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Abstract

Little Higgs models offer an innovative solution of the naturalness problem of the
Standard Model. These models contain new particles which cancel the quadratic di-
vergences in the Higgs mass caused by the top, gauge and Higgs loops. These new
particles contribute to loop induced interactions of the Higgs boson. The loop induced
decays of the Higgs H — gg and H — ~~ are examined in two Little Higgs models -
the Littlest Higgs Model and the Schmaltz Model. The production of Higgs pairs from
gluon fusion, which proceeds via heavy quark loops, is also examined in these models.

Another idea considered is the multiple point principle (MPP) applied to the two
Higgs doublet extension of the Standard Model. The MPP stipulates that the coupling
constants will be tuned to allow the existence of a maximal number of degenerate vacua.
This principle is shown to lead to a Peccei-Quinn type symmetry which naturally
suppresses phenomenologically dangerous flavour changing neutral currents. Quasi-
fixed points of the renormalization group are then used to derive predictions for the
Higgs masses and couplings.
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Chapter 1

Introduction

1.1 Little Higgs Models

1.1.1 The Hierarchy Problem

Despite the tremendous success of the standard model (SM) when confronted with
the experimental evidence assembled to date, one crucial element of the it, the Higgs
boson, remains undetected. The Higgs boson is a vital component of the SM since it
provides the mechanism for electroweak symmetry breaking (EWSB).

The potential of the Higgs field is minimised for a non-zero field value, leading to a
vacuum expectation value (vev) which is not invariant under the SU(2)y @ U(1)y
gauge transformations of the electroweak group. Masses for the electroweak W and Z
gauge bosons, as well as for the fermions, are generated through their couplings to the
Higgs (the Higgs mechanism).

The Higgs mechanism with a single Higgs doublet provides a conceptually simple mech-
anism for EWSB with a minimal new particle content. Despite this simplicity there is
reason to believe that a single elementary Higgs doublet is not the true cause of EWSB
since, as shall be shown, it implies a delicate and unnatural fine tuning of independent
parameters of the theory.

The current experimental lower bound on the SM Higgs mass from direct searches is
My > 114.4 GeV at 95% C.L.J2]. There is also an upper bound, the triviality bound,
which is obtained by insisting that the Higgs quartic coupling remains finite when
evolved with the renormalisation group for scales below the Planck scale (assuming no
new physics below the Planck scale, ~ 10! GeV). This leads to the limit My < 200
GeV B].

Another approach to obtaining an upper bound on the Higgs mass is to demand that the
amplitude for WW scattering be compatible with perturbative unitarity. In this case
the upper bound found is My < 1.2 TeV B]. In addition, combining the electroweak
precision fits and direct search limits from the LEP experiments favour a light Higgs
with My < 182 GeV at the 95% C.L. [H].

The mass of the Higgs is modified from its bare value due to corrections from loop
diagrams. The SM particles which have the strongest couplings with the Higgs, and
therefore lead to the largest corrections to the Higgs mass parameter, are the top quark,
the weak gauge bosons and the Higgs itself (see figures [LICAMT). The contributions
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from other SM particles are much smaller than these and may be neglected for the
purposes of the present discussion.

Figure 1.1: Higgs with a top loop.

Figure 1.3: Higgs with loop from quartic self-coupling.

Regarding the SM as an effective theory with a cut off of order A, the largest corrections
to the Higgs mass are found to vary quadratically with A. The top loop contribution
is

3

—@Af/@, (1.1)
the gauge boson loop contributes
L9 he

and the contribution from the Higgs loop is

1
1672

AA?, (1.3)
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where \; is the top quark Yukawa coupling, ¢ is the SU(2) gauge coupling and A is
the Higgs quadratic self-coupling. The observed mass of the Higgs is obtained from
combining the bare mass mgy with the loop induced corrections

M2 =2y — 2024 a2 (1.4)

A X S TT =L T '

If the SM is valid all the way up to the Planck scale so that A = O(10'%) GeV, the
corrections to the Higgs mass are huge. This means that if the observed mass of the
Higgs is to be of order 100 GeV the bare mass must be extremely fine tuned to cancel
the contributions from the loop corrections.

1

Another way of saying this is that if a hierarchy is introduced between the electroweak
scale and the cut off of the theory, this hierarchy will not be preserved when radiative
corrections are taken into account. This instability of the electroweak scale to radiative
corrections is known as the hierarchy problem.

The hierarchy problem motivates the search for new physics beyond the SM. However,
new physics is constrained by the electroweak precision constraints (EWPCs). The new
physics must enter at a high enough scale to avoid violating the EWPCs, yet without
introducing an unnatural hierarchy between the new physics scale and the weak scale.
This requirement can tell us something about the form the new physics might take.

If there is a Higgs boson, new particles might be expected to enter which eliminate
the divergencies associated with at least the top and gauge boson loops, and possibly
the Higgs loops too. Eliminating these most dangerous contributions to the Higgs
mass means the scale of the new physics can be pushed above the requirements of the
EWPCs without introducing fine tuning.

In practice, this means introducing particles with quantum numbers related to those
of the top quark, the weak gauge bosons and the Higgs whose couplings to the Higgs
are such that their contributions to its mass cancel the quadratic divergences due to
their SM cousins. These new particles should be related to the SM particles by some
symmetry, otherwise the fine tuning is just shifted onto their couplings.

Supersymmetric theories fit this bill. In these theories there are top squarks and gaug-
inos which are related to their SM counterparts by supersymmetry. Supersymmetry
guarantees that they have the same couplings as SM particles but opposite statistics,
meaning there is a relative minus sign between the contributions from loop processes
of particles and their supersymmetric partners which causes them to cancel.

In the last few years a new class of theories which meet the above criteria has been
developed. In these theories the Higgs is naturally light which has inspired the name
“Little Higgs” theories. The next section details the main ideas of Little Higgs models:
pseudo-Goldstone bosons and collective symmetry breaking.

1.1.2 Little Higgs Models

Little Higgs models are an attempt to meet the challenge posed by the hierarchy
problem. The challenge is to construct a theory of EWSB consistent with the EWPCs
and in which the Higgs is naturally light.
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Goldstone’s theorem states that for each spontaneously broken continuous global sym-
metry, the theory must contain a massless particle. By also adding into the Lagrangian
terms which explicitly break the global symmetry a potential for these Goldstone
bosons can be generated radiatively, making them pseudo-Goldstone bosons. If the
global symmetry breaking terms are proportional to a small coupling constant the
terms generated by the radiative corrections will also be proportional to this constant
which allows the radiative corrections to be kept under control.

An example of this is provided by the pions, which are light pseudo-Goldstone bosons
associated with chiral symmetry breaking in QCD. This inspires the intriguing possi-
bility that the Higgs may be a composite particle bound by a new strong force, that it
is a pseudo-Goldstone boson of a spontaneously broken symmetry associated with this
strong force, and that it acquires a potential through radiative corrections.

For example, consider the spontaneous breaking of a global SU(3) symmetry to SU(2)
via a scalar triplet ® which aquires a vev f. Through an SU(3) transformation it is
always possible to write the vev of the ® field in the form

0
@ =1 0. (1.5)
f

The spontaneous breaking of SU(3) to SU(2) results in 8 — 3 = 5 Goldstone bosons
(one for each broken symmetry generator). Small fluctuations around this vacuum may
be parameterised by a non-linear sigma model (nlsm), which is obtained by integrating
out the heavy radial mode. In this scheme & is written in the form

0
d=e%71 0 (1.6)
f

where O is a matrix containing the Goldstone bosons which comprise a complex SU(2)
doublet h and a real SU(2) singlet 7,

0 of,
o="L+| 0 0 (1.7)
V2 |0

The nlsm is an effective theory which is valid below some scale A &~ 47 f, since this is
the scale at which it becomes inconsistent with perturbative unitarity.

To generate a potential it is necessary to add terms which break the global SU(3)
symmetry explicitly. In general, the Lagrangian may be written

£:£0—|—8£1 (18)

where Ly preserves the global SU(3) symmetry, £; explicitly breaks it and ¢ is a
coupling constant. The term L£; might be, for example, the top Yukawa or the Higgs
gauge interaction term. This will generate a contribution to the Higgs mass of order
e?A%/167%. How large is this?

In general, new physics will contribute to higher dimensional operators such as
HiT*HW,B* | A* (where W, is the SU(2) gauge boson field strength tensor and B*”
is the Uy (1) gauge boson field strength tensor) which must be suppressed by a scale
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A ~ 10 TeV [5]. Tt is therefore challanging to build models where strongly coupled new
physics enters below 10 TeV. If, then, the new physics doesn’t enter until ~ 10 TeV,
and recall ¢ is supposed to be the top Yukawa coupling or the SU(2) gauge coupling so
this doesn’t lead to much suppression, the Higgs mass generated via loop corrections
will be of order 1 TeV or higher (at least, without some source of fine tuning) which is
unacceptable.

Little Higgs models allow the successful implementation of the pseudo-Goldstone boson
idea by adding the new ingredient of collective symmetry breaking. A Little Higgs
theory introduces two global symmetries, G; ® G5, such that the presence of either of
these symmetries is enough to guarantee that the Higgs remains a Goldstone boson
and so remains massless.

Schematically, two interaction terms are added to the Lagrangian,

£:£0—|—81£1 +82£2. (19)

Here, the L£; are supposed to represent, for example, a pair of gauge coupling terms, or
a pair of Yukawa coupling terms. The structure of these terms is such that if only one
of the L; is present, the Lagrangian is invariant under one of the global symmetries G;
and the Higgs is massless. Both these terms must be present to break all the global
symmetries protecting the Higgs mass.

Since the Higgs mass is guaranteed to be zero whenever either of the ¢; is zero, con-
tributions to the Higgs mass must be proportional to both €; and e5. In particular,
quadratically divergent contributions to the Higgs mass arise only at the two-loop level
giving contributions of order £2¢3A?/(1672)% which are small enough for A = O(10)
TeV.

To see a concrete implementation of these ideas consider a toy model [6] with a pair of
scalar SU(3) triplets, ®; and ®,, with aligned vevs (®;)” = (0,0, f) taken to be equal
for simplicity. Also, enlarge the SM SU(2) gauge group to SU(3) (i.e. embed the SM
SU(2) gauge group within an SU(3) gauge group) and let both these scalar fields be
charged under this SU(3). In the absence of gauge and Yukawa terms this theory has
an SU(3)? global symmetry which is spontaneously broken down to SU(2)? via the
scalar vevs. The fields ®; may be parameterized

0
(bl _ ei@’/feiG/f 0
f
| | 0
Dy, = MmO/ o (1.10)
f

where ©' is the “diagonal” part of the SU(3)? symmetry which acts on both ®; fields
in the same sense and © is the “axial” part of the SU(3)? symmetry which acts on
them in the opposite sense. The diagonal part of the SU(3)? symmetry can be rotated
away via an SU(3) gauge transformation giving a mass of order f to the gauge bosons
associated with the broken generators of the SU(3) gauge symmetry. The remaining
Goldstone bosons are therefore parameterized
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0
d = 90 0
f
0
D, = ® | 0 |. (1.11)
f
The SU(3) gauge couplings of the ®; fields are
> U0+ igALT*) D, . (1.12)

Here, T are the SU(3) generators and Af, are the gauge fields.

Note that if either of these scalar triplets did not couple to the gauge fields, the model
would have 2 SU(3) global symmetries, one of which acts on one of the scalar fields
and the gauge fields, the other acts on the other scalar fields. In this case the Higgs
field would be an exactly massless Goldstone boson. It is only if both couple to the
gauge fields that all the global symmetries protecting the Higgs mass are broken.

This means that diagrams like figure [L4 do not contribute to the Higgs mass. This
must be the case since this diagram appears in the theory where one of the ® fields
does not couple to the gauge fields. In other words, it leaves one of the SU(3) global
symmetries protecting the Higgs mass unbroken.

Figure 1.4: Quadratically divergent gauge loop contributing to ®; potential.

These diagrams produce the term

g2A2

1672
which is just a constant, as can be seen by substituting in the & fields of equation
(CTT).

Only diagrams which contain gauge couplings to both ® fields can generate a mass

term for the Higgs. A quadratically divergent term can thus be generated only at two
loops. However, the diagram which generates the leading gauge boson contribution to

(1D, + DI d,) (1.13)
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Figure 1.5: Logarithmically divergent gauge loop contributing to ®; potential.

the Higgs potential is in fact the one-loop logarithmically divergent diagram of figure
[CA These contribute

4 2 4 £2 2
g A gtf A
— )= log(—)ht 1.14

|1 Ps|* log( 2
which is small enough to be an acceptable Higgs mass.

A similar game can be played with the top Yukawa couplings. To introduce the notation
used for fermions consider the top quark. The left handed component is written t,
whilst ¢¢ will denote €t} where ¢ is the antisymmetric tensor and tp is the right
handed component. Then the fermionic mass term is tEtL + h.c. = t°t + h.c. where
t°t=tt° =tet.

The left handed SM fermions transform as weak SU(2) doublets. It is necessary to
enlarge these to SU(3) triplets. The top Yukawa coupling is replaced by the terms

t

A
%(ticﬂ+t§<b£) b | +he (1.15)
T

where ¢ and T are left handed up type quarks, and ¢{ are right handed up type quarks.
The Yukawa couplings for these terms are assumed equal in this toy model for simplic-
ity.

If either of these two terms is removed there will be an SU(3) global symmetry pro-
tecting the mass of the Higgs. As in the gauge sector, both these terms are necessary
in order to break enough of the global symmetry to generate a mass for the Higgs. The
one loop quadratically divergent diagrams again contribute only an overall constant
to the potential with the leading contribution to the Higgs mass coming from the one
loop logarithmically divergent diagram.

So far contributions to the potential have been discussed in terms of SU(3) fields such
as the ®;. It is also useful to examine them from the point of view of the SM Higgs
field to better understand how contributions to the Higgs mass are cancelled.

Let’s examine the cancellation in the top sector. Expanding the ®; fields in equation
([CI3) to order h%/f? generates some mass terms of order f for the fermions as well as
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interactions between the fermions and the Higgs. Performing a rotation on the right

handed fields,
ey 1 1 -1 19
(7)1 7)) (%) 1

leads to the diagonalized top sector Lagrangian

hih ¢
— c c1t
Etop—)\f(l—Q—fQ)T T+ M°h < b ) + h.c. (1.17)
One of the up type quarks has a mass of scale f and a dimension 5 interaction with a
pair of Higgs, the other is the SM top quark with its standard Yukawa coupling.

These couplings give rise to the diagrams portrayed in figure [Lfl where a mass insertion
has been performed in the diagrams involving the heavy partner of the top.

i Af

Figure 1.6: Diagrams contributing to quadratically divergent Higgs mass.

The two diagrams involving the heavy partner of the top quark are proportional to
—\/2f x Af = —\?/2 whilst the diagram involving the top quark is proportional to
A2, These three diagrams therefore sum to zero leading to no quadratically divergent
contribution to the Higgs mass at the one loop level.

It is interesting to note that, unlike supersymmetry, the cancellations occur between
particles of the same spin. The diagrams which cancel the top loop get a relative minus
sign, not because they have different spin statistics, but because they are generated by
a dimension 5 operator with a negative coupling constant.

A realistic model which is very similar in structure to this toy model is considered in
Chapter 3.
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1.1.3 Survey Of Little Higgs Models

Originally, Little Higgs models were inspired by the dimensional deconstruction tech-
nique [7] applied in 5 dimensional theories where the Higgs is the fifth component of
a gauge field. This is where the phenomenon of collective symmetry breaking, the
crucial ingredient of Little Higgs theories, was first identified. Although first identified
in this context, the collective symmetry breaking mechanism can be applied to regular
4 dimensional theories and this is what is done in most Little Higgs models.

The Little Higgs models in the literature can be divided into 2 classes, product group
models and simple group models, based on the structure of their gauge and Yukawa
sectors.

Product group models have a global symmetry group GG which is broken to a subgroup
H by the vev of a scalar field. Also, two or more gauge groups are embedded within
the global symmetry group G and these gauge groups are broken down to the SM
electroweak group by the condensate. Each of these gauge groups leaves invariant
some global subgroup of G which protects the Higgs mass so that no single gauge
coupling alone can generate a mass for the Higgs.

Most Little Higgs models are of this type. These include the “Littlest Higgs” [8] based
on SU(5)/SO(5), the so-called “moose” models [9],[10], a model based on SU(6)/Sp(6)
[T, an SU(9)/SU(8) model [12], and variations on the Littlest Higgs with an added

custodial SU(2) [13],[14].

Product group models have in common new free parameters in the gauge sector because
of the new independent gauge groups. They also allow for economical extensions of
the fermion sector. For example, the Littlest Higgs contains only one new fermion,
a heavy top-like quark which cancels the quadratically divergent contribution to the
Higgs mass from the SM top.

Simple group models are based on an extension of the SM SU(2) @ U (1) gauge group to
SU(N)®U(1). They also feature more than one set of sigma model fields, since this is
necessary to implement the collective symmetry breaking. Little Higgs models of this
type are the “simplest” Little Higgs or “Schmaltz model” [I5] featuring a SU(3)®@U(1)
gauge group and a model based on an SU(4) ® U(1) gauge group [I6]. The toy model
of the previous section is also a product group model presented in [6].

Simple group models do not have free parameters in the gauge sector. The gauge
couplings are determined by the necessity to reproduce the SM gauge couplings after
breaking down to the SM gauge group. On the other hand, the various sigma model
fields can in general have different vevs introducing more parameters and it is necessary
to extend all SM fermion weak doublets to N-plets of SU(N).

Supersymmetric models usually are chosen to have an R-parity under which SM parti-
cles are even and supersymmetric partners are odd. This means that supersymmetric
partners can only be produced in pairs which weakens experimental constraints on these
models. For product group Little Higgs models it is possible to define an analogous
discrete symmetry called T-parity under which SM particles are T-even and the new
particles are T-odd. This T-parity forbids the new heavy gauge bosons from contribut-
ing to EWPCs at tree level which significantly weakens the experimental constraints
on these models. [, [I8].
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It is worth bearing in mind that Little Higgs theories are only effective theories which
require a UV completion at around the 10 TeV scale. A UV completion of the Littlest
Higgs is presented in [T9] in which the Higgs is a composite particle. This model
contains new strong interactions and softly broken supersymmetry which both enter
at O(10) TeV. There is also a UV completion of the Schmaltz model in which the
collective symmetry breaking mechanism is iterated twice to create a theory which is

weakly coupled below O(100) TeV [20].

There are a number of good reviews in the literature which give an overview of Little
Higgs models [6], [21], [22], [23)].

The Littlest Higgs and the Schmaltz models are the simplest examples of product group
and simple group models respectively. It thus makes sense to study these as prototypes
for their respective classes. The Littlest Higgs model is developed in some detail in
chapter 2 whilst the Schmaltz model is developed in chapter 3.

In chapter 4 the loop induced decays of the Higgs to pairs of gluons or photons are
examined in both these models, whilst chapter 5 looks at Higgs pair production from
gluon fusion via quark loops. These processes are of particular interest in Little Higgs
models because they contain the crucial couplings of the Higgs with ¢t and T quarks
which are dictated by the necessity of cancelling quadratic divergences in the Higgs
mass, and are thus robust predictions of the respective models.

Also investigated in this thesis is Higgs physics within another conceptual framework,
that of the multiple point principle.

1.2 The Multiple Point Principle

1.2.1 The Multiple Point Principle

In addition to Little Higgs models, this thesis also contains work on the multiple
point principle (MPP) [24], [25], 26]. The MPP postulates that the universe tunes
parameters such that there exist a maximal number of different vacua with the same
energy density.

To understand the motivation for the MPP, consider the analogy of the temperature
of an ice and water mixture. If a mixture of water and ice exist in equilibrium (at
atmospheric pressure) the system is “tuned” to be at zero degrees celsius. There are
a wide range of values for the extensive variables (such as total energy and number of
molecules) for which the system will be forced to exist in a mixture of phases. When
this is the case, the intensive variables (such as temperature and pressure) will be tuned
to the values they have at the phase transition.

In this analogy the coupling constants of the theory play the role of intensive variables.
If the existence of some extensive variables are assumed, with values which are fixed
for space-time as a whole, they could force the universe to exist in a mixture of phases.
If this is the case the coupling constants will be tuned to the values which allow a large
number of phases with the same energy density to coexist.

In order for a mixture of phases to be likely it should be required for a wide range of
extensive variables. This is the case if the range of extensive variables which allow the
existence of only a single phase is small. Going back to the water and ice analogy this
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would correspond to a large latent heat of fusion. The corresponding requirement in
the quantum field theory is that the vevs of the fields in the different vacua should be
widely separated in energy.

In this thesis, the multiple point principle is simply taken as an ansatz and its conse-
quences investigated.

The MPP has previously been applied to the SM [26]. In this case, the existence
of another vacuum is assumed with energy density Viog({(¢new)) equal to that of the
vacuum we are currently in. Here Vg is the effective potential and (¢pew) is the Higgs
vacuum expectation value in the new minimum which is taken to be of order the Planck
scale. With these assumptions it is possible to derive predictions for the Higgs and the
top pole masses, M; = 173 &+ 4 GeV and My = 135 + 9 GeV, which are compatible
with current experimental data.

The MPP has also been applied to a supergravity model [29] where it provides an
explanation for the small deviation of the cosmological constant from zero.

In this thesis the consequences of applying the MPP to the two Higgs doublet model
(2HDM) will be considered.

1.2.2 Two Higgs-doublet Models

Although a single Higgs doublet is the simplest way of obtaining EWSB, the scalar
sector has yet to be directly probed by experiments and may well be more complicated.
It is therefore important to examine how it might be extended. The two Higgs doublet
model (2HDM) enlarges the scalar sector by adding an extra Higgs doublet. Forn = 1,2
the Higgs doublets may be written as

#o= (S ) (118)

The most general (tree level) potential for the two Higgs doublets which satisfies gauge
invariance, renormalisability and CP invariance is

1 1
V(Hy, Hy) = m2HIH, + m?HIH, — [m2HH, + h.c]+ 5Al(H}Hl)Q + 5AQ(H;HQ)Q

1
s (HYHy ) (HH,) + M| H{H|* + [5)\5(H1TH2)2 + No(H{H\)(H{Hy)
+ )\ (HYHy) (HIH,) + hec (1.19)

where the couplings \i-Ag are required to be real by CP invariance. The parameters
are assumed to be such that minimising this potential causes the Higgs doublets to
gain vevs triggering EWSB. After EWSB, a linear combination of the charged scalars
and a linear combination of the CP odd scalars are eaten by the W+ and Z gauge
bosons respectively. This leaves one charged scalar, one neutral CP odd scalar and a
pair of CP even scalars.

In the most general case both Higgs doublets can couple to all the fermions. This
means that the Cabibo-Kobayashi-Maskawa (CKM) matrix [27],[28] which diagonalises
the fermion masses will not in general diagonalise their coupling with the Higgs bosons.
This is a problem because it induces flavour changing neutral currents (FCNCs) which
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are very strongly constrained by experiment. For instance, bounds from K° — K?°
mixing and CP violation in K meson decay imply that the effective Lagrangian term
inducing these processes must be suppressed by some scale of order > 10* TeV.

