Higgs mass we can proceed like in section
2
2

and expand the function F <%> around infinity
H

2 2 2 2
160,02 T (1+ ms <%>) __WTFr M (4.13)

2 2 2
my mi 3 myg

in such a way that this function just depends on \;/m%.
Now we can calculate the strength of the Higgs being produced by gluon fusion and decaying
to anything but two photons

o= H) [Mggr|”
olpp = H)smu  [Mggrlén

(4.14)

Combining the results of appendix [B] we obtain

2 2 2 2 2 2
o (—2 + (1 - 4m—;) F (m—;)> + 320 + Ao)20? (1 +2 S F (m_g))
v my my my H4 4

where again expand F (2—;) around infinity

|M99F|2 = (%)2

H

2 2 2 2)\ /\
320 + o) <1 oM F (;j_)) S (4.16)

2
my H mg

in such a way that we have just dependence on two variables \;/m% and \y/m%.
Finally the strength of the Higgs produced by gluon fusion and decaying to two photons will
be simply the product of these two

= prp. (4.17)
Once we have calculated the theoretical predictions on our model we can compare them with
the experimental data, the data that we used came from Ref. [36] and it is shown in Tab.
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The first thing we can do is to find constraints on A\;/m%. For doing so we calculate the range
in which \;/m% can vary in order to reproduce the experimental value of the uj/5. at a 95%
confidence level. We took this strength because it is the best measured of the ones that just
depend on A\;/m%. The result was that A\;/m% must be constrained between —102 T'eV =2 and 120
TeV 2.

Once we have calculated the allowed region for A\;/m% we can use the result for constraining
the A\o/m?% parameter using other strengths. As the other strengths depend on both parameters
we cannot find a general region in which Ay/m% can vary, but the range of A\y/m?% will depend on
the value that \;/m?% takes. In Fig. can be seen the allowed region for both parameters using
the data for pZ?, p¥" and p}’, which are the three best measured. Furthermore, this figure also
shows the superposition of the allowed regions for %" and p,}v.m Looking at Fig. we can
see that the lower allowed value for \;/m?% is —60 T'eV ~? which is a harder constraint than the
obtained using the u{'5 Higgs signal strength. The upper allowed value using u{/z 5 is still better
so we can conclude that \;/m% € [—60,120] TeV 2 at a 95% CL.

Production/Decay | H -~y | H - ZZ | H—-WW | H— 77 | H— bb
ggF L1058 [ 1137937 [ 0847017 | 1.0708 —
VBF L3508 | o1fgs | 12ty [ 13T | -
WH 0.5713 - 16712 [ =147 10703
ZH 0,5%% — 5.9j1§8;g 2.2t§;3§7 0.4t§;%

Table 1: Experimental values for the Higgs signal strengths obtained from Ref. [36].

The next step is to use all the data of Tab. [I] to find the values of our parameters that best
fit these experimental data. In order to do this we will do a similar analysis than the one that
Ref. [37] made for the A2HDM model. First of all we need to minimise the x? function:

2 (Mk: - ﬂk)Q
_ Nk T HE) 4.1
% Ek P (4.18)

where oy is the standard deviation of the experimental measurement i, and gy is the theoretical
prediction. If the errors are not symmetric, as they are similar, we symmetrise them

. 01y )2+ (6f1_)?
5%:%’”)2(”)-

Performing this minimisation we obtain that the minimum is x2,, = 19.27 which normalised
by the degrees of freedom

(4.19)

d.o.f. = #u + #parameters — 1 = 17, (4.20)

gives x?/d.o.f. = 1.13 which is an acceptable value.
For calculating the allowed region of the parameters we used the Ax? values shown in Tab. [2]
extracted from Ref. [38]. In this table we present how much can the x? function vary in terms of

1ONote that the contribution of our particles to uZ% and p¥¥'" is exactly the same because they do not contribute
to the decay. However, the contribution to x}.' is not exactly the same because they do contribute to the decay to
two photons, this is why this combined plot is interesting. The fact of using u%'" for this combination is because
it has less error.
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Figure 12: Constraints of the A1 /m% and \o/m% parameters using the data from the Higgs signal strengths. Figures
(a), (b) and (c) shows the constraints of these parameters using the u%?, W% and u}) Higgs signal strengths,
respectively, at a 95% CL. The last one (d) shows the superposition of the constraints obtained by (b) and (c).

the degrees of freedom and the confidence level. As we have two degrees of freedom we should use
the second column of this table and the result is showed in Fig. [13|for 68.3% and 90% of CL. The
SM is reproduced when these parameters are 0, the red cross in this figure represents these values.
Clearly we can see that the SM is compatible with the data at one sigma. However, the values of
these parameters that minimise the y? are not 0 but the ones of the green cross in the figure. If
we consider that one of the two parameters that we have is set at the value of the minimum and
we consider then that we have just one degree of freedom we can calculate the error of the other.
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CL/d.o.f] 1 | 2 [ 3 1 4] 5 ] 6
68.3% | 1.00 | 2.30 | 3.53 | 4.72 | 5.89 | 7.04
00% | 2.71 | 4.61 | 6.25 | 7.78 | 9.24 | 10.6
99% | 6.63| 9.2l |11.3]13.3 | 15.1 | 16.8
09.73% | 9.00 | 11.8 | 14.2 | 16.3 | 18.2 | 20.1
00.00% | 15.1 | 184 | 21.1 | 23.5 | 25.7 | 27.8

Table 2: Ax? as a function of confidence level and degrees of freedom.

Doing so we can give the values for the best fit with an uncertainty

A A
T = 228427 Tey? 2 = —50.572] Tev 2 (4.21)
mg mg

It is important to emphasise that in Eq. the uncertainties have been calculated fixing one of
the parameters to the best fit value and considering just one degree of freedom but in reality we
have two degrees of freedom, so the real allowed values are the ones showed in Fig. [13] this equation
is just added for completeness. The fact that in this equation the values of these parameters that
reproduce the SM are discarded does not mean that they are not allowed because they are allowed,
as can be see in the figure.

Fit of the Higgs signal strengths at 68.3% and 90% CL
1007\“‘\“‘\“‘\“‘\“‘\“‘\“‘7

50 ]

-50 L ]

T O 90% CL
e 68.3% CL
£ 100 1 M SMvalues
b [ ] Minimum

200 ]

_250] ]

I I 1
-40 -20 0 20 40 60 80 100
MIm? (TeV-2)

Figure 13: Best fit for A1 /m% and \y/m?% using Higgs signal strengths. The yellow region corresponds to the values
obtained at a 68.3% of CL and the blue region at a 90% of CL. The red cross is the value of the parameters that
represent the SM, both at 0, and the green cross the point with the lowest value of x?2.

4.3 Wilson Coefficients

The Wilson coefficient ¢y g is related to the oblique parameter S [1]
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CwWB . 1
A2 8m?
This oblique parameter is associated with the contribution of new physics to the difference
between the Z self-energy at the scale of M% and 0:

(4.22)

a(Mz) o Ty(M3) - 1Ig(0)

4.23
4 sin Oy cos Oy M2 ’ (4.23)

where the fine structure constant and the electroweak mixing angle are expressed in the MS
scheme.

Using Eq. and the experimental value of this parameter coming from Ref. [29] we could
find constraints on the value of A\g/m%. The experimental value is S = 0.05 & 0.10 and this
constrains Ao /m?% € [—45,77] TeV 2 at a 95% of confidence level.

The other Wilson coefficients are not constrained by precision electroweak physics so we cannot
use them in order to constrain the parameters of our theory.

4.4 Running Gauge Coupling

0"-.~s

S ' '
'4‘('~~ \.( ).‘
. U

4

Figure 14: Contributions of our scalars to the gluon self-energy.

The fact of having new colour octet scalars affects to the gluon self energy which changes the
running of the strong coupling. The new diagrams are shown in Fig. and their divergent part
in the M .S scheme is

AT = ATlgSu(q"s” — ¢*g") = — =g L b(d"d" — ¢*9"™) (4.24)
“ ‘ 375 (4m)2e ’
where ¢ is the momentum of the gluon and 1/¢ = 1/e + vp — log 4.

Using the value of the SM for the other processes that contribute to the gluon self energy we

obtain that the total divergent part is

2e 5 1 4 1
A= ((2-Z¢) - Tenp ) = 495
s 4z y2 ((6 2'5> AT PN ) (4.25)
Using this and the SM values for the divergent parts of the vertex corrections we obtain easily
the g—function:
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JTRG| Qg Qg |2 7
———as(pu)=—p1+--=—|znplpr —=Ca| +... 4.26
(0 = 2251 4 o= 2 s - GO (4.26)
Now we can integrate this equation in order to find the running of the strong coupling constant
in this theory

s (QF)
as(Q? ’
()

Using this equation and having an initial experimental input we can find the values for the
strong coupling constant at any energy. The values of this constant have been measured at different
scales, as can be seen in Fig. and our theory must produce a running compatible with such
measurements. The best measurement of this constant that has been performed is the one at the
scale of the Z boson mass, as(Mz) = 0.1181 £ 0.0011. We can take this value like the input and
predict with it the values for the other energies. For doing so we have to take into account that
the contribution of these particles will start at the scale of its mass because at a smaller scale they
can be integrated out.E Therefore, at the M, scale we should use the ; function predicted by
the SM,

O‘S(Q2) =

(4.27)

2 11
i gTFTLF - ECAa (4.28)

and with just 5 flavours until we get the scale of the top quark mass.

April 2016
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Figure 15: Summary of the measurements of s and the predictions of the SM taken from Ref. [29].