The undesireable couplings can be avoided by the introduction of a U(1) symmetry
(Peccei-Quinn symmetry). This symmetry requires that the couplings A\g and A7 vanish,
each fermion couples to only one Higgs doublet and all fermions with the same electric
charge couple to the same Higgs doublet. The symmetry also requires that m3 is zero,
but this is not required to suppress FCNCs at the tree level. If these conditions are
met the Weinberg theorem (which states that tree level FCNCs are not generated in
the Higgs sector if all fermions with the same electric charge couple to the same Higgs
doublet) applies [30] and tree level FCNCs are absent from the theory.

In chapter 6 the MPP is applied to the 2HDM resulting in an approximate Peccei-
Quinn type symmetry. Then, in chapter 7, the implications of the MPP for scalar
masses and couplings are investigated.



Chapter 2

The Littlest Higgs Model

2.1 Overview of the Littlest Higgs Model

The Littlest Higgs model [§] is an economic extension of the SM in which the Higgs
is a pseudo-Goldstone boson which remains naturally light due to the Little Higgs
mechanism. It is based on an SU(5) global symmetry with a locally gauged subgroup,
Gi1®Gy=[SU2),@U(1);] @ [SU(2)2 @ U(1),].

At a scale Ag a 5 x 5 symmetric matrix of scalar fields gains a vev f where f is of
the order a TeV and naive dimensional analysis [31] suggests that Ag ~ 47 f. This vev
spontaneously breaks SU(5) to SO(5) and simultaneously breaks the gauge symmetry
G1 ® G5 down to its diagonal subgroup which is the SM electroweak group SU(2), ®
The breaking of the global symmetry leads to a set of Goldstone bosons. Some of these
become the longitudinal components of the gauge bosons associated with the broken
generators of G ® Gy leading to these gauge bosons aquiring masses of order f. A
complex doublet (the Little Higgs) and a complex triplet remain.

The couplings of the Little Higgs and complex triplet to fermions and gauge bosons
break the SO(5) global symmetries leading to the generation of a Coleman-Weinberg
potential [32]. This Coleman-Weinberg potential has the form required to give a vev
to the Little Higgs and induce EWSB. At least two of the couplings to gauge bosons or
fermions are required in order to break enough of the global symmetry to contribute
to the mass of the Little Higgs, which means that only logarithmic dependence on the
cut off is allowed at the one loop level and quadratic cut off dependence is only present
at two loops or higher keeping the Higgs mass naturally small.

In this chapter certain aspects of the low energy effective field theory of the Littlest
Higgs Model are worked out in detail, including some corrections to some mixing
angles and the Feynman rules in the literature. The interactions of the scalars with
gauge bosons are examined, followed by their interactions with fermions. Next the
electroweak symmetry breaking is examined along with its consequences in terms of
the masses of the heaviest particles. The modification to the standard model relation
between the Higgs vev and the Fermi constant is considered, since this will be important
in subsequent work, and the chapter concludes with a short summary of the bounds
on the parameters of the model from EWPCs.
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2.2 Scalar Kinetic Terms

The Littlest Higgs model is based on an SU(5) global symmetry which is broken to
SO(5) via the vev of a 5 x 5 symmetric matrix of scalar fields. This vev may be taken
to be proportional to the unit matrix but it is conventional to use a different basis in
which the vev is proportional to the matrix

12x2
Yo = 1 : (2.1)
12x2

SU(5) has 5% — 1 = 24 generators while SO(5) has 5 x (5—1)/2 = 10 so, by Goldstone’s
theorem, there will be 14 massless Goldstone bosons associated with the spontaneous
breakdown of the symmetry. Four of these will be removed by the Higgs mechanism
when the [SU(2) ® U(1)]? is broken to its diagonal subgroup, the 10 remaining Gold-
stone bosons are parameterised by a non-linear sigma model field

Y = eiH/fE()eiHT/f. (22)

Here the Goldstone boson matrix II is

O2x2 hT/Vﬁj ¢T
M= r/vV2 0  h/V2 (2.3)
¢ hT/\/§ 02x2

and

. < ¢++ ¢+ /\/5 )
ORRVORCN

where h is a complex doublet which plays the role of the SM Higgs and ¢ is a complex

electroweak triplet.

h = (h*,h), (2.4)

The interactions of the scalars with gauge bosons, as well as the gauge boson masses,
may be obtained from the scalar kinetic term. This is given by

1
Ly, = ngTr|DuE\2 (2.5)
where the covariant derivative takes the form
2

DY =0, — iZ(gj(Wqu + EWN?) + g;(BM'E + EBMJT» (2.6)
j=1

with the SU(2); fields given by W; = W.Q$ and the U(1); fields given by B; = B,;Y;
where the generator matrices (); and Y; are given by

/2 O3x3
Q1 = ) Q3 = (2.7)
03X3 ——Ua*/Q

1 1
¥y = grdiag(—3,-3,2,2,2), Yy = Joding(—2,-2,-2,3,3). (2.8)
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The numerical constants are chosen such that the scalar kinetic terms are canonically
normalised (i.e. the kinetic term for a scalar field v is %QN@Z)) and ¢ are the Pauli

matrices,
1 (01 o (0 —i 3 (1 0
0—(10), U_(i O)’ =y 1) (2.9)

Note that if the gauge couplings of GG are set to zero there is an SU(3) global sym-
metry (SU(3);) embedded in the upper left 3 x 3 block of SU(5). This SU(3) global
symmetry would be broken to SU(2) by the vev ¥y and the Higgs would be a Goldstone
boson corresponding to this breaking and would consequently be exactly massless. Sim-
ilarly, if the gauge couplings of G5 are set to zero there is a different SU(3) symmetry
(SU(3)2) embedded in the bottom right block of SU(5) which would also guarantee the
masslessness of the Higgs. Only if the gauge couplings of both G; and G5 are present
is the Higgs no longer an exact Goldstone boson. It follows that gauge bosons may
generate a Higgs mass radiatively only through processes involving both sets of gauge
bosons.

Inserting the non-zero vev for the 3 field, (Z7]), into expression () generates mass
terms for the gauge bosons

1 f2 a a a a e )
Ly~ S (GIWEWY + Wy, W3" — 29191, W5") (2.10)
1 f2 a a, a a a 5
. 520@1231“31# + QQZBQMBQM - 2919;81;182“)

These mass terms may be diagonalised to find the pre-EWSB mass eigenstates by
performing the transformations

(w)=(=Gm) (3)=(29)(R) ew

where the mixing angles are given by

c= %, = % (2.12)
91 + g5 V 91+ 95
! !
r 91 I 9o
€= 2 2’ § = 2 2 <2'13>
97" + g3 97 + g3

It might be better to relabel s «» ¢ and s’ < ¢’ but the above notation is that which is
used in the literature (for example, [33]). Performing this transformation on the fields
results in heavy gauge bosons W’ and B’ with masses

/

9

g 1
—f and mp = —= 2 g? =
/ B 2\/5f g1 T 92 2\/55/c’f

2sc

1
mw =5 f g+gs= (2.14)

and the SM gauge bosons W and B which are massless at this stage. The SM gauge

boson couplings g and ¢’ are given by

9192 I 9195

g=—F, i ————
Vot + 93 g2 + g%

(2.15)
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Later the Coleman-Weinberg potential for the scalar fields h and ¢ shall be required and
to calculate this the gauge boson mass matrix in the presence of a general background
field 32, which we define to be M, (%) where V; and V; run over all the [SU(2)@U (1)]?
gauge bosons, is required. This is obtained from expression ([ZH) leading to the gauge
boson mass terms

1
Ls ~ é(M\Q/)ij(Z)ViuV;M (2.16)
where

1
M ()i = ZfZQViQVjTT[(QWZ +307,)(Qv, X + 207" (2.17)
In the above expression gy, is the coupling associated with vector boson V; and Qy; is
the 5 x 5 generator matrix associated with V;.

2.3 Fermion-Scalar Interactions

In order to obtain a large top Yukawa coupling without introducing a corresponding
large quadratic divergence to the Higgs mass, the top sector interactions are defined
such that each individual interaction retains enough of the global symmetry to guar-
antee the masslessness of the Higgs, as in the gauge boson sector.

In addition to the SM third family electroweak doublet g3 = (t3, b3) and the electroweak
singlet u4° a new pair of electroweak singlet quarks ¢, t¢ are introduced, with quantum
numbers (3, 1)y, and (3,1)_y; respectively. The top-sector Lagrangian is defined to be

1 : .
Ly = _5)‘1f€ijk€xy><i2jx2ky“3c — Ao ftt + h.c. (2.18)

where {7, j, k} are summed over 1,2,3 and {z,y} over 4,5. Here ¢, and €, are anti-

symmetric tensors and
Y = ( "%‘13 ) (2.19)

This is the top-sector Lagrangian proposed in the original Littlest Higgs paper, [§], but
with some different conventions. A factor of % has been extracted from the definition of
A1 for later convenience as in [33] and [23], and some of the quarks have been rephased
as in [23] to ensure that the fermion masses will be real and non-negative.

The first term in £; is invariant under SU(3),, which acts on the indices {i, 7, k}, but
violates SU(3)y. The second term is a bare mass term for the new quark which is
chosen to be of order f. It violates SU(3); but preserves SU(3)s and so, by the same
argument as that presented underneath equation (Z8), only processes involving both
interactions may generate a mass for the Higgs.

The extra fermions ¢ and #¢ are the only new fermions in the Littlest Higgs model. All
SM fermions other than the top quark have small Yukawa couplings which don’t lead
to significant fine tuning of the Higgs mass with a cut off at around 10 TeV. This means
there is no need to introduce any other new fermions to cancel their contributions.
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Inserting the non-zero vev for the ¥ field (1) into the top sector Lagrangian (I
leads to the pre-EWSB (i.e., non field dependent) top sector mass terms

Li~ =\ flus® — N ftt' (2.20)

To diagonalize the fermion mass matrix requires performing different transformations
on the left and right handed fermion fields. The pre-EWSB mass eigenstates may be
found by performing the transformations

A2 M
u§ 2222 A2 A2 us°
< Ecg ) = \/)%1 ? \/)\21 ° ( g/i (221>
NS ESYIRVIVESY.

There is no need for any transformation on the left handed fields. The above transfor-
mation leads to

~ — [/ A+ Nt (2.22)

This means that before EWSB there is a single massive quark ¢ with mass m; =
VA + A2f, whilst the SM top quark remains massless at this stage.

As in the gauge boson case the top sector masses in a general background ¥ field shall
be required in order to compute the fermion contribution to the effective potential.
The top sector mass matrix is defined by

where x§ = (b5, u4, 7¢) and M,(X) is given by

[Mi(3)]i4 fezkzemzszlm 2 + Ao fdizd;s (2.24)

2.4 Electroweak Symmetry Breaking

The Coleman-Weinberg potential [32] describes the radiative corrections to the scalar
potential thorough fermion and gauge boson loops. The dominant contribution comes
from one-loop quadratic divergences. The contribution to this from gauge boson loops

is [32]
3A2
3272

where a is a coefficient of O(1) since A ~ 4xf. This differs from the expressions in
[§] and [33] by a factor of 3/2, with the factor of 3 coming from the contraction of the
Lorentz indices. Perhaps they absorb this factor into the coefficient a but here it is
kept explicitly. Substituting the gauge boson mass matrix defined in equation (E17)

into (ZZ0) gives

Vy = oy M) = Saf Te[M ()] (2.25)

Vy = —af‘*Z{gj Z [Tr[(Q;S + 2Q1)(Q;5 + 2QN)1]

+Tr [(sz + ZYjT)(YjZ + Y} (2.26)
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Using the trace identities Tr[ABC] = Tr[CAB] and Tr[(ABC)T] = Tr[ABC], as well

as the relation XX* = 155, this can be shown to be

V=2 <gj SO TQISQYS + P ThlY; 2Y*2*]) (227)

Expanding the ¥ field in (227) up to quadratic order in ¢ and quartic order in A (using
E2) and [Z3)) leads to the expression

Vy = Sl o) | PT(010) - T — o) + 0
Mg o) | Praielo) + Lot - wonty + 2| (22s)

The other quadratically divergent contribution to the effective potential comes from
top-sector fermion loops. The contributions from other fermions are suppressed by
their small Yukawa couplings and so may be neglected. The fermion contribution to
the effective potential is

V= —ziTr[Mt(Z)M (2)] (2.29)

where the factor of 3 comes from the colour factor. Using expression (224) this gives

3A2 N3

Vi=—g2g

(Ezklewxzszlm 72 + /\2f5z35g3)(Ezmneyzzmygnzéﬂ + )\2f5235]3) (230)

Dropping constant terms proportional to f* this gives
2 £4

1

2

Here o' is a constant of O(1). Substituting in the expression for ¥ (ZZ), and again

retaining terms up to quadratic order in ¢ and quartic order in h, gives

- %(Wzﬁ — h*¢h') + i(hhff (2.32)

Vf == —3(1/

EiklewareimneyzkaZla:Z:lyZ;z (231)

Vi =24d' N} | f2Tr(¢'9)

It is interesting to note that the potential generated by the top loops is of the same form
as that generated by the SU(2); @ U(1); gauge bosons. This should not be surprising
since they both preserve the global symmetry SU(3).

There are some discrepancies between the above work and some work in the literature.
In the gauge boson sector there is the factor of 3/2 noted below equation (22H). Also,
there is an anomalous factor of —1 between expression (Z2Z1) and equations (A20) and
(A21) in reference [33]. This is probably due to confusion between the Lagrangian and
the potential which differ by a factor of —1, but comparing their equations (A19) and
(A24) it can be seen that this typo also is not present in their final answer.

There are also discrepancies in the fermionic contribution to the effective potential.
Firstly there is again some confusion due to the relative minus sign between the La-
grangian and the effective potential. Equations (A22) and (A23) of reference [33]
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describe the potential, not the Lagrangian. As in the gauge boson sector, this typo
is resolved by equation (A24) where the fermion contribution enters with the correct
sign.

Also, there is a difference of a factor of 6 between equation ([Z31]) and equation (A22)
of reference ([33]). Comparing equations (Z32) and (A23) of [33] the discrepancy is
reduced to a factor of 3, which can be explained by the omission of a colour factor.
This will affect all coefficients of A\; in equation (A24) of reference [33].

As advertised, no mass term for the Higgs is present in the one-loop quadratically
divergent effective potential. Higher order contributions will generate a Higgs mass
with equally significant contributions from one loop logarithmically divergent and two
loop quadratically divergent terms of order f?/167? [B3]. The Higgs mass u will be
treated as a free parameter of order f/4m. Including contributions from both gauge
boson and fermion loops, the effective potential has the form

Veig = A2 f2Tr(979) + idngn f (hoThT — B*¢hT) — > hAT + Mpa (RAT)? (2.33)

where the A coefficients are given by

3 2 12
Npp = —a{g—+ g }+24a')\%

4 | 2s2 T 2g2
30 [(2 = 82)g® (<2 — §%)g ,
Ahgh = —g{ P + 12a' N
1
Apt = Z)\qp. (2.34)

The minimum of this potential can easily be found. For p? > 0 this results in the vevs

(h%) =v/+/2 and (i¢°) = v" where

2

v = I
Apa — )‘%mh/)‘&
)\h¢h U2
/
= — 2.
v D | (2.35)

Note that v'/v = O(v/ f). This will be important as many quantities will be expanded
as series in powers of v/ f.

Expanding the fields around their vevs results in mixing in the scalar sector. Expressed
in terms of the mass eigenstates [33] the scalar fields are

B cOH—50<I>0+v+Z,CPGO—5p(I>P
V2 V2

spGO 4+ cp®T  soH + cy®° + /20

0
= — 1
’ 2 V2
h+ = C+G+ — $+¢+
¢+ . $+G+ +C+(b+

1
H++
ottt = ——. (2.36)
1
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Here H is the light neutral scalar, ® and ®” are the heavy neutral scalar and pseu-
doscalar and ®*, @ are singly and doubly charged heavy scalars and G° and G are
the Goldstone bosons that are eaten by the SM W and Z gauge bosons. Up to order
v?/f? the mixing angles are given [33] by

2 2/ /
o = W, 5Y
Vu? 4 8u'? v

12

S PR
Vo2 + 8v"? v?

2v’ v’

Sy = ——r
V2 + 4o'? v
12

[ (%

_ - 00 0o~ | —

= ~ 92—
o Vot + 4v'? v?

,U/

So =~ 2\/5—
v
U/Q

co ~ 1-— 4;

The mass of the Higgs is given by
)\2
M~ 2(Apa — 2220y = 242 (2.37)

and, to leading order, the ® states all have the same mass,

2My f?
1 — 2202

M2~ Ao f? = (2.38)

2.4.1 Gauge boson masses and mixing

The EWSB generates vevs for the scalar fields, and these vevs generate mass terms
for the gauge bosons. The gauge boson mass terms may be found by substituting the
scalar vevs into expressions ([2I0) and (ZTI7). The expression for the mass of the W=
differs from the SM case at order v?/f? as there is mixing amongst the scalars, mixing
between the heavy and light gauge bosons, and other modifications due to the form of
the couplings of the nlsm fields to the gauge bosons.

Only the charged gauge bosons are relevant to the work in this thesis so only these are
examined here. In terms of the pre-EWSB mass eigenstates, and up to terms of order
vt/ f4 relative to f2, the charged gauge boson mass terms are

Ly=5 > (We, W )M ( x//,a ) (2.39)

a=1,2

where

a :a(02 — 52)/2_30 ) (2.40)
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and

1 2 P2
azszﬂ+%#%%—§». (2.41)

This mass matrix can be diagonalized by performing the transformation
%% 1 1%
()= (5 7)) () e

8= %sc(c2 — 52);—2 (2.43)

Performing this diagonalization gives the masses of the charged gauge bosons,

where

2,2 2 2,12
g ve 1 1 4f*v
M, = Lo - S+ b -+ 100 (2:41)
and
/9
Mg, = i Mg, (2.45)

2.4.2 The top sector

The scalar vevs also generate mass terms for the fermions. The top sector mass terms
are of particular interest due to the large coupling of the top quark to scalars. These
mass terms are generated by substituting the scalar vevs into (ZZ3) and (224]) which,
in terms of the pre-EWSB mass eigenstates, gives

L= —(ts, E)Mt<;f§) (2.46)

where the mass matrix M; is given, up to terms of order fv3/f3, by

120 v v’ A%U 2 v’

M, — A3 NYEDY o
! A @? f /\2 + 22 A v?
V242 2f Loz /s ef

This is in agreement with [B3] after taking account of the quark rephasings to guarantee
real and positive fermion masses. The top sector mass matrix can be diagonalized by
performing the following transformations,

t3 '\ cL 8L
t o —S1, Cy,
ug \ Cr SR
t¢ o —SR CR

where the mixing angles are

th
Tt ) (2.48)
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1 AP 22
o = l-orsonam

2 (AT +X3)2 2

Ao vt 5 fu A 30N
= st T ECE T e T o )
CrR = 1

1 )\1)\2()\% + )\g) ’U2

SR = = —

2 (A +A3)7 f?

These rotations lead to the following masses for the ¢ (light top) and 7' (heavy top)
quarks

A Ao v ofor 1 1 A2 v3
= =t 5 —s+50m o) TO(5 2.49
my )\%+>\%[ f2<1]2 3 2(}\%_'_)\%)2)—1_ (fg)]’ ( )
v?1 N2)2 v3
1 2

The transformations which diagonalize the mass matrix do not agree with those given
in appendix A of [33], and implicitly used elsewhere by those who take their Feynman
rules from the tables in appendix B of the same paper. Note that the transformation
of the left handed fields given in [B3] are not unitary and so must be incorrect. The
transformations of the right handed fields in [33] are unitary but also are incorrect.

2.5 Higgs Couplings

In later chapters it will be necessary to know the couplings of the Higgs to the charged
gauge bosons and the top-sector quarks (other fermions’ Higgs couplings are negligibly
small).

2.5.1 W-Higgs Couplings

The coupling of the charged gauge bosons to the Higgs arises from the scalar kinetic
term (EZH) with the covariant derivative (2). Keeping terms quadratic in ¢ and quartic
in h leads to

2
L = %(Eth — 92W2)2 -+ 9192W1W2[¢*¢ + %h*h
1 *2 *72 1 * * 1 *7.\2
+@(¢h + ¢ h*) — 4—1‘2(¢ dh*h + §(h h)*)] + h.o.t. (2.51)

where “h.o.t.” stands for “higher order terms”. The Higgs coupling to W or Wy pairs
is found by expressing the above Lagrangian in terms of the mass eigenstates of the
fields (see equations ([ZTT), (Z30) and ([ZZ)). In this fashion the couplings W, W, H
and W W H can be extracted,
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g 0?1 , f2 2 ot
= 2 11 _ I _ + H
Lwwn 1 f2< 3 2(C %)% + )+O(f4) Wi w
2 02
_ﬂ + H. 259
11+ O Wy (25)
This Lagrangian may be rewritten in the form
M3 M3
L£=2—"ry, W} W, H+2 ZVH Yw, Wi W H (2.53)
where
i1 1, 22
Yw, = 1+F[_6_Z<0_8)]
2 2V
Yw, = —Sc Ik (2.54)

Note that in the SM case yy, = 1 and yy,, = 0 so the above couplings modify the SM
at order v?/ f2.

These couplings agree with those in [34] but, curiously, the W, coupling does not agree
with that given in Appendix B of their earlier paper [33].

2.5.2 Top-Higgs Couplings

The couplings of the quarks ¢t and T to scalars arise from the top-sector Lagrangian
(Z1X). Expanding the ¥ field and keeping terms up to quadratic order in ¢° and cubic
order in h° gives the Lagrangian

VNt (° + %h‘)*(h()f)ug
_)\1]0{(1 _ %ho*ho 7 ¢o*¢o)
— Ao ftt'. (2.55)

The coupling of the quarks to the Higgs can be extracted by expressing the fields in
the above equation in terms of their mass eigenstates (see equations (Z2Z1]), (248) and
E3d)). This gives the couplings of the quarks to a single Higgs,

)\1)\2 v2 f2 12 f’U )\2)\2
L = ———=[1+—(-1-4 +3—+—7ttcH
\/)\%+)\§[ 2 vt 2 (A +23)? Newti
2y2
AN U e g (2.56)

(W +23)2 f
This Lagrangian can be rewritten in the form,

="t a1 "Ty.TTH (2.57)
v v
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where

v2 2 2fv 4f*%? A2\2
be = 1+ﬁ[_§ 2 ()\2i)2\2)2]
1T A2
A2 0?2
= - . 2.58
IR 259

Again, this surprisingly agrees with the paper [34], despite the latest version of their
earlier paper [33] having the wrong mixing matrix for the top sector.

The fact that [33] has the wrong mixing matrix for the top sector means that all the
Feynman rules in appendix B which involve the ¢ and T quarks are incorrect. The
correct Feynman rules for the couplings of ¢ and T to scalars, up to order v?/f? and
with the quark phase conventions defined in section 2.3, are given in table P11

Table 2.1: Scalar-fermion Couplings

Vertex Feynman Rule
_ —iA Ao v? f2 2 fu' A2\
ttH 7m[1+f2( 1-4 +3—+—7(/\2+/\2) )]
TTH 7M% Y
(A +M)>2 S
_ % v? 3 f2 2 fo' 5 N 3 Al
ITH | —2L 14 — (-2 +375 43 S P
,/A§+Ag[ +f2( 2t +2/\2+/\2 2(A%+)\§)2)] f
z)\l)\g’ v
E A
_ —i\? v 3 2" fu' A\ 3 A
TtH | —=—[1+ —(—=—4 — 4= — = ! P
,/)\%+)\g[ +f2( 2 v +3v +2/\2+)\2 2(/\§+/\§)2)] r
—i)\1>\2 g
R "
_ 22)\1)\2 (% 2fU/ 1 )\%
ttHH ——1 - - =
N e L R
TTHH Ll
VA A
Hp0 —iA Ay U - 4fv’]
N e e
~ —iA] 0P 4fv
7" el 5]
(A +23): f v

Here, P;, and Pr are projection operators that project onto left and right handed
fermion states respectively.