Taking this into account we can plot the running of «, considering that our new scalars have a
mass around 500 GeV and compare it with the experimental data taken form Ref. [39]. If we look
at the last experimental value of Fig. we see that scalars with a mass smaller than 500 GeV are

1 Actually, if we could solve this theory exactly, without a perturbative development, the result at low scale
should be the same for both theories.
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forbidden up to 20. It is important to remark that this calculation have been performed at leading
order (LO). We have just calculated the running of a;; at LO and for consistency we have used the
matching condition at LO, a?(mg) = a®"(mg). This has a strong dependence on the matching
point so we should take this result carefully. In order to obtain a solid result we should go further
to the next order, and calculate carefully the matching conditions, where the dependence on the

matching point will not be so strong.

Running of o

0.115 T T
Experimental values 20 —+—
Experimental values 0 >
0.11}F o new scalar at 500GeV
o, SM
0.105
*
0.1}
0.095} l ]
» * *
3 I
009
0.085F . *
0081 ¥
0075}
0.07 1 1 1 1 1 1
200 400 600 800 1000 1200 1400 160C

Scale (GeV)

Figure 16: Experimental values of o and its running at LO for the SM and for the SM extended with colour octet
scalars of 500 GeV'.

5 Conclusions

In this work we have made a brief review of the SM, developing its Lagrangian from the principle
of gauge invariance. We have showed that this symmetry brings to particles without mass and
that this problem could be solved considering that this symmetry is spontaneously broken by
the vacuum. We also explained that this SSB, in principle, leaded to the existence of massless
particles, the Goldstone bosons, which had not been observed. This problem, as explained before,
was definitely solved by Ref. [2-4] who showed that these particles are not physical in gauge
theories.

Once the SM was understood properly we studied a escalar extension of this model, the model
of A. V. Manohar and M. B. Wise [1]. In this model an additional SU(2); doublet and SU(3)¢
octet is added to the SM. So, we have two new charged scalars S*°, one new CP-even neutral
scalar S% and one new CP-odd neutral scalar SY° which can appear with any of the eight possible
adjoint colours.

The fact of having new scalars with colour produces a total decoupling between these new
scalars and the Higgs doublet. These scalars have different quantum numbers than the Higgs
doublet so they cannot mix with this doublet like in other extensions as the 2HDM or Higgs triplet
models. Furthermore, as a consequence of the conservation of the colour the colour scalars cannot
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adquiere a vev and, therefore, the vev of the SM must be produced entirely by the SM Higgs
doublet.

The colour makes also this model richer because new interactions appear. In this work we have
shown that the covariant derivative leads, apart of coupling to the electroweak bosons like in the
2HDM, to couplings with the gluons. In the Yukawa sector we have considered MFV in such a
way that the Yukawa matrices of the new scalars were equal to the ones of the SM except for
some complex proportionality constants. With this we avoid the existence of FCNC at tree-level,
extremely suppressed experimentally.

Taking into account the actual limits on the masses of these scalars, we found that these
particles have a high mass compared to the electroweak scale. This fact allowed us to integrate
out these particles, condensing their physics in operators of dimension six. In particular we only
considered the operators that are related to Higgs physics, extremely important for the processes
of the LHC.

In this work a phenomenological analysis have also been performed. We analysed the limits
on the masses found by Ref. [6] and we studied the Higgs signal strengths. The allowed range
for the parameters studied is still wide for values of the masses around 500 GeV. With masses
of this order the constraints to the parameters are outside their perturbative region but around
this region, although these are worse for higher masses. However, the Higgs signal strengths have
considerable errors and when these reduce, thanks to the increase of luminosity of the LHC, better
constraints will be obtained. The oblique parameter S produces interesting constraints when the
mass of these scalars is around 500 GeV which are inside the perturbative region of the constrained
parameters.

Finally, we studied the contributions of the scalars to the running of a,. We made an initial
study at LO where we found interesting bounds for the mass of these scalars although for conclusive
results it is necessary to go beyond LO. At this order the dependence with the matching point
is strong and it is, therefore, necessary to make the calculation at higher orders to reduce this
dependence. We leave this for a future study. Anyway, if we look at Fig. the trend seem to be
that light masses are forbidden but we have to be careful with this statement.

A  Feynman Rules

Ui o (P2)
a g 2 2
T Y m VP — Vs, Pe (A
d;5(P5)
Figure 17: Charged colour octet decaying to quarks.
ui,a(ﬁQ)
1 a .
S%?I(p*l) _______ Even Scalar: — I M Nes(MuPL + 17y Pr) (A.2)
1
— ~ Odd Scalar: — My A2 —n* A3
; 5(P3) calal o i as(MuPL — 0 Pr) (A.3)

Figure 18: Neutral colour octet decaying to up-type quarks
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1 a *
Ei,g(ﬁg) Odd Scalar: %mdi)\aﬁ(nDPR —npPr) (A.5)
Figure 19: Neutral colour octet decaying to down-type quarks
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Figure 20: Colour octet particles to SM Higgs
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Y.
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Figure 21: Gluon decaying to any of the three colour octet scalars (SerS*C7 S%b S%C and S?bS?C). The momenta
are incoming.