2.5.3 Scalar Trilinear Couplings

Another set of couplings which shall be needed in this thesis are the scalar trilinear
couplings, specifically the Higgs trilear coupling and the coupling of a pair of Higgses
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to a ®. These arise from the Coleman-Weinberg (CW) potential, equation (233)). The
relevant trilinear couplings can be found by expressing the CW potential in terms of
the physical eigenstates, given in equation ([230). Up to leading order, this gives the
Lagrangian

/

fv fAnon
L~v 2N\ — — Na ) HHH HHD 2.59
oy M HHH + 28 259

This Lagrangian can be rewritten in terms of the masses of the scalars given in equations

37) and ([(Z3]) by using the equations for the scalar vevs (233) and the final relation
in (234 to give

/2

L~ — QHHHH + —HH(I) (2.60)

When corrections of order v?/f? are taken into account the scalar trilinear couplings
are found to be

Table 2.2: Scalar Trilinear Couplings

Vertex Feynman Rule
2 772
my  66Mgv
HHH —z(3 2 )
M2 f’U M2 f3 13 4)2 \/_M2 f’U
HH® 2 — — 56 29————
i f f TRt R

This is in agreement with the result in [35].

Also, in order to extract the couplings ®*® — H and ®**®~~ H, the higher order terms
in the potential can be calculated from equations (Z2H) and (29). These are

AV = Nigonhd! ohT + Ngage (Tr[670])* + Aga Tr[' d6Tg) (2.61)
where
o = b,
Ag2g2 = —48A]
Ayt = —al 222 + 192/2/2] + 160/ )2 (2.62)
sec

Expanding out this effective potential leads to the Lagrangian

M?2 M?2
AL = —27¢y¢+<b+<b’H — 27¢y¢++®++<1>”H (2.63)
where
21 4v’2f2
Yo+ = F(—g + o ) (2.64)
vt 02
Yp++ — O(F, W) (265)
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as in reference [34].

2.6 Muon Decay and the Fermi Constant

In the SM the vacuum expectation value of the Higgs field can be obtained from the
Fermi constant Gp. The Fermi constant is accurately known from measurements of
the muon lifetime [2]. The muon decays by emitting a W~ and a v,, with the W~
decaying to an e~ and 7,. The vev of the Higgs can be obtained by integrating out
the W and setting the coefficient of the four fermion operator (which depends on v
through the mass of the W) to Gr/v/2.

In the SM, the coupling of the W& to the first 2 families of leptons are described by
the Lagrangian

L=gWTIJL*+ W, Ty (2.66)
where
o 1 a1—75 B a1—75
Syt = —Q[Vev (e +ny (=)l
_ 1 1-— 75 B 1-— 75
Jom = ey (— @ . 2.67
W ﬁ[ev (5 ve + iy ( A (2.67)

Taking the 4-momentum of the intermediate W to be ¢, we can write a four fermion
effective Lagrangian term for processes where ¢ < My,. For the interaction of a muon
and muon neutrino with an electron and electron neutrino the contribution of a single
intermediate W is

1(ig)*, _ , 1—7° —iJap . gl — o
~ ~Z A h.c.
Eeff i 92 ( ( 92 )V,U«) q2 _ M%/( Y ( 92 )e) + c
e

— —m((m”‘(l = 7)) (Zeva(l = 7°)e) + hec.)

= L") En(1 = 1)) + ) (2.68)

This is illustrated in diagram ET1

The last line of equation (ZG8) is to be understood to define the fermi constant, G p.
This leads to the (tree level) SM relation

va s
Grp = V2——
8M3E,
1

= . 2.69
Where the SM relation M7, = g?v?/4 has been used in the last line. So we see that in
the SM the vev of the Higgs field can be traded for the Fermi constant as defined in
the decay of the muon.
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Figure 2.1: Integrating out the W leads to an effective four fermion vertex.

This simple relationship between v and G is modified in the Littlest Higgs model.
The coupling of the W, boson to the leptons is modified due to the mixing in the
gauge boson sector. Also, the expression for My, is modified. Furthermore, the heavy
gauge boson Wy also contributes to the decay of the muon.

The Lagrangian of the Littlest Higgs model must be invariant under [SU(2); @ U(1)]®
[SU(2)a®@U(1)s] gauge transformations. If the scalar couplings of the quarks discussed
in the previous sections are to be gauge invariant the left handed SM fermion doublets
must be taken to transform as doublets under SU(2); and singlets under SU(2). This
means the Littlest Higgs counterpart of equation (Z6d) is

L =g (WilJ + Wi, Jy®). (2.70)
Using equations (1), Z12), [ZIH) and ZZ2) to rewrite g; W in terms of g and the

mass eigenstates Wy and Wy gives

U2

f2
Wi ) T | 270

L = g {((1 _ %CQ(CQ _ 32)%)WL;‘ ~ S+ %SQ(CQ — )
’02

Lo o 2 - v
+ ((1 —5¢ (c*—s )F)WLQ - 7
The contribution to the effective four fermion vertex arising from the interaction inter-
mediated by a W, is then

)WH&L) e

®1O wio

1
(1+ 552(02 — 5%)

:78]_\49‘;@ [1 — C2<62 _ 52);_2]0270‘(1 — 75)7/#)(95704(1 . ’}/5)6) (2.72)

and, similarly, the contribution from the Wy intermediated interaction is

(Aﬁeff) Wr,

2 2 2
—g C v

T 8M2, s
Note that in the limit ¢ — 0, s — 1 the normal four fermion effective theory is
recovered.

(ALo)wy J(7* (1 = ")) (Zeva(l = %)e).  (2.73)
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Substituting in the formulae for the masses of the W and Wy, equations (ZZ4]) and
43), and adding the 2 contributions together gives

Lot = 5511+ T3~ MM (= Pt = ). (27)

As before we take this to be equal to —Gr/+/2 giving the ralation

1
\/5112 - GFyéF (2.75)
where
v? 4f2? 5
e = 1+ (- 5, (2.76)

in agreement with the result stated in [34].

2.7 Electroweak Precision Constraints

Before proceding any further a note on the impact of EWPCs on the Littlest Higgs
model is in order. The parameter f is tightly constrained by the EWPCs. Analyses
of the EWPCs in the Littlest Higgs model which include LEP2 data are to be found
in references [36],[37], [38]. The strongest constraints come from operators generated
through exchange of heavy vector bosons, with smaller contributions coming from the

triplet vev [39].

The stringency of the constraints depend on how the fermions are taken to transform
under the gauge groups. If the SM fermions are taken to transform only under [SU(2)®
U(1)];, reference [B6] finds an extremely tight constraint, f = 5 TeV at 99% C.L., and
even then only in certain regions of the parameter space where go > g1, g5 > 9.
However, in some regions of parameter space the 1-loop corrections to the mass of the
Z from the scalar ¢ partially cancel some of the tree level Little Higgs corrections to
the p parameter which may have some effect in reducing this constraint [40].

The fermions may be taken to transform under SU(2); @ U(1); ® U(1)s, subject to the
constraint that the correct SM hypercharge quantum numbers are reproduced. In this
case the constraint on f can be weakened to f 2 2 — 3 TeV [Bd].

Another intriguing possibility is to gauge only SU(2); ® SU(2); ® U(1)y []. In this
case the heavy By is not present which means a quadratic divergence in the Higgs mass
due to B loops remains. However, due to the relatively small hypercharge coupling
this does not lead to significant fine tuning. Since the By is the lightest of the new
gauge bosons predicted in the Littlest Higgs model, getting rid of it allows a substantial
weakening of the bounds on f from EWPCs with values as low as 1 TeV allowed [42].

One further way of evading the EWPCs is to introduce a discrete symmetry called
T-parity (in analogy with R-parity in supersymmetric theories) under which all SM
particles are even and the new heavy gauge bosons are odd [I7], [I8]. This allows
a substantial reduction in the bounds on f because all heavy gauge bosons must be
produced in pairs, eliminating their tree level contributions to EWPCs, as well as pro-
ducing a dark matter candidate (generically the Ay). On the other hand, a consistent
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implementation of T-parity requires the introduction of new extra fermions which make
the model more complicated and spoil its “minimal” nature. The Littlest Higgs model
with T-parity will not be considered in this thesis.



Chapter 3
The Schmaltz Model

3.1 Overview of the Schmaltz Model

In the Schmaltz model [16],[T5],the SM electroweak gauge group, SU(2);, ® U(1)y, is
enlarged to SU(3), ® U(1)x. The model contains two SU(3);, complex triplet scalar
fields which, in the absence of gauge and Yukawa couplings, lead to two global SU(3)
symmetries, both of which must be broken if the Higgs is to gain a mass.

At some scale Ag the complex triplets aquire aligned vevs, f; and fs, of order Ag/4m.
These vevs break the approximate global SU(3)? symmetry down to SU(2)? leading
to massless Goldstone bosons. At the same time, the SU(3);, ® U(1)x gauge group is
broken down to the SM SU(2), @ U(1)y.

The Goldstone bosons associated with the diagonal part of the broken global symmetry
give mass via the Higgs mechanism to the gauge bosons associated with the SU(3) sym-
metry breaking. The remaining Goldstone bosons comprise a complex SU(2) doublet
h, which plays the role of the SM Higgs, and a real singlet 7.

The Schmaltz model implements the Little Higgs collective symmetry breaking mech-
anism to keep the Higgs naturally light. The Yukawa and gauge couplings explicitly
break the global symmetries of the model, however each coupling taken individually
preserves enough of the global symmetry to guarantee the masslessness of the Higgs.
Only by including two or more of these couplings is the Higgs able to aquire a mass
radiatively.

There are no one loop quadratically divergent diagrams which contain two or more
different gauge or Yukawa couplings. This means that the Higgs can only aquire a
logarithmically divergent mass at one loop, with quadradically divergent contributions
only entering at two or more loops.

In this chapter elements of the low energy effective theory of the Schmaltz model are
worked out, as for the Littlest Higgs Model in chapter 2. The method is more or
less the same. First the contributions to the Coleman-Weinberg potential from the
gauge and Yukawa sectors are computed, followed by an account of the EWSB and
the masses and mixing of the fermions and gauge bosons. Next the corrections to the
relation between the Higgs vev and the Fermi constant as measured in muon decay are
computed, and the chapter closes with a brief overview of the EWPCs.
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3.2 Scalar Kinetic Terms

The model contains two complex triplet scalar fields, ®; and ®,, which aquire vevs f;
and fy respectively. The Goldstone bosons can be parameterised in an nlsm. In the
unitary gauge, where the gauge bosons associated with the longitudinal components
of the heavy gauge bosons have been rotated away with a gauge transformation, the
scalar fields take the form

912 0 —ied2 0
o =e 1| 0 |, Py=e | O (3.1)

fi f2

where
0 0
1| n h*

O=—|—F4=+| 0 0 3.2
Flostlo o (32)

with i = (h*,h%)T and f2 = f2 + f2.

Both these scalar fields are complex triplets under SU(3), and have charge —1/3 under
U(1)x. The scalar kinetic term is

Lo= |DM(I>1|2 + |DM(I>2|2 (3.3)
where the covariant derivative is given by
- a a Z x
D,®; = (0, + ngMT - gngu)‘I’i- (3.4)

Prior to EWSB the scalar kinetic term leads to mass terms of order f for the gauge
bosons associated with the broken part of the SU(3), gauge symmetry. These are

2 2 2 2 @ 99 8
g f N § o N A
Lo ~ TX;ﬁX/ H—|—TYPZOY0H—|—f2<Ai,AH) ( g; g_gg ) (A% ) (3.5)
3 9

Here iX'T = 1/v/2(A* +iA%) and —iY"® = 1/v/2(A% +iA") form an SU(2); doublet.
There is mixing between the neutral gauge boson associated with the diagonal SU(3).,
generator 7% and the U(1)yx gauge boson A”. These mass terms are diagonalised by
the transformation

A$ 1 V39 —g. Z!
b = peoy (3.6)
A V3P + 2\ g V3yg B,
Here, B, is the hypercharge gauge boson. The term in the covariant derivative which
contains B, is

(3.7)

)
=
%
I
o O =
S = O
oS O O
Sy
=
=
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showing that the U(1)y gauge symmetry operates only on those components of SU(3)
triplets which transform under the unbroken SU(2) subgroup. Here, the hypercharge
gauge coupling ¢’ is given by

Jz

g = —— (3.8)
V1t s

It is interesting to note that, unlike in the Littlest Higgs model, the gauge couplings

of the Schmaltz model can be calculated in terms of the known SU(2), ® U(1)y gauge
couplings of the SM.

In order to determine the contribution to the Coleman-Weinberg potential from the
gauge boson sector it is necessary to know the field dependent mass matrix of the gauge
bosons. This originates from the scalar kinetic terms and is given by

1

0.7 0,B)]. (39)

Lo~ Y tr[(gAsT —

i=1,2

3.3 Fermion-Scalar Interactions

Since the SU(2), of the SM is enlarged to SU(3), in the Schmaltz model, it is necessary
to extend all SM SU(2) doublets to SU(3) triplets. In particular, new left handed
fermions are required to extend the SM quark and lepton doublets to SU(3) triplets,
and new right handed singlet states are required to write mass terms for the new
fermions.

There is some freedom to choose how to extend the SM fermion doublets to SU(3)
triplets. Two models are discussed in the literature.

In model T each generation of fermions is extended to include a new heavy “neutrino”
and a heavy up-type quark. This is attractive in that it preserves the symmetry between
the generations, but it leaves the SU(3) and U(1)x gauge groups anomalous [15], [43],
£2.

In model II each generation receives a heavy “neutrino” but the quark assignments are
more complicated, with the first two generations receiving down-type quarks and only
the third generation receiving an up-type quark. This breaks the inter-generational
symmetry but cancels the SU(3) gauge anomalies [43] making the model easier to UV
complete [20)].

It is important that the third generation receives a heavy up-type quark, since this
allows us to cancel the top quark contribution to the Higgs mass in the Coleman-
Weinberg potential. However, the first two generations can receive a quark of either
type since there are no large contributions to the Coleman-Weinberg potential which
need to be cancelled.

3.3.1 Model 1

In model I the SM lepton doublets are enlarged to SU(3) triplets via the addition
of a heavy neutrino-like field. Also, a right handed partner for the heavy neutrino
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is required. The leptons of the mth generation (neglecting the right handed v,,) are
written as an SU(3) triplet and a pair of singlet states as follows

] —

—ue’
L, = i, , e Np. (3.10)
N/

Also, each SM quark doublet gets extended to an SU(3) triplet via the addition of
an up-type quark, with a new right handed singlet state also present. Then the mth
generation quarks are

- 7/
—id,,
o <) !c !lc / c
Qm=1| Wy, |, u,, ub,, b, (3.11)
/!

The phases of the fermions have been chosen to ensure the masses are real and positive.

The SM Yukawa couplings are reproduced by expanding out the ®; fields to leading
order in h/f, if the scalar fermion couplings take the form

mndi §J Nk ik ¢
AT QL DLQN €7 d]

Lyuk = =Nty @ Qm — Af'u5, PYQm — | (3.12)
)\m"(I)i(I)ij ijk ! ¢
~ATNEPLL,, — fe 1 QAmE on (3.13)

where {m, n} are generation indices running over {1, 2, 3} and {4, j, k} are SU(3) indices
also running over {1,2,3}.

Note that the assumption has been made that it is possible to find a basis for the
fermions such that the scalar couplings for the up-type quarks and heavy neutrinos
do not couple together fermions from different generations. In principle this is not
forbidden but it is necessary to make some such assumption about the scalar couplings
in order to suppress dangerous FCNCs. As a result of this assumption the up-type
quarks only mix with other up-type quarks of the same generation and the same is
true of the neutral leptons.

This implies that all the mixing between fermions of different generations comes from
the charged lepton and down-type quark couplings. In particular, all the mixing that
leads to the CKM matrix comes from the off diagonal terms of the 3 x 3 matrix A\J".
Also, there will in general be a matrix V! which encodes the flavour misalignment in the
lepton sector which will appear in the coupling of leptons to gauge bosons. Neutrino
masses, and a possible right handed v°, are not considered here. Consequently, the
matrix V! can be absorbed into the v/ and so will not appear in the lepton couplings
to the light neutrinos except insofar as they have a small mixing with the V.

The structure of the scalar-fermion couplings is different from that in the original paper,
[M5]. In [T5] the Lagrangian for the up-type quarks takes the form

L=\, 01Q, — Xrmubl, d5Q, (3.14)

If it is assumed that A\ is proportional to the unit matrix, it is then possible to diag-
onalise the matrix A\; by unitary transformations of the )¢, and the @),. The unitary
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matrix which describes the mixing of the (),, then appears in the Ay term, but it com-
mutes with the Ay matrix (since Ay is proportional to the unit matrix) and can be
absorbed into a tranformation on the w,S,. This makes both A\; and A, diagonal with
Ao proportional to the unit matrix.

The assumption that Ay is proportional to the unit matrix is a stronger assumption
than that adopted in equation (BIZ). To avoid flavour changing effects is enough to
assume there exist some bases for the v/, u5¢ and @, such that both \; and A, are
simultaneously diagonal. Some small amount of flavour changing may be permissible
so there could be small off-diagonal terms in A; 5, but here it is assumed these are zero.

3.3.2 Model I1

In model II the leptons and the third generation quarks are the same as in model I, but
the first and second generations get a new down-type quark instead of a new up-type
quark. This entails adding an extra down-type right handed singlet state and putting
the left handed quarks into the 3 representation of SU(3). The generation one and two
fermions are then

—U,,
Om=| —idim |, @c, e, o (3.15)
dym

The quark-scalar couplings are then
- - )\mnq)»{iq);ij 6z‘jku/ c
Ly = ATy, Qn0) — Ny, Qh b, 4 22122t
NPk

A

(3.16)

— NS DT Qs — AubsdiQs —

(3.17)

where the generation indices {m,n} run over {1,2} and the lepton-scalar couplings
are the same as in model I. Here, as before, the phases and couplings of the quarks
have been chosen such that the quark masses are real and positive and the SM Yukawa
couplings are correctly reproduced when the ®; fields are expanded at leading order in

h/f.

Couplings of this form guarantee that the light quarks in each generation only mix with
heavy quarks of the same generation (i.e. they don’t mix with heavy quarks of other
generations). This assumption is made to make the theory safe from flavour changing
effects which could contribute to D — D mixing.

3.3.3 The Top Sector

Given the flavour structure of the scalar-fermion couplings, chosen to suppress flavour
changing effects, the third generation up-type (top sector) quark mass terms are the
same in both model I and model II. The top sector Lagrangian may be written

Et - —Altacq{{@g - )\Qt/QC(ngg (318)
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where for present purposes A\? is written as simply ); to ease notation and

—ib
Qs= | i1 |. (3.19)
ta

Before EWSB the f vevs generate mass terms

,Ct ~ —Alfltllctg — )\2f2tl26t2. (320)

This is diagonalized by performing the transformation,

(t5 t5)=(t"° t’;)(_cs i) (3.21)

where ¢ = Ao fo/mp, s = A\ fi/mr and mp = /A2 f2 + N\2f2. This leads to one heavy
quark of mass mr and one quark which remains massless before EWSB.

The field dependent mass matrix will be required in order to compute the fermion
contribution to the effective potential. Neglecting all Yukawa couplings other than
those in the top sector yields the Lagrangian

L, = ~[My(®1, P)];; Q5 (3.22)
where the right handed third generation quarks have been gathered into the object
bC
Qr=| t|° (3.23)
t/ C
2
and the quark mass matrix is
0 0 0
M,(®y, Dy) = A @ (3.24)

Ao @)

3.4 Electroweak Symmetry Breaking

The interactions of the Higgs with fermions and gauge bosons generate an effective
potential for the Higgs of the form

Vg = 6m*hTh + SA(hTh)? (3.25)

e

The fermion contribution to the effective potential is given by the formula

2

TH(MM)) log(——) (3.26)

1672 M|

as in [T5]. Note that [T5] has a factor 3/167% in the first term of the above equation.
This should be 3/87%, and indeed this mistake is corrected on the next line of that

paper. Using equation (B24I),

3

0 0 0
MM =10  Xf2  M\0lo, (3.27)
0 MA@ Ajf3
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The (non-zero) eigenvalues of this matrix give the squares of the field dependent masses
of the top quarks. The eigenvalues are

212 £2£2 _ \2)\2|HT P |2
2 my
which, when expanded to fourth order in terms of h/f and n/f, are
2 2/71 o J° A t
mi, = A (h'h) — | =7 h'h 3.29
2= AR — | o = ] ity (3.20)
= i — (3.30)
where
_ S
At = A Ag—. (3.31)
mr

Note that the quadratically divergent term in equation (B2ZH) contributes only a con-
stant term to the effective potential, so there is no quadratically divergent contribution
to the Higgs mass.

The field dependent masses of the gauge bosons are calculated from equation (B3).
The eigenvalues of the gauge boson mass matrix are given in [I5] up to order h*/f2.
These are given in table Bl

Table 3.1: Gauge Boson Mass Eigenvalues
Particle Mass (to order h'/f?)
2 hTh

w= S+ % >(1—§fzfz)]<h h)

X+ § Zf — My y

YO 22]1'2

A R O U e (L
Z' ng 3:1152 — m224

B 0

Here, t = tanfy = ¢'/g where 6y is the weak mixing angle. Denoting the squared
gauge boson mass matrix in the diagonal basis as M2, the contribution of gauge boson
loops to the effective potential is [15]

2

A

32 Tr| v] 64n T [MVlOg(M‘Q/)]'
Note that, again, the quadratically divergent term contributes only a constant to the
effective potential and there is no quadratically divergent contribution to the Higgs
mass. Substituting the field dependent masses of the fermions and gauge bosons into

equations (B20) and [B32) gives [15]

Vv, = (3.32)

3 A2 92 A2 92 A2
T X

Z/
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and

om? f? 3
N = — 3 f12f22+167r2x (3.34)

m2 1. 4 m2 1. ¢ m%, 1
(1 L) - ) -2 —X ) -0 - =1+t 22— ).
bt (22 ) = ) = Lton (225) = 3) - Lo 220108 (22 ) - )
This generates a Higgs mass which is too large, My = O(1TeV) for a typical set of

parameters. This undesireably large Higgs mass can be remedied by including a tree
level potential term,

Viree = M2®T®2+h0
2 4
2 f Lo f
e 12" fif3

This introduces a partial cancellation of the Higgs mass term. Some tuning is needed
between p? and ém?. However, this tuning is not too severe because, without the
p? term, there exists a global U(1) symmetry under which ®; and ®, have opposite
charges. The p? term is the only term in the theory which breaks this symmetry so it is
stable against radiative corrections and therefore does not constitute a reintroduction
of the hierarchy problem. In addition to lowering the Higgs mass, the pu? term also
generates a mass for the singlet scalar 7.

——(h'h + 77 %) — s(h'h)? +hoo.t.. (3.35)

3.4.1 Gauge Boson Masses And Mixing

The Higgs potential takes the required form for EWSB to occur. The Higgs mass is
a free parameter since y? is arbitrary. The Higgs will develop a vev, (hfh) = v%/2,
generating mass terms for the fermions and gauge bosons.

The Higgs vev introduces mixing between the gauge bosons. Later on the mixing angles
of the charged gauge bosons will be needed in order to calculate their couplings to the
Higgs. The heavy X'* gauge boson mixes with the light W'* with a mass term of
order v*/f. In the charged gauge boson sector the mass terms, up to terms of order

vt/ f4, are

1 I— /— W't
Lv=1(w x )Mwi(X,+) (3.36)

where W'+ = (A' +iA?)/\/2, X'* is defined below equation (B3) and the matrix My«
is

ikl [N WG W R W Sl 202 713

Mors — 51 2;}02 + 501 3f12f22>;4] 6\/— }lffv 537

wt = 922f1 fQU 921;21 101 14 N2 . ( )
6v2 fife 4 ( o ( _3f12f22)f2)

The mass terms may be diagonalised by performing the transformation

1 f3-13 8
X = 1 C3V2 }11”22 2 Xt (3.38)
e L opepe we ) -

3v2 fif2 f3
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This leads to a light W* and a heavy X* with masses (up to order v*/f?)

2,2 2 4
g“v v 1 f
M? = —[1+—(1-= .
2 £2
M, = Y4 2f — My 4. (3.40)

3.4.2 The Top Sector

The Higgs vev also generates mass terms for the fermions. Of particular interest are
the third generation up-type quarks (the top sector) since these have the strongest
coupling to the Higgs. After substituting in the Higgs vev, the top sector mass terms,
up to terms of order v*/f3, are

A v 2 2 2 .2 44
ooy [ FFO-BER) MAQ-iEEERR) ) (4
L (e ) T b 5 (3.41)
Lo B TR Ay R VG (R £ g A to
V2 f 123 F 2J2 4f3 7 T 96 g f

These mass terms may be diagonalized by separate transformations on the left and
right handed fermions. The pre-EWSB mass eigenstates may be found by expressing
the right handed fields in terms of #{ and t5, defined in equation BZ2Il The post-EWSB
mass eigenstates (up to order v*/f?) are found by performing the tranformations

<;):<§2 _CiL)(Z) (3.42)

(0 T°)= (1 tg>(§;; _ciR) (3.43)

and

where

f8 v4

Cp = 1— %832@2 - g (3.44)

Sr = es(@ — Ay gﬁg + (i&s? - %) f§;§ ;—i] (3.45)

o = 1-l el el el l g oL
+%(SQ% _ CQ%)‘* + %(SQ% _ 02%)(32%2 _ 8%)}% (3.46)
Sk el el oyt (3.47)
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Here, ¢ and s are as defined below equation ([BZIl). Performing these transformations
allows the calculation of the masses of the ¢ and T" quarks, denoted M; and Mp, up to
order v/ f3.

Lo, 2 1 f

v
M, = \j—=[1 + =(\ — = — 3.48
=gt g T3 ER) 24
and
1 f2 112 )\2 f4 f2 5)\4 f4 114
My = 1— -1l — L A e YA Y 4
e e E TV T SRRV CL

where my is defined below equation (B.ZT]).

3.5 Higgs Couplings
It will be necessary in subsequent chapters to know the couplings of the Higgs to the
W= and X* gauge bosons and to the ¢t and T quarks.

3.5.1 W-Higgs Couplings

The WHW~H and XX~ H couplings arise from the scalar kinetic term, equation
B3). The @ fields are expanded in terms of & and the subsitution A" = (0, (v+H)/v/2)

is made. Keeping terms linear in H, this leads to

2 f? 1 : 2 / 1 — / /—
Lown = 92f [%(1+(1_§f§f§)%)(w+w CXHXVH(3.50)
n 2 f22_f12<X/7W/++W/7X/+)H]. (351>
V2f2 fif

In order to extract the couplings of the Higgs to the charged gauge boson mass eigen-
states it is necessary to perform the rotation of equation ([B3¥). This leads to the
couplings

M2, M2,
Lwwn ~ 2=V =y +WW H4+ 22y XX H (3.52)
v v

where

- 1(1 1 f4 )v2
e TR T3 RR
1 v?

Note that the SM couplings are reproduced in the limit v/f — 0, i.e. f — oo.

(3.53)
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3.5.2 Top-Higgs Couplings

The coupling of the ¢t and T quarks to Higgses arises from the Yukawa-like terms in
equation (BIX). In order to express the couplings in terms of the mass eigenstates of
the particles it is necessary to perform the transformations defined in equations (BZI),
(B3 and BZ). Also the substitution h” — (0, (v+ H)/v/2) is made. The couplings
of the top quarks to the Higgses which are relevant to the later chapters of this thesis
are given, to order v?/f?, in table

Table 3.2: Top-Higgs Couplings

Vertex Feynman Rule
_ Y 1 12 o0
" NG
TTH Loty
e
- MM f(MfT —A3f) v
H _ e
" 2 2 2232f12]”22n:} 24f ) 2
_.[(>\2 —M)fife  MNPERALL — N fy) + (AT = A f2f3) v? Y Py
V2 fmy Ry o 4\)%&)]‘27@ f?
P E 1A2 1 2J2) U
! 2 2 2232ff2 r 24f 2
L DAS _ MBPCOTH = M) + 08 = M)
V2fmyr ST 4\§\%§%§2m?p f?
itHH AL A3 v
2\/_f1f2mT f
2f2mT

In table B2, P;, and Pg are the left and right projection operators respectively.

In particular, the flavour diagonal couplings of ¢ and T" quarks to a single Higgs can be
written up to order v?/f? in the form

M, My
Lo ~ ——tytttH — —yTTTH (3.55)
where
ffr
v = AQ— — = 3.56
R e (3.56)
1 f2 U2
yr = —5)\§Wﬁ- (3.57)
T
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3.6 Muon Decay and the Fermi Constant

In the SM the vev of the Higgs field, v, can be calculated via the relation

1
V202

where G is the Fermi constant as measured in muon decay (see section 2.6). In the
Schmaltz model this relation is modified, because the mass of the W* is modified and
because of mixing between the neutral leptons of each generation. The heavy X~ gauge
boson might be expected to play a role since it can mediate muon decay, but it turns
out not to have any effect at order v?/f2. The interactions of leptons with the gauge
bosons arises from the leptons’ kinetic terms,

Gp = (3.58)

3
Liept = Y LriDay "L (3.59)
k=1
where Ly is the SU(3) lepton triplet for the kth generation, as in equation (BI0), and
the covariant derivative D,, is as defined in equation (B4)).

The neutral lepton ‘Yukawa’ couplings do not couple fermions of different generations
so mixing only occurs within each generation. The neutral lepton mass terms will have
a similar structure to the top quark mass terms, but with \; set to 0. The mixing
matrix will then be like the top mixing matrix, but with ¢ = 1 and s = 0. Then the
mass eigenstates would be v, and N, where

y 1 1f2e? Tf_g y

E) _ iIBP ViR k

( N, ) = ( _ahs o _ifie ) < N ) (3:60)
ikt iR

Note that the mixing angles are the same for all generations.

This coupling of leptons to charged gauge bosons may be extracted from the Lagrangian

)

AL = L[ YW~ — V! (6,7 N)X' ™ + hee] (3.61)
V2
where V! is the equivalent of the CKM matrix for the leptons and e,, (without a primed
index) are the mass eigenstates of the charged leptons. Including the mixing betwen
neutral leptons gives

AL = %[(emu — 52 — VI N WL (3.62)
(Em [V (1 = 82)N! + 6,1,,]) X~ + h.c.] (3.63)

where
5, = LY (3.64)

V2 [ f

The aim here is to calculate order v?/f? corrections to the SM relation between the
Higgs vev and the Fermi constant. The mixing between W’ and X' is of order v?/ f3
(see equation ([B3F)), so it is irrelevant at this order. The contribution to muon decay
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from the X mediated interaction is proportional to 62/M% and so is also irrelevant at
this order. The only contribution is from the W mediated interaction, which gives

2

Lot = g (1= D" (1 =) 771 = e (3.65)

Plugging in the mass of the W from equation [B39) and setting the coefficient of this
operator equal to —Gp/ V2 gives the relation

1

T Grye, (3.66)
where
1 1 f4 f2 U2
2 =14+-(1—-= y—. 3.67
o =TS e

3.7 Electroweak Precision Constraints

Bounds on the scale f from the EWPCs were reported in the original Schmaltz model
paper, [T5]. Bounds from the mass shift of the Z due to mixing with the heavy Z" and
from 4 fermion operators associated with Z’ exchange (for example, (ey*v°¢)?) imply
that f = 2 TeV at 95% c.l. for both model I and model II.

The original paper also notes stringent constraints from atomic parity violation mea-
sured in the ‘weak charge’ of Caesium. In model I these constraints are very tight,
f = 3.9 TeV at 95% c.l. In model II the constraint is not so severe with f = 1.7 TeV
at 95% confidence.

A constraint on the mass of the W’ boson is derived in [38]. The W’ must be heavier
than 1.8 TeV at 95% C.L.. This implies a tighter constraint on f, requiring f > 4 TeV
at 95%C.L..

The mass of the Z’ is given by

ml, = 29 (2 4 g2 (3.68)
2y e '

and the mass of the heavy Top is

My =\ M+ X505 (3.69)

It is possible to increase the mass of the Z’ to avoid EWPCs whilst keeping my light
by going to a region of parameter space where one of the f; is much larger than the
other (dominating the Z’ mass). Then the corresponding Yukawa coupling, A; can be
made much smaller than the other (reducing the impact of a large f; on the heavy Top
mass). This helps to keep dm? small (equation (3.33)) which leads to a lighter Higgs.



Chapter 4

Loop Induced Decays of Little
Higgs

The Higgs particle can couple to pairs of gluons or photons via loop processes. Figure
ELTl shows how a loop involving a massive coloured particle induces a Higgs decay to
gluons, while figure shows how a loop involving a massive charged particle induces
a Higgs decay to photons.

g
000000
q
H
e v 4
q g

“000000™

Figure 4.1: The Higgs can decay to a pair of gluons via a quark loop.

Figure 4.2: The Higgs can decay to a pair of photons via a loop of any charged particle
which couples to the Higgs. For example, a loop of W¥ gauge bosons.
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Higgs production via gluon fusion is the dominant method of Higgs production at
hadron colliders (e.g. the LHC), the cross section for this process being about an
order of magnitude higher than the next largest contribution from weak boson fusion
in the SM (see, for example, [44]). This makes it of paramount importance to calculate
corrections to this coupling in alternative models.

The coupling of the Higgs to photons is also important since this governs the production
of the Higgs at photon colliders, which are a satellite mode of eTe™ or e~e™ colliders
with photon beams created by the Compton backscattering of laser light off the electron
beams.

The loop induced couplings of the Higgs to gluons and photons are also important for
Higgs decays. The decay to photons is particularly interesting because, although it is
a rare decay (= 0.22% [H]), it has a clearer signal than many other Higgs decays (such
as bb, for example).

These loop induced processes are sensitive to new coloured or charged particles which
couple to the Higgs since they can contribute by running in the loops. Interestingly,
new heavy particles whose coupling to the Higgs are proportional to their masses do not
decouple. The Higgs coupling compensates for the inverse power of the mass coming
from the loop integral. Although the new particles present in Little Higgs models do
not couple to the Higgs in proportion to their masses, their couplings to the Higgs are
still large enough to warrant a calculation of their contributions to these processes.

For the SM, the leading order result for the cross section for the process H — gg
has been known for a while HE6],E7],[48],[49. The NLO QCD corrections to loops
involving top and bottom quarks have been calculated in full in [50] and can increase
the cross section by up to 100%. In the limit of a very large top mass, the NNLO QCD
corrections have been calculated in [51] and [52]. These amount to a further increase
of &~ 20 — 30%). Also in this limit, the NNNLO corrections are given in [b3] and [54]
where they are found to be of order 5 — 10%.

Due to the possibility of final state gluon radiation, corrections to the inverse process
g9 — H must be considered separately. The NLO QCD corrections to the top and
bottom loops have been calculated in [B0], enhancing the partial decay width by around
70%. In the heavy top limit, the NNLO corrections are found in [55] and the NNNLO
corrections in [56] which increase the hadronic widths by about 20% and a few percent
respectively.

The leading order (one loop) contribution to the decay H — 7+ may be found in refs
[27,[58],[59]. The NLO corrections involving QCD and electroweak corrections have
been calculated [60]. The QCD and electroweak corrections are negligable below 2My,
because they are of opposite sign and similar magnitude, but above 2My, they have
the same sign and lead to a correction of about 4%. The NNLO QCD corrections have
been calculated in the limit of a heavy top quark and are of the order of a percent or

so [61].
The QCD corrections to the cross section of vy — H are equivalent to those of the

decay cross section H — ~7. Unlike the case of the H gg coupling, the external particles
are colour neutral so there are no real radiation effects.

Let the Higgs interaction Lagrangian describing the coupling of a single Higgs to the
various fermions, gauge bosons and scalars be expressed in the form



o1

M; . M2 M2
L=> :—TfyfffH+§ :QTVWVTVH+ > :—QTq)y@(I)TCI)H (4.1)
f 1% ®

where the index f runs over all fermions, V' runs over the gauge bosons, and ® runs
over the scalars. Also, in Little Higgs models, the simple relation between the Higgs
vev and the Fermi constant G (equation (Z6Y)) will be modified. Let the relation
between these parameters in a Little Higgs model be written in the form

1
— = V2Gryg, (4.2)
The formulae for the partial widths for the processes I'(H — gg) and I'(H — ~v) are
then given (to one loop level) by [3]

V3G oMby ! ’
[(H —gg9) = 3973 > —yiFia(m) (4.3)
s - 2
2
V2Gpa® M} yd
j

where the index ¢ runs over all coloured fermions, the index j runs over all charged
particles, and N,; and @); are the colour factor and electric charge of particle j. Here,
the functions F; depend on the spin of the particle. They are given by

Fi = 2431+317(2—=71)f(7)
Fip = =271+ (1 —7)f(7)]
Fo = 7[1—1f(7)] (4.5)

where

_ [ in 1/ VTP for 7 > 1
Hr) = { —1llog(ny/n-) —in]* forT<1° (4.6)
Here 7; and 74 are given by

4M?
ne = 1+V1-—1. (4.8)

For 7; > 1, the function f(7;) is well approximated by

1 . 11
NN
In this limit, the functions F; approach the asymptotic values Iy — 7, Fy/; — —4/3,

The functions Fj are plotted, along with their asymptotic values, in figures EL3HED
As can be seen, the asymptotic limit is already an excellent approximation if 7; > 16,
corresponding to M; > 2Mpy, which is the case for the new particles in the Littlest
Higgs and the Schmaltz models.

fry) = ( )% (4.9)
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Figure 4.3: The scalar loop function Fj and its asymptotic value.
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Figure 4.4: The fermion loop function F}/2
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asymptotic value.
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Figure 4.5: The vector loop function F} and its asymptotic value. Here a log scale
is used on the y-axis and, since Fj(my ) develops an imaginary part for My > 2My,
the real and imaginary parts are plotted separately. Note that the asymptotic value is
purely real.

4.1 Loop Induced Decays in the Littlest Higgs Model

The loop induced decays of the Higgs to gluons or photons were studied in [34]. How-
ever, in light of the errors in their previous paper [33] with respect to the couplings of
the top quark to the Higgs, it is important to check these results.

In the Littlest Higgs models there is a new top-like quark 7" which can contribute to
the loop induced decays of the Higgs to either gluons or photons. In addition, the new
charged gauge boson Wy and charged scalars ®* and ®** can also run in the loop
contributing to the decay of the Higgs to photons.

Following reference [34], the Littlest Higgs contributions to the loop induced decays of
the Higgs are written in terms of the parameters

¢ = A (4.10)
V91 T 93
6 = —21 (4.11)
VAT + A
/
v = 4"?. (4.12)

v

Each of these parameters may vary between 0 and 1. The constraint x < 1 arises from
requiring Mg > 0. Also, define s> =1 —¢?, s? =1 — c2.

Writing the Lagrangian in the form of equation (ETl), one has
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M, My - M M
L= =yt - TTyTTTH 2 Sy, Wi W H o+ 2— Sy, Wi Wy H
M2 M2
9 et H -2y ot (4.13)
v v

The masses of these particles are given by equations ([Z38), (7)), (Z43) and ZZ9),

2,2 2 2
g vo 1 1 T
My, = e [1-— F(E + 1(02 —s%)? - Z)] (4.14)
g 2
My, = 12s ~ M, (4.15)
)\1)\21) v: oo 2 2
M, = 1 +c(l—c 4.16
My = Ml (4.17)
StCt U
2MZ f2
2 H
M2 = — 5 (4.18)

22
yw, = 1+F[_6_Z(C —57)7]
v
S _Szczﬁ
v . 2 x 2
Yy = 1+F[—§+§—Z+C?3§]
2
v
Yyr = —C?S?ﬁ
2o 1 2?
Yor = P[_§+Z]
vt 02
Yp++ — O(F,W) (419)

All SM quarks other than the top are neglected here since their contributions are
suppressed by their small Yukawa couplings.

Also, recall the correction to the SM relation between G and the vev of the Higgs
from equation (27G),

1
V202

= Grye, (4.20)

where

v? 2? 5

Yo =1+ I (4.21)
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4.1.1 Higgs Decay To Gluons
Using equation (EE3), the partial width I'(H — gg) in the Littlest Higgs model is

V2Gpa?M3 | 1 1 2
P(H - 99) = WH —5 1/2(Tt)yt?/GF - 5 1/2(TT)yTyGF . (4-22)

Substituting in the expressions for y;, yr and yg, from [EI9) and [E20) this leads to

ﬂGFazM?’ 1 1 v? 7T x 2
L(H —g9) = TH‘ “ 9 1/2(71) = 5?[(‘@ + 5~ §)F1/2(Tt)
+ci s (Fuya(m) — Fiya(mr))]|2. (4.23)

This is in agreement with equation (11) of (the latest version of) reference [34]. This is
perhaps surprising as they take their couplings from their previous paper [33] in which
they are incorrect.

The effects of the Littlest Higgs corrections to this process are best illustrated by taking
the ratio of the Littlest Higgs result to the SM result.

F<H—>99)LH 1 T oz a2? 2 2
=1+ —=——-+-——+¢s/(1-
I'(H — gg)su \/§GFf2[ 8 2 8 ese(

ST (4.24)

Substituting in the numerical value of G [2] and the asymptotic value of Fyo(7r) =
—4/3, and performing the square to order v?/f? gives

I'(H — g9)Lu
I'(H — g9)sm

= 1+ (—0.106 + 0.061z — 0.0152°

4 1 TeV
3F1/2(7_t) f

This equation depends on x, ¢; and, implicitly in the function F/,(7;), the Higgs and
top masses.

+0.121c2s2(1 + )% (4.25)

Most of the deviation from the SM case comes from the terms in y; and y¢, which are
independent of both x and ¢;. The process is suppressed relative to the SM case, due
to the reduced coupling of the top quark to the Higgs and the correction to the Fermi
constant.

The deviation falls off rapidly with increasing f as can be seen from figure 20, created
by plotting equation (EEZH). Even for f as low as 1 TeV the deviation is at most 12%.

The variation with = is plotted in figure BE7. The effect is largest when x = 0 and
smallest when & = 1. The effect of the terms proportional to ¢; is very small as can be
seen from figure and, since the only dependence on the Higgs mass is in this term,
varying the Higgs mass also has little effect as shown in figure EE9.
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Figure 4.6: Ratio of Little Higgs partial width to SM partial width Vs the value of the
scalar condensate f for ¢; =z = 0.
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Figure 4.7: Ratio of Little Higgs partial width to SM partial width Vs x (which pa-
rameterises the triplet vev) for various f with ¢, = 0.
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Figure 4.8: Ratio of Little Higgs partial width to SM partial width Vs the parameter
¢; for various f with x = 0 and My = 120 GeV.
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Figure 4.9: Ratio of Little Higgs partial width to SM partial width Vs the Higgs mass

for ¢, = x = 0.
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4.1.2 Higgs Decay To Photons

The decay of the Higgs to photons is more complicated than the gluons case because
there are more new charged particles which can run in the loop. In addition to the SM
top quark and Wf gauge boson there are the heavy T" quark, the heavy gauge boson
W3 and the scalar ®*. The doubly charged scalar ®** might be expected to have a
large effect due to its enhancement by a factor of Q? = 4, but its coupling to the Higgs
boson is highly suppressed (equation ([EIJ)) and it may safely be neglected.

The partial width is obtained from equation ([3). This gives

\/_Gpa2M3 4
D(H —y) = T?,HHJGF[?)

4
+§ZJTF1/2(TT) + yw, Fi (twy,) + Yor Fo(e+)]|*. (4.26)

thl/Q(Tt) + yWLFl(TWL)

Plugging in the expressions for yq,, (equation (E20)) and the other y; (equations (EI9))
gives

V2G ra2 M3, 4 v 4 7T x a?
L(H — vy) 25F67T3 H| 3 P2 (m) + Fulrw, ) + f2[3<_§ +5 = g)e(n)
4, , 5 a2
+§Ct5t (Fij2(7t) — Fijo(7r)) + (—g + g)Fl(TWL)
2.2 B 1 1’_2 2
+c s (Fi(twy,) — Fi(twy,)) + ( 5T ) Fo(7a)]| (4.27)

in agreement with equation (13) of reference [34]. As in the case of the decay to gluons,
the results are best illustrated by taking the ratio with respect to the SM value. This
gives

o = 1 gl 5 ) Piel)
+§c?s?<F1/z<n> — Fija(rr)) + <—§ - %2)5(%)
+c25* (Fy(twy,) — Fi(Twy))
Het s DR R + BP9

The process is slightly suppressed relative to the SM. The most important parameter
in determining the magnitude of the suppression is f. For f as low as 1 TeV the
suppression is only about 7%, and it falls off proportionally with 1/f? as is illustrated

in figure 10O

The largest contribution to this process comes from the ch gauge bosons. Conse-
quently, the correction to the W, W, H coupling is responsible for most of the devi-
ation from the SM. Varying the parameters z and ¢ change the size of the deviation
from the SM by less than 1% each, as can be seen from figures EETT] and EET2 Varying
¢; and My has very little effect as is shown in figures and EET4
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Figure 4.10: Ratio of Little Higgs partial width to SM partial width Vs the scalar vev
fforc=0,2=0.39, ¢ =1/v2and My = 120 GeV.
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Figure 4.11: Ratio of Little Higgs partial width to SM partial width Vs x, which is

proportional to the triplet vev ¢/, for ¢ = 0, ¢, = 1/v/2 and My = 120 GeV.
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H->gamma,gammain LH/SM as function of ¢
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Figure 4.12: Ratio of Little Higgs partial width to SM partial width Vs ¢, which
parameterises the mixing between the SM W* and the heavy gauge bosons, for x =

0.39, ¢, = 1/v/2 and My = 120 GeV.
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Figure 4.13: Ratio of Little Higgs partial width to SM partial width Vs the Higgs
mass for c =0, x = 0.39 and ¢; = 1/\/5
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Figure 4.14: Ratio of Little Higgs partial width to SM partial width Vs ¢; for ¢ = 0,
= 0.39 and Mg = 120 GeV.