GL(p1) Lo 5°(p5)
. 2ig? f f*%q,, (A.10)
G () 5

Figure 22: Vertex of two gluons going to any of the three colour octet scalars (S*bS’C, S%bS?{ and S?b S‘I)C).

B Explicit Calculations

B.1 Gluon Fusion Mediated By Colour Octet Scalars

Let us calculate the contribution of the colour octet scalars to the Higgs production through gluon
fusion, Fig. 23] The calculation of this process is almost the same if the internal propagators are
charged colour octets, even neutral colour octets or odd neutral colour octets, the only difference
will be the coupling between the scalars and the Higgs, Fig. 20, and the mass. Therefore we will
do the calculation for the case of charged colour octets and we will generalise this result afterwards
for the other two cases.

Let us start with the amplitude for the first diagram, Fig. 23D}
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Figure 23: Production of SM Higgs through gluon fusion mediated by colour scalars.

d*k i i i
2kF+ M"Y (2KY — pY )
(27r)4< —|—p1)( p2)(k+p1)2—m§ (k—p2)2—m?g kz_(r]ré%l)

As the gluons have transversal polarisation, e (p1)p} = 0, we can eliminate some terms:

iM=iTrAvgl [ f* (pr) e, (p2) /

d*k krkY
2m)4 ((k +p1)? = mg)((k — p2)? — mg)(k* —m3)

Let us now focus on the integral, in order to calculate it we will use the Feynman parametri-
sation:

(B.2)

iMa = ATpdvgl o f*% (p1)en (p2) /

1 ! b ['(3)

—_— = d d B.3
ABC /0 x/o y[A:zc—FBy%—C’(l—x—y)]37 (B.3)

using this our integral becomes:

/d% kH kv /011 / o / [(3)k kY
= €T 5
@m)* ((k+ po)? —m3) (k= po —m2) (B2 =m) ~ Sy Sy " J @) [k = pay + pro)? = aP
(B.4)
where

a® = m% — 2py - paxy. (B.5)

Now we use dimensional regularisation to perform the integral on k:
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/ "k kPR _ / APk (k +poy — pra)"(k + poy — pix)”
(2m)P [(k = poy + pr2)? — a?]3 (27)P (k% — a2
/ A"k krk” — phpiay
2m)P [k —aF

(B.6)

where we have changed variables, from (k — poy + p1x)* to k*. Moreover, in the last step we
have used the transversality to remove terms that afterwards will not contribute and we have
eliminated also the terms with an odd number of k* in the numerator, which are 0 in dimensional
regularisation.

Now in order to solve this integral we will use the following identity of dimensional regularisa-
tion:

2 de (k2)a Z 2\D/2 2\a—
J(D,a.8,a) :/(%)D k2 —a+ief <4W)D/2(“ )P (=)

sT(8—a—D/2)T(a+ D/2)
I(B)I(D/2) ’
(B.7)

and

deJ (k2)o¢ , g;u/ ,
/ (271-)D [kZ - a2 + Zf]ﬁk#k o D j(D’ a+ 17ﬁ7 a ) (B8)

This last identity is easy to obtain if we notice that the integral is odd over a change of sign of the
components of the momentum k* when p # v because this implies that, in this case, the integral
is equal to minus itself so it must be 0. However, if 1 = v we change twice the sign so the integral
becomes even over a change of sign in the components of the momentum. With this we find that
g"” is the only dirac structure that can be constructed and the proportionality is trivially find
taking the trace on both sides. Similarly we can also see why the integrals with an odd number of
k* in the numerator are zero, these terms have been already removed, as mentioned before.

Therefore to solve the integral of Eq. we can split it in two integrals, the one proportional
to k*k¥ and the other, let us perform the first one:

A’k kPR g g a®> \“T(—e)T(3+¢)
" = =>-7J(D,1,3,d®) = 2 B.9
/(%)D o - pJ P L3 = Tyt (47w2> r@) T2+ B9

where we have used D = 4 4 2¢. Now we expand for € going to zero:

i i a? 1 i 1 a?
! ’“’Zz(zg T 2(4@2“26(1 *elos (4w2 J(=-m)era- 9 (E - 10g<?)) |
(B.10)
with 1/é = 1/e + v — log(4m) and where g is the Euler constant.
The second integral is performed in a similar way but is simpler because there are no singular-
ities:
;= PhpiayJ (4 + 2¢,0,3,0°) = —Wp’ﬁp?w (B.11)

/ A"k phptzy
(2m)P [k? — a?]
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So the amplitude becomes:
1 11—z Ty
M= Coul =g" 1 ze —i—2/dx/ dy10g< ) — 2phpY /dx/ dy — (B.12)
0 a

(iT§ Avg? [ frle (pr)en (p2) (B.13)

The amplitude of the second diagram, Fig. 23a], is clearly the same than the one of the first so
we will have twice this contribution. Now we can calculate the third one, Fig. [23c}

with

Cow =

d*k i i
(2m)4 k2 —m% (k —p1 — p2)? — m%’