The results presented here are not in exact agreement with those in paper [34]. A
close inspection of some of the plots (e.g. figure EETTl compared with their figure 4)
shows some very slight discrepancies. However, the main conclusions are the same.
The deviation from the SM result is about 7% for f =1 TeV and scales like 1/f2.

4.2 Loop Induced Decays in the Schmaltz Model

In the Schmaltz model the new heavy quark of the third generation contributes to the
loop induced decays of the Higgs to gluons or photons. Although there are other heavy
quarks living in the first and second generations these couple to the Higgs no more
strongly than the other quarks of the first two generations so their contributions to
these loop induced decays are negligable.

The other new particle which is relevant to these processes is the heavy gauge boson,
X*, which can contribute to the decay of the Higgs to photons.

The Schmaltz model contains a number of new parameters which enter the couplings of
the Higgs. Those relevant to the current process are written in terms of the independent
parameters

06 = tan_1%
f= i+
_ ;—j (4.29)

Also, the shorthand notation ¢z = tan 3, sz = sin 3 and ¢z = cos 3 will be utilised.
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The Lagrangian describing the Higgs couplings of the particles relevant to the loop
induced decays of the Higgs can be expressed in the form of equation (EIl) using

equations (B52), (B53), (B55) and (B354),

M, Mr - M2 M?
L=—"tyitH — =Ly, TTH + 2= W2y o WHW—H + 222
v v v v

where the masses of these particles are given (see equations (B39), (B48) and (B49))
by

yx+ XTX"H (4.30)

2,2 2
g v 1

MZ. = Z—[14+—(1-=
2 £2

Mo, = g2f ~ M2,

1 [ k*(1+ ¢ 11 2
My = )\tl[1+1<1( k2t26)2_§ 2 2)?}_]
(1+ k2t3) $5C5

1 k32(1 + t%) V2
Mr = mp(l— -4 4.31
where, recall, my = \/A}fZ + A3f3, A = M Aaof/mr and the y; factors are,

1 1 1 0
yw: = 14+ (1 )

2 35y S
102
Yx+ = —§F
B2 (1+t3)2 1 1 02
Yy = 1+ . )

21 + k2t3)? a 60%5% 12
k2 (1+13)? o2

w= S (132
2T R)eT

Also, recall the correction to the SM relationship between the Higgs vev v and the
Fermi constant G from equations (B66) and (B67)

1
—— = Gpy? 4.33
V202 FYer ( )
where
2 gyl 1L L (4.34)
Yar = 9 30%5% t% f2 .

4.2.1 Higgs Decay To Gluons

Using equation ([E3), the partial width I'(H — gg) in the Schmaltz model is given by
the expression

V2G a2 My | 1 1 ?
I'(H — gg) = # 3 2 (T)Yeye e — §F1/2(TT)yTyGF . (4.35)
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Substituting in the expressions for y;, yr and yg, from [E3A) and [E34) this leads to

V2Gpa? M3 1 10?2 1
I'(H — gg) = TIH - §F1/2(7_t) - §F[_Z(1 + t3)Fiy2(m)

k2 (1+13)° )

5W(E/Q(Tt) = Fipa(mr))]I (4.36)
As in the Littlest Higgs model, the effects of the new terms in the Schmaltz model are
best illustrated by taking the ratio of the Schmaltz model partial width to that of the
SM.

F(H — gg)sch _ v o1

1+ —[—=(1+¢
I'(H — g9)sMm | +f2[ S

Performing the square, substituting in the numerical value for G and taking the
asymptotic value for Fy5(7r) leads to the expression

k’2 (]- ‘|‘t%)2 F1/2(TT)

5(1+k2t%)2 - Fl/Z(Tt) )”2 (4.37)

I'(H — 99)ge,
L(H — gg)sM

1+ 1t3)? 4 1 TeV
:1+06%p05—05@+k2( ) <‘; ).
(4.38)

(1 + th%)Q( B 3F1/2<Tt)
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Figure 4.15: Ratio of Schmaltz partial width to SM partial width Vs tan 3 (The ratio
of the scalar triplet vevs) for k = 1 and My = 120 GeV.

The most interesting feature of the Higgs decay to gluons is the variation with ¢z, as
illustrated in figure EETH which is a plot of equation ([31). The suppression of the
Schmaltz model branching ratio becomes large for t3 > 1, which corresponds to taking
fa > f1, with the large deviation coming from the factor y;.

Since the top sector coupling is symmetric under relabelling ¢, A\; etc to t5, Ay etc, it
may at first be surprising that the deviation is large for fs > f; but not for f; > f.
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Figure 4.16: Ratio of Schmaltz model partial width to SM partial width Vs f for
k=1 and Mg = 120 GeV.
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Figure 4.17: Ratio of Schmaltz partial width to SM partial width Vs k for tan § = 2

and Mg = 120 GeV.
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Figure 4.18: Ratio of Schmaltz partial width to SM partial width Vs My for £k =1
and tan 0 = 2.

The reason for this is that an asymmetry was introduced by defining ®5 to be the scalar
triplet which couples to the heavy neutral singlet N¢. Because of this, the factor yq,
is not invariant under interchanging f, and f;, and one of the terms in y¢, precisely
cancels the term from gy, which would have led to large deviations for t3 < 1 if it had
remained present.

The deviation from the SM falls of as f? at seen in figure EET8. For moderate values of
tg the deviation is less than about 10% for f 2 1.5 TeV.

Almost all of the deviation from the SM comes from the first 2 terms in the square
brackets in equation (f38). The terms involving the parameters k and My (My is
implicit in the function F}/5(7;)) do not make a large contribution. Figures EEI7 and
show that the deviation is virtually unchanged when these parameters are varied.

4.2.2 Higgs Decays To Photons

The partial width for the loop induced decay of the Higgs to a pair of photons in the
Schmaltz model can be found by using the general formula ([3)) and allowing the ¢, T,
W+ and X* particles to run in the loop. This gives

\/§GF(I2MI‘3
25673

4
+?/T§ 1/2(77) + yx+ Fy (1x=) % (4.39)

2
Y 4
D(H—vyy) = L lye, [Yeg Fry2(e) + yws i)

Substituting the y; factors of equations ([E32) and (34 into this formula leads to the
expression
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V2G a2 M3y 4

;567T3H = 5 E2/2(7e) + Fa(miv=)
21 4 W2 (14 12)2
Tl GRRm) + B+ S ey

X(F1ja(m) = Fiya(mr.)) + %(Fl(Twi) — Fi(7x2))][* (4.40)

[(H—y) =

Taking the ratio of this and the SM result (given by the first 2 terms inside the square
brackets) yields the result

I'H 2 1 1F — F(tX*
( —>'7'7)Sch _ |1+U___(1+t2)+_41(7'wi) (T X™)
P(H = 77)3m 2 3F12(m) + Fi(mw+)

7l
2% (1+#)2 Fipln) — Filrr)
MENENERE %Fl/Q(Tt)+F1(Twi)” : (4.41)
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Figure 4.19: Ratio of Schmaltz partial width to SM partial width Vs tan § for k =1
and My = 120 GeV.

As in the case of the decay to gluons, the most interesting feature is how the process
is suppressed relative to the SM at large tan (3, where fs > f;, as shown in figure
The suppression falls off proportionally with 1/f* as shown in figure and,
for moderate values of tan 3, is less than 10% for all values of f allowed by the EWPCs.

4.3 Prospects For Observation

At a hadron collider such as the LHC, the Higgs may be produced via gluon fusion
which allows the coupling of the Higgs to gluon pairs to be probed. A comparison of
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and Mg = 120 GeV.

Ratio of Schmaltz model partial width to SM partial width Vs f for
k=1 and Mg = 120 GeV.

Ratio of Schmaltz partial width to SM partial width Vs k for tan g = 2
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Figure 4.22: Ratio of Schmaltz partial width to SM partial width Vs My for &k =1
and tan 0 = 2.

the rates for Higgs production via gluon fusion and Higgs production via weak boson
fusion with common final states yields the ratio I'(H — g¢g)/I'(H — WW). This can
be measured to an accuracy of about 20 — 30% for a Higgs with mass between 100 and

180 GeV [65).

The Higgs coupling to gluons cannot be probed through Higgs decays at the LHC due
to overwhelming dijet backgrounds [66].

Similarly, the ratio I'(H — ~v)/I'(H — WW) can be measured by counting decays
with common production methods. Combined with measurements of the partial width
I'(H — WW), these ratios allow the partial widths I'(H — gg) and I'(H — ~7) to be
measured at the LHC with accuracy of about 30% for a Higgs mass below 140 GeV

677, [63.

Taking into account the errors in determining the ratio I'(H — ~v)/T'(H — WW) and
the partial width I'(H — WW), deviations relative to the SM are only observable in
these processes at the LHC if they are of order 50% or larger [67] which is not the case
in the Little Higgs models studied here.

At a 500 GeV linear eTe™ collider Higgs decays may be used to extract the couplings
of the Higgs to gluon or photon pairs in a model independent way. Branching fractions
can be determined by tagging the process ete™ — Z* — ZH (where Z* denotes an off-
shell Z boson) using the Z recoil mass, then counting final states. The Higgs coupling
to Ws can then be determined via the process et e~ — W*W* — Hyv which allows
us to solve for the individual partial widths.

In this fashion, with 500 fb~! of data, the branching ratio I'(H — ~7) can be measured
to within about 15 — 25% for a Higgs mass below 140 GeV, the limiting factor being
the rarity of this decay [70],[7T]. The branching ratio I'(H — gg) can be measured to
as well as 6 — 12.5% if the Higgs is lighter than 140 GeV [73],[72]. For heavier Higgses
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measurements of these branching ratios at an ete™ collider is not feasible [73]

Although deviations from the SM in the littlest Higgs and Schmaltz models approach
the precision with which they can be measured at an e*e™ collider, the unknown cor-
rections from higher order QCD effects are large so the discrepancy cannot be verified
without higher order calculations.

The best prospect for observation of the width I'(H — 77) comes from ~7 colliders.
Here, a Higgs is produced from photon collisions which can then decay to bb pairs.
Combining this with measurements of H — bb decays from a linear collider can provide
a measurement of the Higgs to photons branching ratio at the order of 2 — 3% [1]],[45],
making the suppression with respect to the SM potentially observable in some regions
of parameter space. Higgs production at a vy collider was studied in detail for the
Littlest Higgs model in [4].



Chapter 5

Two Higgs Production Via Gluon

Fusion

5.1 Higgs Pair Production

Pairs of Higgs bosons can be produced from gluon fusion via quark loops. In the SM,
there are two topologies which contribute to this process at the one-loop level; the
triangle topology, figure BIl and the box topology, figure

g

“00000)

g

“00000™

Figure 5.1: Higgs pair production via gluon fusion, triangle topology.

Figure 5.2: Higgs pair production via gluon fusion, box topology.
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Variations on these diagrams can be created by permuting the vertices, but all are of
either box or triangle type.

For a quark ¢, the box diagrams are proportional to quH where Ay is the Yukawa
coupling of the quark ¢ to the Higgs boson. The triangle diagrams are proportional to
Agqrr A3 Where A3 is the Higgs trilinear coupling. In the SM only the top quark has a
large coupling to the Higgs boson. The other SM quarks can be neglected since their
contribution to the amplitude will be suppressed by a factor of ~ m,/m.

Gluon fusion is the dominant mechanism for production of Higgs boson pairs at the
LHC. It is important to calculate the cross section for this process either as a way to
check the SM prediction for the Higgs trilinear coupling, or as a signal for new physics

beyond the SM [[75].

The leading order (one loop) SM contribution to the process gg — HH was first
computed in [76]. The NLO QCD corrections have been calculated in the heavy top
limit where they were found to increase the cross section by about 100% [77], although
there is doubt about whether this limit is applicable in multi-Higgs production [75].

5.2 The Program: General Outline

The calculation of the cross section for Higgs pair production from gluon fusion would
be extremely arduous to perform by hand. Even in the SM and neglecting all quarks
other than the top there are 8 graphs already at the one-loop level. It is much more
efficient, and a more reliable result is obtained, if the calculation is automated with a
computer. A program for doing this has been created by the authors of [75], who have
calculated the cross section for this process at the LHC at the one-loop level in the
SM and in the 2 Higgs doublet model. This program was adapted by myself, Stefan
Karg and Thomas Binoth to calculate the cross section in the Littlest Higgs and the
Schmaltz models. A brief outline of the method employed follows below.

The program Qgraf [78] - if given a process, a list of particles and vertices present in
the theory and a number of loops - gives an algebraic representation of all the graphs
which contribute to the given process at the given number of loops. Qgraf is used to
identify the distinct Feynman diagrams contributing to the process gg — HH at the
one-loop level.

The Qgraf output is then automatically converted into a format suitable for using
in the algebra program Form [9]. Form was used to perform the gamma matrix
algebra and also to implement tensor integral reduction algorithms. These algorithms
take integrals which transform non-trivially under Lorentz transformations and express
them in terms of objects built from metric tensors and external momenta (to carry the
Lorentz structure) and form factors consisting of linear combinations of integrals which
are Lorentz scalars. These tensor reduction algorithms, supplied by Thomas Binoth,
make the integrals simpler to perform and will be discussed in more detail below.

The amplitude can be written in the form

I'(99 — HH) = €148, M"” (5.1)

where €1, and 5, are the polarization vectors of the external gluons. Let the external
particles be labelled g;, g2, h1 and hy with momenta pq, ps, p3 and py respectively. The
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only objects which can carry the Lorentz indices of the scattering tensor M*” are the
metric tensor g’ and the external momenta. Using this information, and also using
momentum conservation to eliminate p4, the scattering tensor can be written in the
form

3
MM = Agh + Z Bip'p}.- (5.2)
ij=1
Here, the coefficients A and B;; are linear combinations of scalar loop integrals which
fall out of the tensor reduction algorithms. For example, we might write

A=Ak, (5.3)

where {1} is a set of scalar integrals. The coefficients of each of these functions were
then exported to Maple for simplification.

Spinor helicity methods [RO][8T] were employed to simplify the calculation further.
Here, the gluon polarization vectors are represented in terms of helicity eigenstates of
massless spinors and gamma matrices. These can be chosen in such a way that the
contraction of the polarization vectors with the tensor p’ p4 vanishes whenever i or j
is equal to 1 or 2, drastically reducing the complexity of the amplitude. More details
about the helicity method, showing how these contributions vanish, will be given below.

The scalar integrals were evaluated using LoopTools-2.2 [82].

The LHC collides protons, not gluons, so in order to compute the cross section for
double-Higgs production at the LHC the cross section for production via gluon fusion
must be convoluted with the parton distribution functions (PDFs) using the formula

1
UppHHH:/ dxld@fgl/p(xlaM%)fg2/p(x2aﬂfv)aggﬂHH (5.4)
0

Here pp is the factorisation (and renormalisation) scale. The answer computed to all
orders in perturbation theory would be independent of 1 but at any particular order in
perturbation theory some factorisation scale dependence is present. The factorisation
scale dependence will be discussed later. The z; are the ratios of the energy of the
gluons g; to the energy of the protons. The functions fg;/,(;, u%) are the parton
distribution functions which are empirically extracted from deep inelastic scattering
experiments, fixed target experiments and jets at Tevatron. The MRST2002nlo PDF
set R3] as implemented in LHAPDF [84] was used to provide the gluon density as well
as the strong coupling.

The integrations over dz;, along with the other relevant phase space integrations, were
performed numerically using the Monte Carlo (MC) integration package Bases [85].

The program expresses the result in terms of the total cross section o(PP — HH).
The following parameters [2] were used for the SM case,
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Ecom = 14 TeV
as(Mz) = 0.120
a(0) = 1/137.036
my = 174.2 GeV
Grp = 11.66 x 107° GeV ™2 (5.5)

The centre of mass energy Ecom was taken to be 14 TeV because this is the centre of
mass energy of the LHC. The parameter G is used to find the Higgs vev via equation

(E20).
5.3 Tensor Integral Reduction Algorithm

One loop Feynman diagrams, of the form of figure B3], lead to tensor integrals (i.e.,
integrals which transform as tensors under Lorentz transformations) of the form

Figure 5.3: A generic loop diagram with m external legs

Iﬂl..p,i o / dnk k?‘ul..k‘m (5 6)
") @o) (k2 = mi o)k —m3 - de). (kg oy — M, +i€) '

Here, k1o, j = k+p1.j where py_; is p1 +..+p; and p; is the 4-momentum of the particle
attached to the i"" external leg and k is the loop momentum. The components of k
in the numerator may, for example, arise from fermion propagators or gauge boson
tri-linear vertices.

The simplest loop integrals are those with no Lorentz indices in the numerator. Since
these transform as scalars under Lorentz transformations they are referred to as scalar
integrals. It is possible to reduce the calculation of non-scalar tensor integrals to the
calculation of linear combinations of scalar integrals. The most well know way of doing
this is Passarino-Veltman reduction [86]. The best way to illustrate Passarino-Veltman
reduction is by example. The example chosen here is the integral (from [87])

d*k kH
(2m)" (k2 + ie) (k3 + i€) (k35 + i€)

T"(p1,p2) = / (5.7)
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which arises in the case of a loop diagram with 3 external legs and a massless particle
running in the loop. Z has been written as a function of p; and py only since ps3 can
be eliminated by momentum conservation.

p3

k k+pro

/ﬁ k4 Zk

Figure 5.4: A triangle loop diagram

In this case the only objects which can carry the Lorentz index are the external mo-
menta p; and py. The integral may thus be written

Zu(p17p2) = Bl(PhPQ)P‘f + B2(p1,p2)]9§- (5-8)

Both sides of this equation may be contracted with the external momenta p; and ps to
obtain the matrix equation

p1L pi pipe By
= 5.9
( p2. L ) ( pips D ) ( By (5.9)

In order to find the form factors B; and Bs this matrix equation must be inverted.

This gives
Bl 1 p% —P1-P2 pll'
= 5.10
( By ) A ( —p1p2 Pi p2.L (5.10)

where A is called the Gram determinant and is given by

p? P1-P2
pi-p2 P3
The dot product p;.k may be rewritten by the use of the following relation

A= = p%pg - (pl-p2)2- (5-11)

K = k*+42k.p +pi (5.12)
1
= p.k = 5(%;% —k* —p}) (5.13)

and, similarly, p,.k may be written in the form

1
P2k = 5(7%2 — ki — ply + i) (5.14)

These relations are useful because they express the dot products of loop and external
momenta as a linear combination of terms which appear in the denominator of the
integral Z and terms involving only the external momenta (i.e., no loop momenta).
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They may be used to rewrite the scalar integrals on
BET0 viz
Ak pi.k
I = —
" / (2m)" KRR,

B 1/ d'k k? — k> —p?
2] @2 K2R,
_l/d"kl_E/d"kl
2) @emnkE,  2) (2m)mkikD,
and, in a similar fashion
I—l/ d'k 1 1/ d'k 1 1(2
PrE=9 ) Gorra2 2] oz, 202

the right hand side of equation

1, [ d'k 1
- - —— 55 (.15
2 / eny Ry, 1)
d"k 1
—p] ———. (5.16

Evaluating the scalar integrals occuring in (IH) and (BI6]) is much simpler than
evaluating the original tensor integral of equation (7). These may be performed by

the standard method of Feynman parameters.

After calculation of the integrals p;.Z and py.Z, the coefficients By (py, p2) and Ba(p1, ps)
may be obtained via equation (EI0) which, in turn, yield an expression for Z# upon
substitution into equation (B8). To summarize, the Passarino-Veltman [86] method for

the reduction of tensor integrals with m external legs

proceeds in the following steps.

Use Lorentz invariance to equate the tensor integral with terms proportional to
products of metric tensors and external momenta multiplied by form factors,
using momentum conservation to eliminate one of the external momenta. (e.g.

equation (EX))

Take dot products of this equation with the m — 1 remaining external momenta
to create a set of linear equations. (c.f. equation ()

Invert the system of linear equations obtained to express the form factors in
terms of a linear combination of dot products of the tensor integal with external
momenta. (c.f. equation (BI0))

Rewrite the dot products of the external momenta and the loop momenta in
terms of factors which appear in the denominator of the tensor integral (as in

equations (B12),(BI4))

Substitute these relations into the dot products of the tensor integral with the
external momenta to obtain a linear combination of comparatively simple scalar

integrals. (c.f. equations (B1H),(E14))

Evaluate the scalar integrals to obtain the form factors.

Combine the form factors with the relevant products of metric tensors and ex-
ternal momenta to obtain the result for the tensor integral.

Some comments on the Passarino-Veltman method can be made.
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e There will always occur an inverse Gram determinant (c.f. equation (1)) which
becomes singular in certain regions of phase space. These singularities are an
artifice of this calculational scheme and should cancel out. However, it is often
difficult to spot how these cancellations occur and this can lead to numerical
instabilities when evaluating the amplitude.

e For higher order tensors the tensor reduction algorithm must be iterated several
times. The number of iterations is equal to the rank of the tensor. This leads to
multiple Gram determinants in the denominator and in general requires a shift
of the loop momentum at each iteration.

The Passarino-Veltman method is used here to evaluate the one loop cross section
for the process g9 — HH. The form factors are decomposed in terms of a basis of
Feynman parameter integrals which is defined in reference [88].

5.4 Spinor Helicity Methods

5.4.1 Introduction And Notation

When computing cross sections (here meaning the squared amplitude | M |* before any
phase space integration) the standard goal is to reduce the expression to terms involving
four-vector dot products. This is achieved by first squaring the amplitude and then
using spin sum relations such as

> ut(p)u(p) =y £m (5.17)

for spinors of fermions of momentum p and mass m, where the sign is +(—) for a
fermion (anti-fermion), and

S eherr — —g (5.18)
A

where \ is helicity, for the polarization vectors of (massless) gauge bosons. Note the
above substitution is not an equality, but is valid in the context of a squared amplitude
|M]? in the Feynman gauge with similar substitutions applicable in other gauges.

Applying these spin-sum relations result in traces over Dirac matrices which can easily
be evaluated to yield an expression in terms of four-vector dot products.

Although conceptually simple enough, this scheme runs up against issues of computing
capacity when the size of the expressions becomes large. The amplitude must be
squared before these techniques can be applied so both the number of traces and their
length quickly increases at higher orders in perturbation theory [80]. It is easy to see
that any scheme which results in simplifications at the level of M rather than |M|?
will eventually become superior to this approach.

In the spinor helicity approach [80],[8T] spinor products such as @(k)u(p) are used rather
than vector products k.p. These spinor products are not much more complicated than
vector products and, as shall be demonstrated, lead to simplifications at the level of
the amplitude M making them more suitable for use in larger expressions.
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In preparation for the discussion of spinor helicity methods it is useful to revise a few
important spinor identities. In the case of a massless fermion with momentum p and
helicity A (so A = £1) there is the relation

ur(p)ur(p) = wap (5.19)

where

1
wy = 5(1 + A99). (5.20)

Another useful identity relates spinor products of massless fermions to four-vector dot
products,

li—(p)ur (k) = a_(p)u(k)us(k)u_(p)
= Trlw_pw, ¥]
= Tr[w’ g¥]
= pakgTrlw "y’
= 4pak6><%gaﬁ
— ok (5.21)

or, a little more generally,
|ax(p)u-x(k)|* = 2p.k. (5.22)

5.4.2 Spinor Representation Of Polarization Vectors

The polarization vectors for massless gauge bosons with momentum p and of definite
helicity, e, are required to have the properties [80]

Ex-p = 0
ENEN = 0
ey = (&)
ENE_)\N = —1 (523)

Any object with these properties is valid as a representation of the polarization vectors.
In particular, the polarization vectors may be chosen to take the form [80],[81].