M. = —z'TF)\ing?f“dbedeZ(pl)el;(pz)g“”/ (B.14)

The integral can be performed in a similar way than the other one using the following Feynman
parametrisation:

1 1
B :/0 T BA =

(B.15)

Then the integral becomes:

[ [ foef
(2m)* k2 — m% (k — p1 — p2)? — m?% k—x(py + p2))? — b?)? —b2

(B.16)
where we have changed of variables form k" to k* + z(p} + py) and b* = 2p; - pa(x — 1)z + m%.
Now we perform the integral on k using dimensional regularisation:

%k 1 S R e
/(QW)D e~ D020 = (g 1 g(ﬂ2>>’ (B.17)

where, like before, we set D = 4 + 2e.
The amplitude becomes, therefore,

M, =— ””261 1011 b—2 B.18
e =—Cug" 1 OIOgMQ- (B.18)

Now we can calculate the total amplitude:

1
2M, + M, _CW " 26 /d:c/dylog( ) /dxlog( ) zpl/dw/

Note that, as expected, the divergences cancel. This is necessary in order to have a renormalisable
theory because we do not have any other structure in our Lagrangian that could cancel this
divergence. Furthermore, thanks to the Ward identities we know that this amplitude must be
proportional to (p; - p2g"” — pi'py). Let us simplify this equation in order to show it:

B 19)
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/dx/ dylog( > /1da;10g< )—2/d:z:/ dy M+1og(n_xy)}+
/dx[lo/g@ijﬂog(n—xpx —2/dx/ log”_“) /Dldxlog(n—x(l—x)):

ZQ/de[—Elog(l—u)+(m—1)+(1—x1 T =) — delo —7(1—2)),

n
(B.20)
where n = 2;3 . The other integral becomes:
4 1—
—4/dx/ 2 = /dx/ du— /dm[(l—x)—kﬁlog(l—u)},
a 2p1 - p2 rTn—1u 2291 D2 T n
(B.21)

in such a way that the total amplitude is, indeed, proportional to (p; - pag"” — pi'ph).
In order to calculate the last integral,

I— /05% log (1 _ @) (B.22)

is convenient to define & = 1/n. This integral will have poles when & > 4 so first we will calculate
it for & < 4. This integral can be performed derivating and integrating with respect to &

vl = 2 arcsin \/—E = —2arcsin?
df / 1—¢x(l—x) /(=9 ( D) ) =1 2 (V€/2) (B.23)

Now let us perform the integral for & > 4. As this has poles we should recover the factor ie of
the propagator, basically where we have a mass square we have to add a term —ie. We will do the
integration by parts first of all to obtain:

1—2x 1—2x
I = | = [d
ST Ty — e 08 /Ox(a:—x+z'6)(x—:c+—z'e)

P12z 1 1 P 1—2z 1 1
= [d 1 - = d 1 -
/x Ié] ng(x—mr—ie x—x_+ie) P(/]; B OgI<x—x+ x—x_>>

logx =

m 1 B 1+ 06
5 (5(x—x+)+5(x—x_))(1—2x)logx—77(l) _Ebg(l—ﬁ) (B.24)
where we have used the Sokhotski-Plemelj theorem,
El_i)%/%dx =P (/ @dx) q:iw/f(x)é(x)dx, (B.25)
and 1 {
Ty = 5(1ﬂ: 1—-4/¢) = 5(1ﬂ:6). (B.26)
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Finally we solve the last remaining integral in a similar way than for the case without poles:

P(i—é) P(/dx#h) P(zﬁlg (x_lm—w_lx)) ﬁlglog<1+g>:»

_ B 1 1+5 1 1+8) 1

where we have set the integration constant to — 7r2 in order to have a continuous function.

With this the total amplitude becomes:

1
2My M = Gt 207 () (=0 4 itk ) (B.25)
D1 - P2
with
2
1 VI
Fin)y=1 2 [log(li fzm) m} n<1/4 ‘ (B.29)
—2arcsin®(1/v/4n) n>1/4

Remember that we have to add the contributions for the neutral scalar colour octets. If we
consider that the scalar particles have the same mass we obtain

2Ty
(4m)?

The cross section will be:

Z|M|2 _ T [MP 2y _ T IMP? 2
o —/ d@ 600 . d(s—my) = W(S(s —my) (B.31)

M+ M, =

1
(2014 Ao Cabal )b )1+ 207(0) (g + -yl ) (B:30)
1° P2

with

T2 2
2Ma+ M = (%) (201 + M) 202 CA(N? — 1)|1 + 20F (n) 2. (B.32)

If we make the approximation for scalars with a very high mass with respect to the Higgs mass,
i. e. we expand the function F(n) in n — oo, and we move to the centre of mass frame we get:

2TF m2 2
2M, o R — 21 + A)vg2Cadae’ (p1)€d 2 g" — —-php? ). B.33
Mot Mo =0+ M Caduc )l T (97— eoft) . (B39

B.2 Gluon Fusion Mediated By Top-Quark
The amplitude of the first diagram will be

atp T+ g+ m (= p, + mo)y (F+m)|

3 LR (e | =y et gy e R

M, = =gt ) T2 TS [

where we can expand the trace in order to obtain
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t(k+p1)

Figure 24: Production of SM Higgs through gluon fusion mediated by top quarks.

Te[y(k + p, +ma) (F =y o (f+mo) | =
= dmy(php} + 4k"KY — 2kMpy + 2pYKY — pi'ph + g* (mi — p1 - pa) — gMK?) =
= 4dm,(php] + 4Kk + g’“’(mt2 —p1-D2) — g’“’kQ), (B.35)

where in the last step we have eliminated the terms that will vanish due to the transversality of
the gluons €} (p1)p) = 0. With this the amplitude becomes

d'k 4y (phpy + 4K*E" + g*(mi — p1 - p2) — g"K?)
2m)t [k? = m][(k* + p1)* — mf][(k — pz) — mj]
In order to perform these integrals we proceeded like in the previous section: first we use the

Feynman parametrisation and after that we use dimensional regularisation. Using this and taking
into account that the second diagram is equal to the first one we obtain

M, = ngmTE (p1)€l(p2) Trdap /< (B.36)

2

M= 4US 2€Z€g5abnt( 24 (1= 4ny) F(ne)) (Phpy — 9"p1 - p2) (B.37)
with n, = %, in the CM:
4 s\ 2
M = ;nt (2) 12+ (1= 4n)F ()P (B.39)

B.3 Higgs Decaying to Two Photons

Now let us calculate the contributions of our particles to the process of the Higgs boson decaying to
two photons. As we can see in Fig. 25| the diagrams are extremely similar to the ones of the gluon
fusion mediated by the colour octet scalars, although this time only the charged scalar contributes
to the process. The result will be, therefore, very similar, the only difference is that this time
we do not have the SU(3) structure constants (%), we just have a delta in colour space, and
instead of having the strong coupling (gs) we have the electromagnetic coupling (e). Therefore
regarding the couplings the only difference is a factor (N? — 1)/C4 because we change §,,C 4 by
0aa = N?—1=28:

. _16TF v 1 oo v
M = (4m)? SAve eu(pg)e,,(pg)(l + 2nf(n)> ( g+ P 'pgpgpQ) , (B.39)
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Figure 25: Higgs decaying to two photons.

where again n = 5.
P

Like in section we can make the approximation for scalars heavy compared to the Higgs
boson and we get

16Tp . m? 2
~ ) w2 _phpr ) B.40
M a1 €u(p1)e (Pz)um% 9" = PP (B.40)
And the decay width will be

1/A(m%,0,0) o  TEN2v2a? )
[ =M 2 g M= ZE2 2 1 4 onF(n)|% B.41
2 GAnti, M| e LR LA O] (B.41)

Acknowledgements

I would like to thank my master thesis supervisor, Prof. A. Pich, for his help and support. I also
would like to thank his PhD students A. Peniuelas and H. Gisbert for their advices and support, and
my office mate F. Driencourt-Mangin for helping me solving some problems I had on Mathematica.
Finally I would like to thank my parents for caring always so much about my education.

References

[1] A. V. Manohar and M. B. Wise, “Flavor changing neutral currents, an extended scalar
sector, and the Higgs production rate at the CERN LHC,” |Phys. Rev. D74 (2006) 0350009,
arXiv:hep-ph/0606172 [hep-ph].

46


http://dx.doi.org/10.1103/PhysRevD.74.035009
http://arxiv.org/abs/hep-ph/0606172

Victor Miralles Aznar Universitat de Valéncia

2]

[10]

[11]

[12]

[13]

[14]

[15]
[16]

[17]

[18]

[19]

F. Englert and R. Brout, “Broken Symmetry and the Mass of Gauge Vector Mesons,” Phys.
Rev. Lett. 13 (1964) 321-323.

P. W. Higgs, “Broken Symmetries and the Masses of Gauge Bosons,” |Phys. Rev. Lett. 13
(1964) 508-5009.

G. S. Guralnik, C. R. Hagen, and T. W. B. Kibble, “Global Conservation Laws and Massless
Particles,” Phys. Rev. Lett. 13 (1964) 585-587.

M. Gell-Mann, P. Ramond, and R. Slansky, “Complex Spinors and Unified Theories,” Conf.
Proc. C790927 (1979) 315-321, arXiv:1306.4669 [hep-th].

A. Hayreter and G. Valencia, “LHC constraints on color octet scalars,” arXiv:1703.04164
[hep-phl].

S. Tomonaga, “On a relativistically invariant formulation of the quantum theory of wave
fields,” |Prog. Theor. Phys. 1 (1946) 27-42.

J. S. Schwinger, “On Quantum electrodynamics and the magnetic moment of the electron,”
Phys. Rev. 73 (1948) 416-417.

R. P. Feynman, “Space-time approach to nonrelativistic quantum mechanics,” Rev. Mod.
Phys. 20 (1948) 367-387.

R. P. Feynman, “Mathematical formulation of the quantum theory of electromagnetic
interaction,” Phys. Rev. 80 (1950) 440-457.