_ _ u(g)"u—(p)
Lpa) = \/ﬁu Dunlp) (5.24)
¢ pq) = u—(p)y"u-—(q) (5.25)

f 2t (q)u—(p)

where ¢ is any vector such that ¢*> = 0 and ¢ is not collinear with p. In general changing
q results in changing the polarization vector by a gauge transformation and a complex
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phase. This freedom to choose the vector ¢ is what makes it possible to achieve a
simplified form for the amplitude.

Going back to equation (&), the tensor M* must be contracted with external gluon
polarization vectors of helicity (++), (+—), (—=+) and (——). Due to parity invariance,
only two of these helicity amplitudes need be known.

M = M
Mt = Mt (5.26)

The combination of external gluon polarization vectors which contract with M™+ is

u—(q1)7"u—(p1)u—(g2)7"u—(p2)

2u-(qu)us (p1)u-(g2)us (p2)
Here ¢; and ¢y are arbitrary other than that they must satisfy the constraints ¢? =
g5 = 0 and ¢;(q2) not collinear with p;(py). It shall be shown that simplifications in
the calculation may be achieved by setting ¢ = ps and ¢ = py, so that

el = (5.27)

ti—(p2)7"u—(p1)ti—(p1)7"u—(p2)
2u_(p2)us (p1)u—(p1)u(p2)
The numerator of this expression may be written

(5.28)

H —
E1+&2+ =

u_(p2)y u—(pr)u—(p1)y'u_(p2) = Trlw gy'w g
= Trlw g7 Py

where equation (BI9) has been utilized. Also, the denominator may be rewritten,

QH,(pg)qu(pl)ﬂ,(pl)u+(p2) _ 27]<p2)u+(p1)?7 (iil)u+<<p2)>a+<p2)u<pl)
u—(p2)us () Trfw_pyw ]

Uy (p2)u—(p1)

U (p2)uy (pl)Pl -P2

Uy (p2)u—

Then, defining s15 = (p1 + p2)? = 2p1.p2 (since p? = p3 = 0 for the external gluons)
and using the identity u_(ps)uy (p1) = —u_(p1)us(p2), the denominator is found to be

—2s12U-(p1)u (p2)
ut(p2)u—(p1)
Finally, putting the numerator and denominator together leads to the expression

(5.29)

wovo u (pQ)U—(pl) v 1
el ey = —251;1_ o (pQ)Tr[w_m Pa1"] (5.30)

The other combination of polarization vectors which is needed is €/ e}, which con-
tracts with M.

(5.31)

ooy = Ul (pu (é? 2)7"u—(g2)

20 (q1)uy (p1)uy (g2)u—(p2)
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Again putting ¢; = ps and ¢» = pp, the polarization vectors may be written in the
form,

U (p2)y"u—(p1)u—(p2)7"u-(p1) (5.32)
U—(p2)u+(p1) U (p1)u—(p2) '
The value of this spinor representation of the polarization vectors is seen when they
are contracted with the scattering tensor M" as given in equation (2). Many of the

external momenta contract with the epsilon tensors to give zero. For example,

E1+62- =

efres iy = pipi{Trlw 7 Py
= [ 1¢11¢11¢2I¢i]

= Trlw_ p11¢2]ﬂ
=0 (5.33)

After the dust settles all the terms involving B;; vanish when ¢ or j is equal to 1 or 2
for all helicities as well as the term proportional to A in the opposite helicity, i.e. (+—)
or (—+), case and only the following terms are left.

Trlw i1 #spais]

_ +(p2)u—(p1)
A 7 L P (539
o u-(p)pzu-(p) Trlw 1¢11¢3I¢2ﬁ3]
M = o) 2 :3)

This results in a much shorter expression for the amplitude because it contains only 2
form factors leading to speedy evaluation.

5.5 The Standard Model Case

A calculation of the cross section for the process gg — H H in the SM, using the same
computational methods employed in this thesis to calculate the process in little Higgs
models, was presented in the paper [75]. The motivation for studying this process in the
SM is to measure the parameter A3 and to check the SM relation A3 = 3M% /v. Mod-
ifications to this relation could, for example, arise from higher dimensional operators

of the type [75]

2
9k_(pt U724k
h'h — .
; 1 A%( 5 —) (5.36)

where g is a coupling constant and A is some mass scale.

The SM result for the total cross section o(g9 — HH) at the LHC is shown in figure
B3 This shows that for a Higgs mass ranging between 110 GeV and 250 GeV the total
LHC cross section falls from about 23 fb to about 2.5 fb. These results are those from
the leading order (1-loop) processes. Next to leading order corrections are expected to
be large leading to k-factors as large as 2 [Z7][89.

Of particular interest is the dependence on the factorisation and renormalisation scale
(which are set to be equal and are denoted by ) plotted in figure B8 For figure B3,
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Figure 5.5: Higgs mass dependence of LHC cross section (i.e. at E.y, = 14 TeV) for
the process gg — HH in the SM using u = 2Mpy

factorization scale vs sigma
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Figure 5.6: Factorisation and Renormalisation scale dependence of the LHC cross
section for the process gg — HH in the SM using My = 150 GeV
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and for all other figures in this chapter except for figure B8, the value py = 2Mpy was
used. Varying p between pio/3 and 3pq leads to a variation in the cross section of order
50%. This uncertainty is due to the large next to leading order (NLO) corrections to
QCD processes and dominates any uncertainties from the parameters and PDFs.

5.6 The Littlest Higgs Model Case

The same computational methods as used in the SM case (see [75]) are here employed
to calculate the total LHC cross section for the process gg — H H in the Littlest Higgs
model. The new particles and interactions of the Littlest Higgs model introduce many
new channels for this process.

The box and triangle diagrams as were present in the SM case are also present in the
Littlest Higgs case, only now the heavy T' quark can also run in the loop as shown in
figures B B8 In addition, there are new types of box diagram where ¢ and T" quarks
both run in the loop in the same diagram as shown in figure B3 This diagram appears
because of the t T'"H coupling of the Littlest Higgs model.

There are also new triangle diagrams. Those in figure 210 arise because of the dimen-
sion 5 ttHH and TTHH couplings, while those in figure BTl are similar to those in
figure except that there is an intermediate ® particle instead of a H.

As in the SM case variations on these diagrams exist with different permutations of
the Higgs and gluon vertices.

g t, T H

» — » —_

Figure 5.7: Box topology

The top-Higgs couplings are given in table EZIl with the masses of the quarks given
by equations (ZZ49). The scalar masses and trilinear couplings are given by equations

(3D and ([Z3]) and table Z53 All these couplings were included up to order v?/ f2.

A number of features of this calculation make it more tricky than the SM case. There
are, of course, a larger number of Feynman diagrams to evaluate. There are 36 in
total after all the possible permutations of the vertices are taken into account (swap
incoming gluons, swap outgoing Higgses, different combinations of ¢ and T quarks in
the loop). Compare this with the SM where there are only 8. However, the calculation
is highly automated so that the higher number of diagrams is not in itself a problem.
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Figure 5.8: Triangle topology
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Figure 5.9: Box topology with tT'"H couplings

g
“00000)
t,T a7
P
/
AN
g N
00000 Ho

Figure 5.10: Triangle topology with dimension 5 vertex
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Figure 5.11: Triangle topology with intermediate ® scalar

One complication of the Littlest Higgs model is that there are box diagrams with more
than one type of quark in the loop. In the SM case all box diagrams have only ¢ quarks
in the loop which makes the tensor reduction simpler to perform. In the Littlest Higgs
model this is no longer the case. This makes this stage of the calculation slower in the
Littlest Higgs model.

Perhaps the most important new feature of the Littlest Higgs model is that there are
couplings which contain the matrix v°. This causes a problem because the calculation
is performed in dimensional regularisation and +° cannot be defined in general for
d # 4. This problem was solved using the methods presented in the paper [90].

Originally, the plan was to perform an independent calculation of the PP — HH
cross section which had previously been presented in the papers [91],[92], then there
would be an original calculation of the Schmaltz model case. These papers present
calculations of the total LHC cross sections for PP — H H in the Littlest Higgs model
and the Littlest Higgs model with T-parity. According to these authors the T-parity
case is the same as the non T-parity case except that there is no contribution from
the ® particle. However this is not the case. The T-parity case contains more heavy
fermions and cannot be obtained in any simple limit of the non T-parity case.

The authors of the above papers also neglect mixing effects in both the Higgs and the
top sectors which gave them only very small deviations from the SM. However, the
mixing effects are at least as important as the direct corrections from the propagation
of new virtual particles and cannot be neglected.

A more thorough calculation which takes mixing effects into account is presented in [35].
However, these authors take their couplings from the paper [33] which, as was shown
in chapter 2, has an incorrect expression for the mixing in the top sector, meaning
that the couplings of the ¢t and T quarks with the Higgs are not correct. The results
presented here are therefore the first treatment of this process which correctly takes
into account all contributions from new particles and mixing at order v?/ f2.

The cross section depends on the Littlest Higgs model parameters {Ay, Ao, f,v,v'}.
However, these parameters are constrained in that they must recreate the experimen-
tally determined top mass according to the formula (ZZ9) and also the Fermi constant
G as in equation (Z70). The cross section may be reexpressed in terms of the set of
parameters {m;, Gp, k, f,z} where
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ko= do/\
4fo
r = =3 (5.37)

Graphs which plot the dependence of the total LHC cross section on the free parameters
My, f, k, z are shown below. All graphs show LHC cross sections with the factorisation
and renormalisation scales taken at 2Mpy.

Total LHC Cross section vs MH

sigma [fb]

120 140 160 180 200 220 240
Higgs Mass (GeV)

Figure 5.12: Higgs mass dependence of LHC cross section for the process PP — HH
in the Littlest Higgs Model. For v = 0.85, k = 2.5 and f = 2 TeV, My = 4.10 TeV
and Mg runs from 2.61 to 5.44 TeV as My runs from 120 to 250 GeV. Changing f to
3 TeV leads to My = 6.15 TeV and Mg running from 3.92 to 8.17 TeV.

The cross section falls off with increasing Higgs mass in both the SM and the Littlest
Higgs model as shown in figure BET2 Plotting the ratio of these cross section as in
figure shows that the cross section is enhanced in the littlest Higgs model and
that this enhancement is largest for a relatively heavy Higgs of about 190 GeV.

Plots .14l and show the dependence on the parameter f. These plots show that
the enhancement can be substantial if f is very low at about 1 TeV, as is allowed in
some variations of the Littlest Higgs models, but falls off rapidly as f increases.

The dependence of the cross section on the parameter k is shown in figures B.T0 and
BT These plots show that the enhancement of the cross section is most pronounced
in the region k 2> 2.

Finally the dependence on the parameter x is shown in figures and These
show that the cross section can be substantially enhanced as x approaches 1. This
behaviour is also seen in [35] where it is noted that it is due to a term in the Higgs
trilinear coupling which is proportional to 1/(1 — ). They also note that in the limit
x — 1 the Higgs potential behaves badly. For = 2 0.95 the Higgs potential parameters



5.6: The Littlest Higgs Model Case 85

Sigma/SM vs Mh

115 b

sigma/SM

11f T ]

1.05 - T

0.95 L L L L L L
120 140 160 180 200 220 240

Higgs Mass (GeV)

Figure 5.13: Higgs mass dependence of LHC cross section for the process PP — HH in
the Littlest Higgs model vs the SM. For x = 0.85, k = 2.5 and f =2 TeV, My = 4.10
TeV and Mg runs from 2.61 to 5.44 TeV as My runs from 120 to 250 GeV. Changing
f to 3 TeV leads to My = 6.15 TeV and Mg running from 3.92 to 8.17 TeV.

Sigma vs f
70

\

‘

60 |\ g
‘

\

\

50 F g
\

sigma [fb]

40 | R

1000 1500 2000 2500 3000 3500
f(GeV)

Figure 5.14: Dependence of the LHC cross section on the parameter f for the process
PP — HH in the Littlest Higgs model. For x = 0.85, My = 120 GeV and k=1.5,
M7z runs from 1.51 to 5.36 TeV and Mg runs from 1.30 to 4.58 TeV as My runs from
120 to 250 GeV. When £ is changed to 2.5, My runs from 2.04 to 7.18 TeV whilst the
range for Mg is unchanged.
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Figure 5.15: Dependence of LHC cross section on f for the process PP — HH in the
Littlest Higgs model vs the SM. For = = 0.85, My = 120 GeV and k=1.5, My runs
from 1.51 to 5.36 TeV and Mg runs from 1.30 to 4.58 TeV as Mg runs from 120 to
250 GeV. When £k is changed to 2.5, M runs from 2.04 to 7.18 TeV whilst the range
for Mg is unchanged.
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Figure 5.16: Dependence of the LHC cross section on the parameter k = Ay /A; for the
process PP — HH in the Littlest Higgs model with My = 120 GeV and =z = 0.85.
For f =2 TeV, Mg = 2.612 TeV and My runs from 5.14 to 5.35 TeV when k runs over
the range 0.3 to 3.5, whilst for f =3 TeV, Mg = 3.92 TeV and My runs from 7.71 to
8.03 TeV.
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Figure 5.17: Dependence of LHC cross section on k = Ay /Ay for the process PP — HH
in the Littlest Higgs model vs the SM with My = 120 GeV and z = 0.85. For f = 2
TeV, Mg = 2.61 TeV and My runs from 5.14 to 5.35 TeV when k runs over the range
0.3 to 3.5, whilst for f =3 TeV, Mg = 3.92 TeV and My runs from 7.71 to 8.03 TeV.
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Figure 5.18: Dependence of the LHC cross section on the parameter "z’ for the process
PP — HH in the LH model with My = 120 GeV and k = 2.5. For f =2 TeV, Mr
is 4.10 TeV for z between 0 and 0.95, and Mg runs between 1.37 and 4.41 TeV. For
f =3 TeV My is increased to 6.15 TeV and Mg runs between 2.07 and 6.62 TeV.
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Figure 5.19: Dependence of LHC cross section on "z’ for the process PP — HH in the
LH model vs the SM with My = 120 GeV and k = 2.5. For f = 2 TeV, My is 4.10
TeV for x between 0 and 0.95, and Mg runs between 1.37 and 4.41 TeV. For f = 3
TeV My is increased to 6.15 TeV and Mg runs between 2.07 and 6.62 TeV.

Aoz, [Angnl, [Ana| and [Apgen| are all beyond order 1 so such high values of x should
not be considered physical.

5.7 The Schmaltz Model Case

The Feynman diagrams contributing to the process gg — H H in the Schmaltz model
have the same structure as those in the Littlest Higgs model. There is a heavy T'
quark in the Schmaltz model as in the Littlest Higgs case and the same couplings
appear. The only difference being that there is no particle which plays the role of
the @ particle in diagrams like figure BT1l There is a neutral scalar, the n particle,
which might be expected to contribute to this process, but it has no tri-linear coupling
to two Higgs particles. There are also two more heavy quarks (up-type in model I,
down-type in model II), but their coupling to the Higgs is highly suppressed making
their contribution negligible.

The relevant couplings of the Higgs to ¢ and T" quarks are summarised in table B2 The
only other coupling which is needed to perform this calculation is the Higgs tri-linear
coupling. Since the Higgs potential is the same as in the SM a Higgs-trilinear coupling
contributes —3iM? /v to a Feynman diagram, as in the SM.

There are no complications in the Schmaltz model case beyond those encountered in
the Littlest Higgs model. There are 6 parameters which appear in the Feynman rules.
These are,

{A1. A2, f1, foov, My} (5.38)
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These parameters are not all independent. They are constrained by equation
since the top mass is known from experiment. The following parameters may be used
instead,

{mu, k. f,8,v, Mg} (5.39)

where m, is as defined in equation and

N
= R+ f
g = tan_l% (5.40)

In the following figures all cross sections are LHC cross sections and the factorization
and renormalization scales were set at 2M.

In figure the Higgs mass dependence of the total LHC cross section is plotted for
values of My between 110 GeV and 250 GeV. The values tan 3 = 3 and £ = 1 and 2
values of f were used, f = 2,3 TeV. The results show that the cross section falls off
as My increases, as one would expect, and is slightly enhanced relative to the SM. In
figure 2211 the ratio of the Schmaltz model cross section to the SM are plotted for the
same parameter choices. This shows that the enhancement is larger for lower Higgs
masses but falls off to the SM value for larger Higgs masses.

Sigma vs mH
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Figure 5.20: Higgs mass dependence of LHC cross section for the process PP — HH in
the Schmaltz Model with tan 8 = 3, k = 1. For f = 2,3,4 TeV, My = 1.99,2.00, 3.00
TeV.

The dependence of the cross section on the parameter f is shown in figure for
My = 120 GeV and k£ = 1, with various values of tan /3. This plot shows that the
result tends towards the SM value for large f, as expected since the SM Feynman rules
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Figure 5.21: Higgs mass dependence of LHC cross section for the process PP — HH

in the Schmaltz model vs the SM with tanf = 3, k£ = 1.

My = 1.99,2.00,3.00 TeV.

For f = 2,3,4 TeV,

are recovered in the limit f — oo. Figure shows the ratio to the SM result, this
shows that the enhancement is typically less than 15% for values of f greater than

about 3 TeV.
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Figure 5.22: Dependence of the LHC cross section on the parameter f for the process
PP — HH in the Schmaltz model with My = 120 GeV and k = 1. Over this range

of f, My runs over approximately 1 to 5.5 TeV.

Figure B2241 shows the variation of the cross section with the parameter tan 3 in the
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Figure 5.23: Dependence of LHC cross section on f for the process PP — HH in the
Schmaltz model vs the SM with My = 120 GeV and k& = 1. Over this range of f, M
runs over approximately 1 to 5.5 TeV.

range 1/5 to 5 with the other parameters taking the values k& = 1 and My = 120
GeV. The cross section varies substantially as a function of tan 3. There is a large
enhancement when tan [ is significantly different from 1, particularly for tan s < 0.5.
Figure shows the enhancement relative to the SM. This shows that even for f as
large as 3 TeV the enhancement relative to the SM can be larger than 25% when tan 3
is significantly less than 1.

The dependence on k is shown in figure showing that the cross section increases
as k increases. Here My = 120 GeV and tan = 3. The enhancement over the SM
cross section is shown in figure which shows that decreasing k£ can also lead to
significant enhancement relative to the SM.

5.8 Prospects For Observation

Higgs pair production is difficult to measure at the LHC. A light Higgs decays predom-
inantly to bb pairs and Higgs pairs decaying to 2 bb pairs are overwhelmed by QCD
backgrounds, which are more than two orders of magnitude larger than the signal [93].

The case where one Higgs decays to a bb pair and the other to a 77 pair was also
examined in [94]. It was found that although the signal to background ratio is better
than in bbbb, multiple additional small branching ratios in the observable part of the
decay mode make this signal useless too. Even for a luminosity upgraded LHC (SLHC)
achieving a 3000 fb=!, the measurement of the cross section is too weak to be useful

[94].
Higgs pair production can, however, be identified by utilizing rare decays. The case
where the Higgs decays to bbyy and one of the bs is tagged is the most promising [94].
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Figure 5.24: Dependence of the LHC cross section on the parameter tan( for the
process PP — HH in the Schmaltz model with My = 120 GeV and k = 1. The mass
of the heavy T quark is ~ f over this range.
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Figure 5.25: Dependence of LHC cross section on tan 3 for the process PP — HH in
the Schmaltz model vs the SM with My = 120 GeV and k = 1. The mass of the heavy
T quark is =~ f over this range.
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Figure 5.26: Dependence of the LHC cross section on the parameter 'k’ for the process
g9 — HH in the Schmaltz model with tan 5 = 0.3 and My = 120 GeV. For this range
of k and f = 2 TeV My runs between 1.28 and 3.71 TeV. For f = 3 TeV this range

changes to 1.94 to 5.56 TeV and for f =4 TeV it becomes 2.59 to 7.41 TeV.
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Figure 5.27: Dependence of LHC cross section on 'k’ for the process PP — HH in the
Schmaltz model vs the SM with tan 8 = 0.3 and My = 120 GeV. For this range of k
and f = 2 TeV My runs between 1.28 and 3.71 TeV. For f = 3 TeV this range changes
to 1.94 to 5.56 TeV and for f =4 TeV it becomes 2.59 to 7.41 TeV.



5.8: Prospects For Observation 94

The background for this process is from QCD as well as single Higgs production followed
by H — bb or H — ~~ as well as from fake signals such as ¢ quarks misidentified as b
quarks or a light jet misidentified as a photon.

Even in this case, with a reasonable set of cuts the SM predicts only about 6 signal and
14 background events with 600 fbo=! of data [33], [95]. Given the factorisation scale
uncertainties in our calculation and the typical size of little Higgs model corrections this
means the enhancement due to little Higgs model effects is too small to be observable at
the LHC. At the SLHC it is necessary to tag both b quarks to reduce the background
from multiple interactions. In this case it is possible to improve to 21 signal with
25 background events. This is however still too small to allow the measurement of
deviations from the SM due to Little Higgs corrections.

Although the cross section for Higgs pair production is smaller at larger Higgs masses
the signal is much cleaner. For a larger Higgs mass the Higgs predominantly decays
to weak boson pairs. States involving six or more jets are overwhelmed by QCD
background. The most useful case is HH — W W-"W*W~ — [*vjjl'*vjj where j
is a jet and the two [T are charged leptons with the same sign. This eliminates the
background from Drell-Yan (qq — v* — [Tl~ where 7* is an off-shell photon) and ¢t
[96].

In this case, for 600 fb~' of data, the SM expectation is for about 110 events with
signal to background ratio of about 1:5 [05]. In this case even an enhancement of 50%
over the SM cross section leads only to a 20 deviation. This, in addition to the large
factorization scale uncertainty, means that the little Higgs enhancement of the cross
section is not observable at the LHC.

For the SLHC with 6000 fb~! and after all cuts there are 350 signal events to 4180
background events for a Higgs of mass 170 GeV, whilst for a Higgs of mass 200 GeV this
changes to 220 signal events vs 3280 background [97]. This is still too small to observe
deviations from the SM cross section but will help provide a very useful measurement
of the Higgs tri-linear coupling.



Chapter 6

The 2HDM and the Multiple Point
Principle

6.1 The Scalar Potential

In this work the approximation of the renormalisation group improved effective po-
tential [98] is used. This has the form of the tree level potential but with running
coefficients where the renormalisation point is taken to be the field strength. In this
case the scalar potential of the 2HDM, equation ([CI9) may be written

Vog(Hy, Hy) = m2(®)HIH, +m2(®)HIHy — [m2(®)HIHy + h.c] + (6.1)
SAR)HIE)? + S 0o(®) (HLH)? + \g(@) (] Hy)(HL )
+A\a(®)|H Hy | + [%A5(<I>)(H1*H2)2 + Ao(®)(H] Hy)(H{H,)
+A7(®)(HY Ho) (HYHy) + hec.].