M. E. Peskin and D. V. Schroeder, An Introduction to Quantum Field Theory. Westview
Press, 1995.

T. Aoyama, M. Hayakawa, T. Kinoshita, and M. Nio, “Tenth-Order QED Contribution to
the Electron g-2 and an Improved Value of the Fine Structure Constant,” |Phys. Rev. Lett.
109 (2012) 111807, arXiv:1205.5368 [hep-phl].

C.-N. Yang and R. L. Mills, “Conservation of Isotopic Spin and Isotopic Gauge Invariance,”
Phys. Rev. 96 (1954) 191-195.

H. Fritzsch, M. Gell-Mann, and H. Leutwyler, “Advantages of the Color Octet Gluon
Picture,” Phys. Lett. B47 (1973) 365-368.

S. L. Glashow, “Partial Symmetries of Weak Interactions,” Nucl. Phys. 22 (1961) 579-588.

A. Salam and J. C. Ward, “Electromagnetic and weak interactions,” Phys. Lett. 13 (1964)
168-171.

T. W. B. Kibble, “History of electroweak symmetry breaking,” .J. Phys. Conf. Ser. 626
no. 1, (2015) 012001, arXiv:1502.06276 [physics.hist-ph].

J. Goldstone, A. Salam, and S. Weinberg, “Broken Symmetries,” Phys. Rev. 127 (1962)
965-970.

S. Weinberg, “A Model of Leptons,” |Physical Review Letters 19 (Nov., 1967) 1264-1266.

47


http://dx.doi.org/10.1103/PhysRevLett.13.321
http://dx.doi.org/10.1103/PhysRevLett.13.321
http://dx.doi.org/10.1103/PhysRevLett.13.508
http://dx.doi.org/10.1103/PhysRevLett.13.508
http://dx.doi.org/10.1103/PhysRevLett.13.585
http://arxiv.org/abs/1306.4669
http://arxiv.org/abs/1703.04164
http://arxiv.org/abs/1703.04164
http://dx.doi.org/10.1143/PTP.1.27
http://dx.doi.org/10.1103/PhysRev.73.416
http://dx.doi.org/10.1103/RevModPhys.20.367
http://dx.doi.org/10.1103/RevModPhys.20.367
http://dx.doi.org/10.1103/PhysRev.80.440
http://dx.doi.org/10.1103/PhysRevLett.109.111807
http://dx.doi.org/10.1103/PhysRevLett.109.111807
http://arxiv.org/abs/1205.5368
http://dx.doi.org/10.1103/PhysRev.96.191
http://dx.doi.org/10.1016/0370-2693(73)90625-4
http://dx.doi.org/10.1016/0029-5582(61)90469-2
http://dx.doi.org/10.1016/0031-9163(64)90711-5
http://dx.doi.org/10.1016/0031-9163(64)90711-5
http://dx.doi.org/10.1088/1742-6596/626/1/012001
http://dx.doi.org/10.1088/1742-6596/626/1/012001
http://arxiv.org/abs/1502.06276
http://dx.doi.org/10.1103/PhysRev.127.965
http://dx.doi.org/10.1103/PhysRev.127.965
http://dx.doi.org/10.1103/PhysRevLett.19.1264

Victor Miralles Aznar Universitat de Valéncia

[20]

[21]
[22]
[23]

[24]

[25]

[26]

[28]

[29]

[30]

[32]

[33]

M. Gell-Mann, “A schematic model of baryons and mesons,” Physics Letters 8 (Feb., 1964)
214-215.

G. Zweig, “An SU(3) model for strong interaction symmetry and its breaking. Version 1,”.
M. Gell-Mann, “The Eightfold Way: A Theory of strong interaction symmetry,”.

V. E. Barnes et al., “Observation of a Hyperon with Strangeness -3,” Phys. Rev. Lett. 12
(1964) 204-206.

D. Griffiths, Introduction to Elementary Particles, 2nd, Revised Edition. WileyY-VCH, 2008.

O. W. Greenberg, “Spin and Unitary Spin Independence in a Paraquark Model of Baryons
and Mesons,” Phys. Rev. Lett. 13 (1964) 598-602.

M. D. Schwartz, Quantum Field Theory and The Standard Model. Cambridge University
Press, 2014.

S. Willenbrock, “Symmetries of the standard model,” in Physics in D. Proceedings,
Theoretical Advanced Study Institute in elementary particle physics, TASI 2004, Boulder,
USA, June 6-July 2, 2004, pp. 3-38. 2004. arXiv:hep-ph/0410370 [hep-ph]l

R. A. Diaz and R. Martinez, “The Custodial symmetry,” Rev. Mex. Fis. 47 (2001) 489-492,
arXiv:hep-ph/0302058 [hep-ph].

Particle Data Group Collaboration, C. Patrignani et al., “Review of Particle Physics,”
Chin. Phys. C40 no. 10, (2016) 100001.