The parameters are assumed only to depend on the sum of the squared norms of the
Higgs doublets,

P? = 0% + ¢ (6.2)
where
1
o = HH, = 5[(H2)2 + (AN + It (6.3)

Minimising this potential leads the Higgs doublets to develop vevs. In order for these
vevs to break the electroweak SUy (2) ® Uy (1) down to the electroweak Ugpy (1) it is
necessary that only the neutral components of the Higgs doublets aquire a vev. Define
these vevs to be
Un

H,)) =—. 6.4

(H) = 2 (6.4)
The overall squared sum of these vevs, v? = v? + v2, where v = 246 GeV, is known
through the masses of the weak gauge bosons. The ratio of the vevs remains arbitrary
and is parameterised through the definition tan 5 = |vs|/|v1].
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In accordance with the MPP, assume that this potential has another minimum degen-
erate with our current vacuum with the scalar fields aquiring vevs much larger than
the electroweak scale. Due to gauge invariance, these vevs may be written without loss
of generality in the form

(H,) = &, ( (1) ) , (Hy) = ®y ( sin 0. ) . (6.5)

cos f e

Define A, called the MPP scale, through the relation A? = ®2 + ®3. It is assumed that
A > v s0 it is a good approximation to take V(H;, Hy) = 0 at the MPP scale because
all the couplings in the potential must be very close to zero to suppress terms of order
A% or A%, Also, if ®; and ®, are of order A, it follows that the terms quartic in the
Higgs fields are much larger than the terms quadratic in the Higgs fields so the mass
terms may be neglected.

The MPP requires a large set of degenerate vacua so search for the conditions required
for degeneracy with respect to the parameter w.

Substituting the vacuum configuration (B3) into the potential (EII) shows that the
part of the potential which depends on the parameter w is

1 A .
V, = 5)\5(@)@%@3 cos? 0 € + [Ag(®) D3Py + A7 (D) D D3] cosf e + h.c.. (6.6)

Note that in order for there to be degeneracy with respect to w it is necessary that
cos and both ®; and ®, are non-zero. For the potential to be independent of w at
the scale A implies that A5(A) = 0 and A\g(A)®F + A7(A)P3 = 0.

Information can also be extracted from the requirement that the vacuum configuration
20 minimizes the potential at the scale A. Derivatives of the potential with respect to
®, and P, should be zero at the minimum and for this to be the case for all w it is
required that these derivatives are independent of w. This leads to the requirement

v, B3P

0D, = Ds(A)P1®5 + By, (D) 0D2 | cos® 6 e* + (6.7)
X0 P2P3 :
[BA6(P) DD, + ﬁkﬁ@)% + Ar(@)B5 + fa, (D) —57] cosf € + e
=0
and
OV 2 QIPT, 2y g
50, = [A5(A) DDy + Gy, (D) 552 | cos® 0 e” + (6.8)
O3 D2 P, D3 :
[A6(@)D? + By, (D) &)2 2 4 3 (D) D, D2 + By (D) &)2 2] cos 0 e + h.c.|pn
= 0.
d (P
Here the renormalisation group beta functions are defined by () (®) = il ) For
' d In®
n

both the derivatives to vanish it is required that the coefficients of e and e*“ are zero

for both equations.
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The vanishing of the coefficients of €2 combined with the previously derived condition

As(A) = 0 require that 8y, |e—p = 0. The vanishing of the coefficients of ™ along with
the previously derived condition for Ag(A) and A7(A) give three linear equations relating
the four unknowns Ag(A), A7(A), Baglo=r and Sy, |o=x.

Solving this system of linear equations gives the MPP conditions Ag(A) = A7(A) =0
and (8, % + 51, P2)|o—a = 0. Of course, the partial derivatives of the potential with
respect to the parameters # and w must also be independent of w, but it is easy to see
that this yields no new information about the parameters.

To summarise the progress so far, for the potential to exhibit degeneracy with respect
to w at the MPP scale minimum the restrictions on the Higgs self couplings are

As(A) = As(A) = Az(A) = 0 (6.9)

Brslo=a = (Br @] + B, P3)[a = 0. (6.10)
This means that near the MPP scale the potential (G1]) takes the form

VarlHi )~ (/M (@)9 — /Aa(@)8)? + (6.11)
(VAL (@A (D) + (@) + Aa(®) cos? 0) D22,

For A4(A) > 0 this potential is minimized for cos@ = 0. Since degeneracy with respect
to w can only be realised if cos§ # 0 this leads to the requirement that Ay < 0. In this
case the potential is minimized for cos® = £1. Then near the MPP scale minimum
the potential has the form

Vog(Hy, Hy) ~ \/)\1 D)D? — \/Ag(D)D2)? + \(D)D2D2. (6.12)
where A(®) = /A (®)\o(P) + Ag D) + Ay(D).

For the vacuum to be a stable minimum clearly A cannot be negative. However, if
A > 0 the potential has a greater than zero energy density and cannot be degenerate
with our current vacuum. The only option then is that

A=0. (6.13)

Furthermore, the minimum of the potential is reached for values of ®; and ®, such
that the condition

VAL(AN)D? — /A(A)D3 =0 (6.14)
is fulfilled. This requirement, along with the requirement that ®%+®3 = A?, determine
that

ﬁ)l/% (6.15)

®; = Acosy, ®y=Asiny, tany= ()\
2
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Since this represents a minimum of the potential the partial derivatives with respect
to ®; and ®, must vanish. When combined with the condition A = 0 and equation
(ET2) this leads to the requirement

Bl = Ly g + 55 ) + o+ Oullema =0 (0.10)

The potential is also minimized with respect to § and w but no information is gained
from this because partial derivatives with respect to € vanish when cos# = +1 and the
potential is degenerate with respect to w by construction.

To summarise the results of this section, the MPP conditions derived are

MA) = As(A) = Xg(A) = Az (A) = 0 (6.17)

and

O5la = Basla = (Brg @3 + 52, @3)[a = 0. (6.18)

Also, the condition cosf = +1 means that the vacuum expectation values of the Higgs
fields at the MPP scale vacuum are given by

0 0
)= (g )t = g ) (6.19)
where ®; and P, fulfill equation ([ETH).

6.2 Yukawa Couplings

In the most general 2HDM all quarks and leptons can couple to both Higgs doublets.
The largest couplings appear in the third generation for the ¢ and b quarks and the
7 lepton. Defining ) and L as the left handed third generation quark and lepton
doublets, the third generation Yukawa couplings may be written in the form

'CYuk - ht(H2€Q

)tk + g (H3Q)br (HYL) TR + :(H12Q)tR (6.20)
hb(HIQ)B +h,

(H|L)7r + h.c..

These couplings appear in the renormalisation group equations (RGEs) for the Higgs
self couplings, presented in Appendix A. Using the explicit forms of the beta functions
along with the MPP conditions (I7), (EI8), EI9) leads to two conditions that the

Yukawa couplings must satisfy at the MPP scale. Note that the Higgs fields can always
be defined so that g,(A) = 0. The first condition comes from the vanishing of 3y,

3hi(A)gi2(A) + h2(A)g?(A) = 0. (6.21)

The second condition comes from the condition relating (y,|x and (., |a,

3h2(A)g *Q(A)[\/ M) (A) > 4 /AL (A)]go(A)]
+h2 (M) g2 (M) [V A (M) (M) + VA (A)|g-(A)?] = 0. (6.22)
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In order that both of these conditions are satisfied simultaneously, it is required that
the b quark and the 7 lepton each couple to only one of the Higgs fields. There are
four possibilities which are labelled Models (I)-(IV).

Model T hy(

Model II  gy(A) = g-(A) =
Model TIT  Ry(A) = g,
Model IV gy(A) = h,

These are exactly the conditions required for the absence of FCNCs at tree level. Each
fermion field couples to only one of the Higgs doublets and the third generation Yukawa
couplings possess a U(1) symmetry (Peccei-Quinn symmetry). Precisely which U(1)
symmetry depends on which of the four models is correct but whichever one it is the
symmetry excludes FCNCs at tree level.

The MPP conditions also require that A\s(A) = A\g(A) = A7(A) = 0. If in addition the
mass term which mixes the two Higgs doublets, m3, is zero then the full Lagrangian
is invariant under a U(1) global symmetry. This global symmetry is spontaneously
broken when the Higgs fields aquire vevs leading to a massless axion [99],[T00]. In this

case the QCD 6 term [I01] [I02] [T03] is eliminated from the theory.

The MPP conditions do not, however, require that m% = 0 so there is no reason to
expect this to be the case. For mZ # 0 the U(1) symmetry is explicitly (softly) broken
in which case the QCD 6 term cannot be eliminated by an axion.

This does not destroy the suppression of FCNCs. The renormalisation group equations
for the Yukawa couplings and the Higgs self couplings are given in Appendix A. Given
the derived MPP conditions, these show that if the U(1) symmetry violating couplings
are zero (or small) at the scale A, they will remain zero (or small) at any scale below
A. (For example, A5, A\¢ and A7 remain zero (or small) below the scale A.)

The most stringent constraints on FCNCs come from processes involving fermions of
the first and second generations. So far, the symmetries which protect the theory from
FCNCs have only been derived for the third generation fermions.

The method used to show how the U(1) symmetry violating couplings are suppressed
for the third generation fermions cannot be generalized to all fermions. If other fermion
Yukawa couplings are not neglected they appear in the RGEs for the couplings A5, Ag
and A\;. Then the two constraint equations, (21]) and (2Z2), now contain extra terms
involving the other fermions’ Yukawa couplings. These equations cannot be used to
derive strong constraints on the Yukawa couplings.

To see how to achieve constraints on all fermion Yukawa couplings we must consider
the effective potential. The one loop contribution to the effective potential may be
written

1
6472
Here “Str” is the “super-trace” operator which counts the number of bosonic (fermionic)

degrees of freedom with a +(—) sign. Also, C is a diagonal matrix which depends on
the renormalisation scheme and p is the renormalisation scale.

| 2

M
Vi Str|M|*[In | e C). (6.23)
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The MPP scale minimum of the effective potential must be degenerate with respect
to w. This means all order partial derivatives of the effective potential with respect to
w must be zero. This can only be the case for the one loop contribution ([E23) if the
mass matrix M is independent of w.

The most general Yukawa Lagrangian not including neutrino masses of the 2HDM may
be written.

Ly = UriYui(H2eQp;) + DRz’XDz‘j<H;rQLj) + ERz‘XLz‘j<H;rLLj)
UriXuij(Hi12Q1;) + Dri¥pi(H{Qrj) + EriYiiy(H{Ly;)  (6.24)
Here Ug;, Dg; and Eg; are the i*" generation right handed up type quark, down type
quark and charged lepton respectively. Also, Qr; and Ly ; are the j™ generation left

handed quark and lepton doublets and the various X and Y matrices contain the
Yukawa couplings.

Define the mass matrices of the fermions through the relation

fuw = > (i 2) (0 ) () (6.25)

f=U,D,L

Then substituting the MPP scale Higgs vevs (BI9) into the Lagrangian (E24)) yields
the fermion mass matrices

MU = YUCI)Qei” + XUq)l
MD = XD(IDQGiw + YD(bl (626)
ML = XECIDQei” -+ YLq)l

The eigenvalues of the matrices M fM} are the absolute values of the fermion masses

squared. For the up type quarks the matrix MUM(T] is given by

My M}, = Yo Yi®? + Yy X[ @1 ®0e™ + XpVId, 0ge™™ + ViV 0?2 (6.27)

The eigenvalues of this matrix are independent of w if

Yy X} = XpYli=0 (6.28)

Similar reasoning for the down type quarks and charged leptons lead to the conclusion
that the masses are independent of w only if

YiXF=X;Y] =0 (6.29)

Through transformations on the right handed and left handed fermion fields it is always
possible to find a basis in which one of the Yukawa matrices for each species, Hy say,
is diagonal. Then applying ([E29) implies that the matrices can be written in the form

Un 0 0 T g 0 0
Yf = 0 Y, 0 ) Xf = 0 X, 0 (630)
0 0 Yrs 0 0 T fq
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where yy,.x 5, = 0 (note there is no summation here, the product vanishes for each value
of 7). This result shows that either y;, or x5, = 0. In other words, each fermion couples
to only one Higgs doublet. This guarantees that FCNCs are forbidden at tree level as
required by the experimental data.

When the Yukawa couplings take this form the Yukawa sector of the 2HDM is invariant
under extra symmetry transformations. Writing those right handed fermions which
couple to Hy with a prime (fj) and those which couple to Hy with two primes (f7)
these symmetries are

H1 — eio‘Hl

U;{z — eiO‘U}H

D;{Z — e’mDQ%Z- (6.31)
i — e e

and

H2 — esz

Ugl — Gngi

D} — e "D, (6.32)
i — e e,

These symmetries forbid the appearence of tree level FCNCs. All the terms which
break these symmetries in a general 2HDM are forced to be zero by the MPP with the
exception of the Higgs mass term m3. However, m3 does not contribute to FCNCs so
this is not a problem. Furthermore, all the terms which appear in the RGEs respect
these symmetries so the renormalisation group running does not cause the troublesome
terms to appear at scales below the MPP scale making the theory safe from FCNC
effects.



Chapter 7

2HDM Phenomenology

7.1 Quasi-Fixed Point in 2ZHDM

It can be the case that for a large range of parameters at a high energy scale the
solutions of the RGEs (see Appendix A) are concentrated around some particular
value at low energy scales. If the interval between the MPP scale and the electroweak
scale is large there will be a large range of parameters at the MPP scale which tend
towards such quasi-fixed point (QFP) values at the electroweak scale.

In this chapter the QFPs of the MPP inspired 2HDM are investigated. Firstly, the
Yukawa couplings are examined and are found to lead to a prediction for tan 3, the ratio
of the vevs of the Higgs doublets. Then the Higgs self couplings are examined followed
by the implications for Higgs phenomenology in terms of the scalar mass spectrum and
couplings to top quarks and gauge bosons.

7.2 Yukawa Couplings

7.2.1 QFP Solutions At Low-Moderate tan (3

Consider the case where only the top quark has a large Yukawa coupling. This is
guaranteed to be the case if the Yukawa couplings satisfy the conditions in Model 1.
In this case the bottom quark and tau lepton get their masses from the same Higgs
doublet as the top and their Yukawa couplings must be strongly suppressed in order to
generate the required mass hierarchy. It will also be the case if tan § is small compared
with my/my, since in this case also the b and 7 Yukawa couplings must be small in
order to generate the observed fermion mass hierarchy.

The RGE for the top Yukawa coupling h; is given in Appendix A. As noted before,
by appropriate redefinition of the Higgs fields the coupling ¢; may without loss of
generality be taken to be zero. Also, in the case currently considered the bottom and
tau Yukawa couplings may be neglected. This leaves the RGE

dhy 1 9 9 17

— = ——[hy=|he|® — (83 + = g5 + —g7)]. 7.1
Some transformations of the variables of this equation serve to simplify it somewhat.
Define Y; = (hy/4m)? and «; = (g;/47)* (note: don’t confuse this with the common

definition «; = ¢?/4mw. This normalization removes awkward factors of 47 from the
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RGEs). Also, change the variable ¢t = In(u) to ¢t = In(A?/u?). The equation then takes
the form

dY; 9

T —§Yf + V() cion) (7.2)

7

where ). c;a; = 8z + %Oég + %al. Then another change of variables, Y; = 1/ X, serves
to turn the equation into a linear equation,

dX 9
ERDSIE oa
The definition of a (first order) linear differential equation is that it is of the form
Yt play = (o) (74
and the general solution is
_ O+ Ju(x)q(x)de (7.5)

where C' is a constant and u(x) is an integrating factor defined as

u(z) = exp(/p(:c)d:c). (7.6)

Define the integrating factor for the top RGE to be E(t). This is given by

B(t) = expl [ 3 cauud) (7.7)

To find the integrating factor, the form of the running gauge couplings must be known.
The RGEs for the gauge couplings are
doy;

L= b’
dt “
where by = 7, by = —3 and b3 = —7. Defining the couplings in terms of «;(A), these
equations have solutions

(7.8)

a; ()
a;i(p) = m

Using the above expression for the functions a;(u) to find the integrating factor gives

ro-nf] Rl Rl R e

(7.9)

Using this expression the solution for the function X can be found

IF(t) + C.

X(n) = 2 (7.11)
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Here F'(t) is defined as

F(t) = /0 B (7.12)

Vi(u) = ) (7.13)
14—
TR
For A of order the Planck scale, the function F(¢) is found (via numerical integration)
to be about 170 when ¢ = ¢y = In(A%/M?) where M, is the pole mass of the top quark.
In this case the denominator of the above expression for Y;(u) is approximately equal
to 14 1/5h7(A). This means that when hy(A) = 1 the solution for the RGE becomes

approximately independent of h;(A). The solutions are gathered in the region of the
quasi fixed point (QFP),

f ~ 2E(t)
ht nu
3
2.5
2
1.5
1
0.5
| | | Log [ MPP?
20 40 60 09| 7|

Figure 7.1: Top Yukawa coupling hs(u) vs In(A%/p?) for A at the Planck scale. The
renormalisation group running is plotted for various values of the top Yukawa coupling
at the Planck scale.

The renormalisation group running for hy(u) is shown in figures [l and for the
MPP scale at the Planck scale (1.22 x 10 GeV) and at 10'* GeV respectively. These
plots show how the top Yukawa couplings are gathered near the QFP at the scale M,
for hy(A) 2 1.
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ht nu
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Figure 7.2: hy(p) vs In(A?/p?) for A = 10" GeV. The renormalisation group running
is plotted for various values of the top Yukawa coupling at the MPP scale.

The top running mass, m(u), is related to the Yukawa coupling,

he(pt)
m =

The running mass can also be calculated from experimental data. The running mass

is related to the pole mass via the two loop relation in the M S scheme [104],[105],

vsin(f). (7.15)

M M
(M) = M1 — 1.333% D) g 195 @s(Mo)
m m

2. (7.16)

Here a,(p) is the strong running coupling defined in the usual way, as(p) = g%(u) /4,
not to be confused with ag(p) which is smaller by a factor of 4.

The world average top mass is M; = 171.4 + 2.1 GeV [I06]. This gives a running
mass m;(M;) = 161.6 2 GeV. Using this experimentally determined value of the top
running mass and the solution for the running top Yukawa coupling ([ZI3)), the angle
[ can be determined via equation ([ZIG) if h;(A) is known.

Perhaps more usefully, a lower bound on tan # can be extracted. The QFP value for
the top Yukawa coupling given in equation ([ZI4]) represents an upper bound. This
translates into a lower bound on  which is calculated via equation ([Z1H).

Table 7.1: Lower bounds on tan (3

MPP scale (GeV) | tan(f)
1.22 x 10" 1.07
1013 0.91




7.2: Yukawa Couplings 106

Table [T shows the lower bounds on tan(f3) for A at the Planck scale and for A = 103
GeV. If A > 10" GeV and hy(A) > 1, tan 3 will be close to 1.

7.2.2 QFP Solutions At Large tan (3

If tan 3 is large it is no longer the case that only the top quark may have O(1) Yukawa
coupling. In this case the fermion mass hierarchy can be generated by the ratios of the
Higgs doublet vevs if the b and/or 7 masses are generated by different Higgs doublets
from the t quark.

In model IV hy(A) and g.(A) are non-zero. In this case the 7 lepton gets its mass from
the same Higgs doublet as the t quark so it must be strongly suppressed and may safely
be neglected. The b quark, however, gets its mass from the other Higgs doublet and so
can be large.

The RGEs describing the evolution of h;(u) and hy(p) take very similar forms (Ap-
pendix A). In fact, if g; (which doesn’t have a large effect on the running) is neglected
and if the Yukawa couplings are equal at the scale A then the equations are invariant
under interchanging h(u) and hy(p). In this limit, and defining Yy (1) = (hy(p)/47)?,
the solutions for the RGEs are

Ey(t)

Yil) = Vi) = — 1) (7.7

1 -
TR (h)

where Yy = Y (A) = Y, (A) and
8/7 3/4 t
a3<u) 042(:“) / / !
Ei(t) = Fi(t)= [ Ey(t)dt. 7.18
= |22 R - [ e (7.18)
For large values of Yj the solutions are gathered in the vicinity of the QFP,
By (to)
S5F1Fy(to)

The b quark running mass is related to its Yukawa coupling at the scale M; via the
equation

Y0 ~ Y, () ~ (7.19)

hy (M)
V2
For hy(M,) =~ hy(M,;) this means tan(3) ~ m;(M,;)/my(M;) ~ 55 —60. Using this value

of tan(3) leads to a running top mass in excess of 200 GeV which is unacceptably large.
This rules out the QFP solution in model IV.

In model III g,(A) and h.(A) are non-zero. The coupling h,(A) can be large but g,(A)
must be highly suppressed (in order to generate the required mass hierarchy between

the b and t quarks). Neglecting ¢,(A) the RGEs (Appendix A) for hi(p) and A ()

my(My) = v cos(f). (7.20)
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are independent. The solution for the top Yukawa is given by equation (ZI3) and the
solution for the 7 Yukawa in terms of Y, () = (h,(u)/4m)? is found to be

28, (1)

YA - (7.21)

5Y, (M) E5 (1)

where

En(t) = ngiﬂw {jig/‘(ﬂ_w%, Fy(t) = /0 t Ey(t)dt'. (7.22)

The QFP value for the 7 mass is obtained in the limit where Y, (A) becomes large,
2E5(to)
yafp — 2221°0) 7.23
i 5F5(ty) (7:23)

The running mass of the 7 lepton is given by

_ h, (M)

V2
Using the fixed point solution for h.(M;) leads to tan 3 ~ 100. Such a large tan (3 leads
to a running top mass in excess of 200 GeV which is unacceptably large. This means
the QFP solution is also ruled out in model III.

m, (M) v cos(). (7.24)

The most tricky case is for model II where hy(A), hy(A) and h.(A) may all be large. In
this case more advanced techniques are needed.

In the Yukawa coupling parameter space there is an object called the invariant line.
The invariant line is such that if the boundary values of the parameters are on the
line (i.e. at ¢t = 0) then the parameters will remain on the line when evolved with the
RGEs (i.e. for all t). Solutions of the RGEs often are attracted to the invariant line.
In particular the QFPs are located on the invariant line [T07], [I08],[T09].

The QFPs regime corresponds to the case when the Yukawa couplings at the MPP scale
are large. The gauge couplings are relatively small at the MPP scale so the invariant
line can be located in the ultraviolet (UV) limit by looking for fixed points in the limit
where the gauge couplings go to zero. In this region the equations take the form

dY; 9., 1
— = —=Y‘—-YY
dt gt T gttth
dY; 9 1
d—tb - —5 b2 - 53/;5% +Y7—va (725)
dyY, D g
= ——Y*-3Y.Y
dt g lr =3k

where t = In(A?/p?). Then, differentiating the ratio of Y3 and Y; gives

dYbY dY;
d Yoy gt "t
—(=) = . 7.26
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Substituting in the derivatives from equation (L2H) and simplifying then gives the
equation

Y, Y;
41—+ — =4. 7.27
v, Ty (7.27)
Similarly, differentiating the ratio of Y, and Y; leads to the equation
: Y
5—+5—==0. 7.28
v, 7oy =Y (7.28)

Soving these simultaneous equations leads to the conditions for the UV fixed point in
the gaugeless limit,

11
Yo = Y
16
Y, = =V, 7.29
157 (7.29)

Starting with large values of Yukawa couplings which fulfill the above conditions at the
MPP scale and numerically evolving the couplings produces the invariant line to which
all solutions converge. Evolving this line down to the scale of M, locates the vicinity
of the QFPs at this scale [107],[I08],[T09]. Using the running 7 mass to find tan § in
this model allows the running ¢ and b masses to be calculated.