A. Pich, “Electroweak Symmetry Breaking and the Higgs Boson,” |Acta Phys. Polon. BA7
(2016) 151, arXiv:1512.08749 [hep-ph].

K. Yagyu, “Higgs sectors with exotic scalar fields,” in Proceedings, 1st Toyama International
Workshop on Higgs as a Probe of New Physics 2013 (HPNP2013): Toyama, Japan,
February 13-16, 2013. 2013. arXiv:1304.6338 [hep-ph].
http://www.slac.stanford.edu/econf/C130213.1/pdfs/yagyu.pdf.

C. P. Burgess, M. Trott, and S. Zuberi, “Light Octet Scalars, a Heavy Higgs and Minimal
Flavour Violation,” JHEP 09 (2009) 082, arXiv:0907.2696 [hep-ph].

A. Pich, “Effective field theory: Course,” in Probing the standard model of particle
interactions. Proceedings, Summer School in Theoretical Physics, NATO Advanced Study
Institute, 68th session, Les Houches, France, July 28-September 5, 1997. Pt. 1, 2,

pp. 949-1049. 1998. |arXiv:hep-ph/9806303 [hep-ph]l

M. I. Gresham and M. B. Wise, “Color octet scalar production at the LHC,” Phys. Rev.
D76 (2007) 075003, arXiv:0706.0909 [hep-ph].

J. F. Gunion, H. E. Haber, G. Kane, and S. Dawson, The Higgs Hunter’s Guide. Perseus
Publishing, 2000.

48


http://dx.doi.org/10.1016/S0031-9163(64)92001-3
http://dx.doi.org/10.1016/S0031-9163(64)92001-3
http://dx.doi.org/10.1103/PhysRevLett.12.204
http://dx.doi.org/10.1103/PhysRevLett.12.204
http://dx.doi.org/10.1103/PhysRevLett.13.598
http://arxiv.org/abs/hep-ph/0410370
http://arxiv.org/abs/hep-ph/0302058
http://dx.doi.org/10.1088/1674-1137/40/10/100001
http://dx.doi.org/10.5506/APhysPolB.47.151
http://dx.doi.org/10.5506/APhysPolB.47.151
http://arxiv.org/abs/1512.08749
http://arxiv.org/abs/1304.6338
http://www.slac.stanford.edu/econf/C130213.1/pdfs/yagyu.pdf
http://dx.doi.org/10.1088/1126-6708/2009/09/082
http://arxiv.org/abs/0907.2696
http://arxiv.org/abs/hep-ph/9806303
http://dx.doi.org/10.1103/PhysRevD.76.075003
http://dx.doi.org/10.1103/PhysRevD.76.075003
http://arxiv.org/abs/0706.0909

Victor Miralles Aznar Universitat de Valéncia

[36) ATLAS, CMS Collaboration, G. Aad et al., “Measurements of the Higgs boson production
and decay rates and constraints on its couplings from a combined ATLAS and CMS analysis
of the LHC pp collision data at y/s = 7 and 8 TeV,” JHEP 08 (2016) 045,
arXiv:1606.02266 [hep-ex].

[37] A. Celis, V. Ilisie, and A. Pich, “LHC constraints on two-Higgs doublet models,” JHEP 07
(2013) 053, larXiv:1302.4022 [hep-phl].

[38] W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery, Numerical recipes. The
art of scientific computing. 3rd edition. Cambridge University Press, 2007.

[39] CMS Collaboration, V. Khachatryan et al., “Measurement of the inclusive 3-jet production
differential cross section in protonproton collisions at 7 TeV and determination of the strong
coupling constant in the TeV range,” |[Fur. Phys. J. C75 no. 5, (2015) 186,
arXiv:1412.1633 [hep-ex].

49


http://dx.doi.org/10.1007/JHEP08(2016)045
http://arxiv.org/abs/1606.02266
http://dx.doi.org/10.1007/JHEP07(2013)053
http://dx.doi.org/10.1007/JHEP07(2013)053
http://arxiv.org/abs/1302.4022
http://dx.doi.org/10.1140/epjc/s10052-015-3376-y
http://arxiv.org/abs/1412.1633

	Introduction
	The Standard Model
	Quantum Electrodynamics
	Quantum Chromodynamics
	Electroweak Unification
	Spontaneous Symmetry Breaking
	Goldstone Theorem
	The Higgs Mechanism
	Fermion Masses
	Gauge Fixing
	Custodial Symmetry


	Colour Octet Model
	Kinetic Term
	Yukawa Sector
	Custodial Symmetry
	Effective Field Theory

	Phenomenological Analysis
	Colour Octet Production
	Higgs Signal Strengths 
	Wilson Coefficients
	Running Gauge Coupling

	Conclusions
	Feynman Rules
	Explicit Calculations
	Gluon Fusion Mediated By Colour Octet Scalars
	Gluon Fusion Mediated By Top-Quark
	Higgs Decaying to Two Photons