The top running mass is again found to be in excess of 200 GeV which is too high
while the bottom running mass is found to be less than 2.5 GeV which is too low. This
shows that the QFP solution is not viable in model II either. Consistent realisation
of the QFP scenario is only possible in the case when only h; is large and in this case
tan # can be found via comparison with the top running mass and is found to be of
order 1 for large values of the MPP scale.

7.3 Higgs Self Couplings

The technique of finding UV fixed points in the gaugeless limit and evolving them down
to the scale of M; may also be used to find QFPs for the Higgs self couplings. It will
be useful to define R;(u) by

-3

Recall that in our model only the top quark has a non-negligible Yukawa coupling and
the Higgs self couplings which are non-zero at the MPP scale are A, Ao, A3 and 4.

. (7.30)

The RGEs for the \; are given in appendix A. In order to rewrite these equation in
terms of the ratios R;, we differentiate R; with respect to ¢ = In(A?/u?),

dR; 1 d\ dhy
= (% gt 7.31
dt hf(dt Rihr) (7.31)

In the gaugeless limit the RGE for A, is

dhy 1

dt 1672

9
th. (7.32)
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Substituting this into equation ([Z3Tl) gives

A\ AR 1 9,
pr el v RS (7.33)

Using this equaiton to rewrite the RGEs in terms of the ratios R; gives

1%2 % — 12R? 4 AR} + 4RyR, + 2R? — OR,
- 125 % = 12R%+ 4R + 4R3Ry + 2R% + 3R, — 12
N 1?; % — 2(Ry + Ry)(3Rs + Ry) + 4R% + 2R? — 3R, (7.34)
_ %Tg% 9Ry(4Ry + Ry + 4Rs + 2Ry) — 3Ry,

In order to locate UV fixed points in the gaugeless limit we look for values of the
functions R; such that

dR;
dt

This leads to four algebraic equations involving Ry, .., R4. These equations have six
solutions with all the R; real,

—0. (7.35)

Table 7.2: Values of R; satisfying equation ([Z3H)

Solution Rl RQ R3 R4
1 0.75 | -1.133 0 0
il 0 -1.133 0 0
il 0 0.883 0 0
iv 0.742 | 0.880 | -0.166 | 0.259
v 0.75 | 0.883 0 0
vi 0.742 | 0.880 | 0.099 | -0.259

Solutions which are compatible with the MPP must fulfill the MPP conditions for
vacuum stability,

M(®) >0, (D) >0 AP)>0 (7.36)

which must be fulfilled for all ® between the electroweak scale and the MPP scale.
This immediately implies that solutions (i), (ii) and (iii) are not valid.

Furthermore, the fixed point should be a stable fixed point, which means that small
deviations should tend to die off. To examine the behaviour of small deviations write

Ri(t) = RY + r(t) (7.37)
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where the R? solve equation (Z33) and r;(¢) is small. To linearise the RGEs, we perform
a Taylor series expansion around R; = RY. The linearized system of equations is

4
dTZ‘ aﬁR 85}3 h?
— = : Tj, : = _2—2aij (738)
dt = aR] Rj:RO 8R] Rj:R? 167
J
where the matrix a;; is given by
24RY — 9 0 8RI + 4R) 4(RY + RY)
0 24R9 + 3 S8R + 4R 4(RY + RY)
Aij = 0 0 0 0 0 0 0_ 0 0 0
6R; + 2R, 6R;+ 2R, 6R]+6R;+8R;—3 2R} 4+ 2R + 4R,
2RI 2RI SRY 2RY + 2Ry + 8RJ + 8R} — 4

The fixed point is stable when the eigenvalues of this matrix are positive. This rules
out solutions (iv) and (vi) so only solution (v) is valid. Solution (v) may be written as

3
R1 — Z
65 —1
Ry — \/_T (7.39)
Ry —
Ry —

The position of the QFP at the electroweak scale is found by numerically evolving the
couplings via the RGEs using the above equations as boundary conditions and a large
top Yukawa coupling. This gives

AP — 0,465
AP~ 0.946
AP~ 0,015 (7.40)
AP — 0,018
AP — 0631,

The MPP conditions (E17) and (EI8) require

A(A) = 5 1, = 0. (7.41)
These lead to conditions that the Higgs self couplings must satisfy at the MPP scale,

6hi (M)A (A) B
(VAL(A) + /A2 (A))?
M) = —v/MAMa(A) — A(A). (7.42)

Here A\4(A) < 0. These conditions show that if values are chosen for A\;(A), A\2(A) and
hi(A), these will set the values for A\3(A) and A\g(A).

M) = 2 (AM(A) — 2 (B04(N) + 263N A) + gi(A)
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There are restrictions on the allowed range of A\;(A) and Ay(A). The quantity A\3(A)
must remain greater than zero. For example, when A\j(A) = Ao(A) = Ao this leads to
the restriction

o < 2O 30000 + 20300)6200) + 0 (4)) (7.43)

The other restriction on the allowed range comes from the vacuum stability condition.
The function A(z) must remain positive for all ;2 between the electroweak scale and
the MPP scale, otherwise there is another minimum of the potential with much lower
energy than our current vacuum.

These conditions constrain the values of A\j(A) and Ay(A) to be close to the UV fixed
point values. For example, let us set Aj(A) = A\y(A) = Ag. Then, taking h,(A) = 1.5
and setting the MPP scale to be the Planck scale, numerical studies show that Ry must
lie between 0.79 and 0.86. The lower limit comes from the vacuum stability condition
and the upper limit from the condition A?(A) > 0.

Increasing hi(A) narrows the range of allowed values for Ry. Taking h:(A) = 2.5, Ry
is constrained to lie in the range 0.83 to 0.87. On the other hand, the bounds are less
tight if the MPP scale is lowered.

The running of the Higgs self couplings is examined in figures below. Here
the solid thick line is the QFP solution and the other lines are solutions satisfying the
MPP boundary conditions. Since there is a close relation between h;(A) and Ao(A)
these are varied simultaneously with each curve representing a solution for a different
pair (h¢(A), A\g(A)). The solid thin line is for (2.65,6), the dot-dash line is for (2.3,4.5),
the dashed line is for (1.9,3) and the dotted line is for (1.35,1.5).

These plots show that the convergence to the fixed point is strong for A;, Ay and A3
but is weaker for Ay and A (because it depends on \;). Also, note that Ay < 0 which is
necessary if the minimum of the potential is to preserve electric charge.

7.4 Higgs Masses

The Higgs doublets aquire vevs which trigger EWSB with (H;) = vsin 8 and (Hs) =
vcos 5. The Higgs doublets may be written in terms of the field basis (h, H), defined

through the relation
h\ cos3 sinf H,
(H)_<—sinﬁ COSﬁ)(Hg)' (7.44)

In this basis (h) = v and (H) = 0 so all the symmetry breaking comes from the doublet
h. Also, all components of h other than the neutral CP-even component are eaten by
the W and Z bosons via the Higgs mechanism, whereas H contains the charged =,
the neutral CP-odd A and another neutral CP-even scalar.

The pseudoscalar (CP-odd) state aquires a tree level mass

2m3
sin 23

(7.45)

m5 =
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Figure 7.3: A\y(u) vs In(p?/A?) for A at the Planck scale. The solid thick line is the QFP
solution (the invariant line). The other lines are for various values of (h(A), A\o(A))
where \g(A) = A(A) = A2(A) and then A3(A) and A\y(A) are chosen so as to satisfy
the MPP boundary conditions. The solid thin line is for (h;(A), Ag(A)) = (2.65,6), the
dot-dash line is for (2.3,4.5), the dashed line is for (1.9,3) and the dotted line is for
(1.35,1.5).
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Figure 7.4: Ay(p) vs In(p?/A?) for A at the Planck scale. The solid thick line is the QFP
solution (the invariant line). The other lines are for various values of (hi(A), Ao(A))
where Ag(A) = A (A) = A2(A) and then A3(A) and Ay (A) are chosen so as to satisfy
the MPP boundary conditions. The solid thin line is for (h;(A), Ag(A)) = (2.65,6), the
dot-dash line is for (2.3,4.5), the dashed line is for (1.9,3) and the dotted line is for
(1.35,1.5).



7.4: Higgs Masses 113

| anbda3

Figure 7.5: A3(u) vs In(u?/A?) for A at the Planck scale. The solid thick line is the QFP
solution (the invariant line). The other lines are for various values of (h(A), A\o(A))
where \g(A) = A(A) = A2(A) and then A3(A) and A\y(A) are chosen so as to satisfy
the MPP boundary conditions. The solid thin line is for (h;(A), Ag(A)) = (2.65,6), the
dot-dash line is for (2.3,4.5), the dashed line is for (1.9,3) and the dotted line is for
(1.35,1.5).
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Figure 7.6: A\y(p) vs In(p?/A?) for A at the Planck scale. The solid thick line is the QFP
solution (the invariant line). The other lines are for various values of (hi(A), Ao(A))
where Ag(A) = A (A) = A2(A) and then A3(A) and Ay (A) are chosen so as to satisfy
the MPP boundary conditions. The solid thin line is for (h;(A), Ag(A)) = (2.65,6), the
dot-dash line is for (2.3,4.5), the dashed line is for (1.9,3) and the dotted line is for
(1.35,1.5).
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Figure 7.7: A(u) vs In(p2/A?) for A at the Planck scale. The solid thick line is the QFP
solution (the invariant line). The other lines are for various values of (h(A), A\g(A))
where \g(A) = A(A) = A2(A) and then A3(A) and A\y(A) are chosen so as to satisfy
the MPP boundary conditions. The solid thin line is for (h;(A), A\o(A)) = (2.65,6), the
dot-dash line is for (2.3,4.5), the dashed line is for (1.9,3) and the dotted line is for
(1.35,1.5).

and the charged state gains a tree level mass

A
m2y =m? — 222, (7.46)
The mass terms mix the 2 neutral CP-even scalars. The mass matrix has the form
M2 M?
M? = ( i 12 ) 7.47
MM, (7:47)

where, at tree level,

A
ME = (Mcos* B+ Mgsin® B+ = sm 228)v?

2
Mz, =Mz, = %(—)\1 cos? 3 + Agsin? B + A cos 2(3) sin 23 (7.48)

2
M2, = mi+%xxam&—2maﬁzﬁ

and A = A3 + A\s. Note, dependence on m? and m3 has been eliminated using the
equations for the extrema of the potential.

Define the lighter of these CP-even scalars to be h; and the heavier to be hy. Then,
the masses are given by the eigenvalues of the mass matrix,

1
My = 5 (M + M3y T ) (M3, — MP)2 4+ 4M}), (7.49)
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The mass eigenstates h; and hy are related to the original fields H; and H, via the

transformation
hy \ cosa  sina HY — vy
( hq ) N ( —sina cosa ) ( HY — v, (7.50)

where the mixing angle « is given by

(Av? — m?) sin B cos 3

2 o2 2 a2 2 -
m? sin” 8+ Ajv? cos® f —my,

tana =

(7.51)

Other than m3 (or equivalently m?%) the parameters which determine the Higgs masses
can be obtained by evolving the RGEs with appropriate boundary conditions at the
MPP scale down to the electroweak scale. This allows the scalar masses to be predicted.

We choose R;i(A) = 0.75, Ry(A) = (v/65 — 1)/8 (the values taken at the UV fixed
point) and take R3(A) and R4(A) to fulfill the MPP condtions (CZ2). Taking the MPP
scale to be the Planck scale and h?(A) = 10, the scalar mass spectrum is plotted as
a function of m, in figure [LY The thick solid line is the light CP-even Higgs, the
thin solid line is the heavy CP-even scalar and the dotted line is the charged scalar.
Recall that these scalar masses are computed from the renormalisation group improved
effective potential, so they contain the leading logarithms of the one-loop potential.

Mass [(eV]
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Figure 7.8: The scalar mass spectrum as a function of my, the CP odd Higgs mass,
for h?(A) = 10. The thick solid line is the light CP even Higgs, the thin solid line is
the heavy CP even Higgs and the dashed line is the charged Higgs.

Figure [ shows how the scalar mass spectrum changes for h?(A) = 2.25, with the
other parameters the same as for figure [[8

The mass of the lightest CP-even Higgs is relatively insensitive to the mass of the
pseudo-scalar my4. For h?(A) = 10 the mass of the lightest Higgs is below 113 GeV



7.5: Higgs Couplings 116

Mass [(eV]

600
500}
400
300
200}
100%

100 200 300 400 500 600™AICEV]

Figure 7.9: The scalar mass spectrum as a function of my, the CP odd Higgs mass,
for h?(A) = 2.25. The thick solid line is the light CP even Higgs, the thin solid line is
the heavy CP even Higgs and the dashed line is the charged Higgs.

even for my as large as 600 GeV (figure [CH), whilst for h?(A) = 2.25 this is raised to
120 GeV (figure [[J). The masses of the heavy CP-even Higgs and the charged scalar
by contrast strongly depend on the parameter m,, being given by m,4 plus terms of
order v?/m?.

7.5 Higgs Couplings

In this section the couplings of the Higgs to weak gauge bosons and the top quark are
examined. These couplings are important because they control the generation of Higgs
bosons at the LHC.

The coupling of the neutral scalars to Z bosons takes a particularly simple form in the

field basis (h, H) [I10].

Ly, 7= gMZZuZ“h + gZ“[H(auA) — (8,H)A] (7.52)

However, these are not the mass eigenstates. After transforming to the mass eigen-
states, which are given by equation (L), both the light h; and the heavy hy couple
to Z pairs and to a Z and an A.

These couplings may be parameterized as gzzp,, = RZZthMZ and gzan, = gRZAhi.

They may be expressed in terms of the angles o and 5 [T11],

RZZh1 = _RZAhg = sin(ﬁ — Oé) (753)

Rzzh, = Rzan, = cos(f — a). (7.54)
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Similarly, the coupling to W pairs may be defined as gwwn, = g w Rwwhn, where

Rwwn;, = Rzzn,-

In the original Higgs field basis the top quark coupled only to Hy. The coupling is
given by h; which is proportional to 1/vsin 3. The coupling to the mass eigenstates is
then determined by the mixing angle a. The couplings may be defined to be the SM
coupling multiplied by an R-factor,

Rin,. (7.55)

Then

(7.56)

The R-factors parameterizing the couplings of the Higgs to the top quark and weak
gauge bosons can be calculated from the coupings \;(M;) and hy(M;). The MPP scale
is taken to be at the Planck scale and hZ(A) is taken to be 10, firmly in the QFP
regime. The couplings A;(A) and Ay(A) are calculated using the UV fixed point values
Ry = 0.75 and Ry = 0.833, whilst A3(A) and A\4(A) are found using the MPP conditions
ey,

The R-factors found are plotted in figures [T and [LTIl. Here the solid lines denote
the coupling of the light Higgs h; and the dotted line denotes the coupling of the heavy
Higgs hs.

cooo

100 200 300 400 500 §00M-AICEV]

Figure 7.10: The R-factors for the Higgs-gauge boson couplings with A at the Planck
scale and h?(A) = 10. These denote the modification to the coupling of the Higgses to
the W and Z gauge bosons. The solid line is for the light Higgs and the dashed line is
for the heavy Higgs.

At such a large MPP scale the couplings of the light Higgs to Z is within about 10%
of the SM value for all m4, and extremely close for m4 2 200 GeV. The coupling of
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Figure 7.11: The R-factors for the Higgs-top couplings with A at the Planck scale and
hZ(A) = 10. These denote the modification to the coupling of the Higgses to the top
quark. The solid line is for the light Higgs and the dashed line is for the heavy Higgs.

the light Higgs to the top quark is strongly suppressed for very low values of m 4, less
than about 200 GeV. However it too approaches the SM value for m, = 300 GeV.

Low values of m 4 are disfavoured by data on B — X, v decays. For example, in model
IT the charged scalar mass is constrained to be greater than 350 GeV [I12]. This means
the couplings must be very close to the SM values.

The situation does not change dramatically when h?(A) is lowered to 2.25 as shown in
figures and [LT3 This is to be expected since the couplings should still be close
to their QFP values.

Data from LEP [IT3] constrains the mass of the Higgs. The Higgs was searched for in
so-called Higgsstrahlung processes, where e e~ — ZH. This means the constraints on
the Higgs mass depend on the coupling of the Higgs to the Z boson.

As is shown in figures [LI0 and [LT2, the QFP scenario at large MPP scales implies
that Rzzn, > 0.85 across the whole range of m 4. Comparing this with Figure 10 of
reference [I13], this can be seen to lead to a slight relaxation of the constraints on the
mass of the Higgs from My > 114.4 GeV at 95% C.L. in the SM to My = 113 GeV.

Non-observation of the Higgs at LEP thus rules out most of the parameter space for
the QFP scenario at large MPP scales, since the mass of the lightest Higgs in this
scenario is below the LEP bounds.

The situation changes when low values of the MPP scale are considered, for instance
A =10 TeV. In this case the convergence to the QFP is very weak and represents only
an upper bound on hy(M;) and correspondingly an upper bound on tan 3.

The values Ry = 0.75 and Ry = 0.883 are used as a benchmark, with R3 and R, chosen
to satisfy the MPP conditions. Using these values along with hZ(A) = 10, the scalar
mass spectrum can be found. This is shown in figure [T As before, the thick line
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Figure 7.12: The R-factors for the Higgs-gauge boson couplings with A at the Planck
= 2.25. These denote the modification to the coupling of the Higgses
gauge bosons. The solid line is for the light Higgs and the dashed line
Higgs.

scale and h?(A)
to the W and Z
is for the heavy
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Figure 7.13: The R-factors for the Higgs-top couplings with A at the Planck scale and
h?(A) = 2.25. These denote the modification to the coupling of the Higgses to the top
quark. The solid line is for the light Higgs and the dashed line is for the heavy Higgs.
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is the light Higgs, the thin line is the heavy Higgs and the dotted line is the charged
Higgs.
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600}
500}
400
300}
200
1007

100 200 300 400 500 00M™-AIGV]

Figure 7.14: Higgs mass spectrum for A = 10 TeV as a function of my4, the CP odd
Higgs mass. The thick solid line is the light CP even Higgs, the thin solid line is the
heavy CP even Higgs and the dashed line is the charged Higgs.

The R-factors in the low MPP scale scenario are plotted in figures and [LTA The
solid lines denote couplings of h; and the dotted lines denote couplings of hy. It can
be seen that Rzzp,, = 0.81 across the range of m 4 which translates into a Higgs mass

bound from LEP of My 2 112 GeV at 95% C.L..

In this scenario, the mass of the lightest Higgs is comfortably above the LEP limit for
all allowed values of m 4, as can be seen in figure [CT4

In this case the couplings of the light SM-like Higgs to the top quark are enhanced
considerably due to the low values of sin 5. Even for m, = 600 GeV the coupling is
enhanced by 25% relative to the SM. The cross section is correspondingly boosted by
a factor of about 1.5-2.5. This allows the MPP inspired 2HDM with low MPP scale
to be distinguished from the SM and supersymemtric extensions of the SM even if the
extra scalars are heavy (2 500 — 700 GeV).
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Figure 7.15: R-factors for Higgs-gauge boson couplings with A = 10 TeV. These denote
the modification to the coupling of the Higgses to the W and Z gauge bosons. The
solid line is for the light Higgs and the dashed line is for the heavy Higgs.
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Figure 7.16: R-factors for Higgs-top couplings with A = 10 TeV. These denote the
modification to the coupling of the Higgses to the top quark. The solid line is for the
light Higgs and the dashed line is for the heavy Higgs.



Chapter 8

Summary and Conclusions

The hierarchy problem motivates the search for new physics beyond the standard
model. The Higgs mass suffers from a quadratic instability in its mass term which
requires the introduction of new physics to avoid unnatural fine-tuning. However,
there is a tension between naturalness, which favours new physics at a low energy
scale, and the electroweak precision constraints, which favour a high energy scale for
new physics.

Little Higgs models provide an innovative and interesting solution of the hierarchy
problem. The Higgs is taken to be a pseudo-Goldstone boson associated with the
spontaneous breakdown of some global symmetry at the scale of about 10 TeV. A
Higgs mass is generated through radiative corrections, but global symmetries prevent
any diagram involving only a single (large) gauge or Yukawa coupling from generating a
contribution to the Higgs mass. In particular, no quadratically divergent contribution
is present below the two-loop level, with the leading order contribution coming from
one-loop logarithmically divergent diagrams. This leads to a naturally light “little
Higgs” without violating the electroweak precision constraints.

Two particular Little Higgs models, the Littlest Higgs and the Schmaltz model, were
examined in detail as representative of the two broad classes of Little Higgs models,
namely the product group and simple group classes respectively.

A detailed exposition of the Littlest Higgs model was performed, resulting in the cor-
rection of some mistakes in the literature. In particular, the correct mixing angles of
the t and T" quarks were found and used to calculate the couplings of these quarks to
scalars.

Along the same lines, a detailed analysis of the Schmaltz model was undertaken. The
masses, mixing angles and couplings of particles in the weak gauge boson and top
sectors were calculated up to terms of order v*/f* which is necessary for detailed
phenomenological investigations.

The results of this analysis were applied to calculate corrections to loop induced inter-
actions of the Higgs boson. In the standard model, the Higgs can interact with gluon
pairs via top quark loops, and with photon pairs via loops of top quarks or W bosons.
Little Higgs models introduce corrections to these processes both due to modification
of the standard model couplings and through the introduction of new paricles (such as
the T" quark and heavy gauge bosons) which can run in the loop.

The Little Higgs corrections to these processes tend to be relatively small, typically no
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more than 10-20%. The largest corrections for a given value of f arise in the Schmaltz
model if the ratio fy/f; is large.

The prospects for observing this discrepancy are not so good. The best chance is at
a photon collider which can measure the coupling of Higgs to photons to within 2
or 3%. However, NLO QCD corrections are expected to be larger than the one-loop
Little Higgs corrections calculated meaning that higher order calculations would be
required in order to use these processes to distinguish the Little Higgs scenario from
the standard model.

Higgs pair production via gluon fusion at the LHC was also examined in both the
Littlest Higgs and the Schmaltz models. Due to the complexity of this process it was
necessary to use automated techniques to evaluate the cross section. It was found that
the corrections are typically less than 20%, but can be significantly higher in certain
regions of the parameter space of the Littlest Higgs model where f < 2 TeV and when
x 2 0.85, i.e. when the vev of the scalar triplet is comparatively large. However,
factorisation scale uncertainty along with prohibitively large QCD backgrounds mean
that even in this scenario the Little Higgs model corrections are not observable.

In addition to Little Higgs models, this thesis also investigated the consequences of
applying the multiple point principle (MPP) in the two Higgs doublet model (2HDM).
The MPP posits that nature tunes the values of the parameters of the theory such that
there is a large set of vacua degenerate with our current vacuum. This condition was
shown to result in a Peccei-Quinn type symmetry which naturally suppresses flavour
changing neutral currents.

Particular attention was paid to the quasi-fixed point (QFP) regime of the MPP in-
spired 2HDM. For large values of the MPP scale the top quark Yukawa coupling was
found to be well approximated by the QFP value at the weak scale for a large range
of values at the MPP scale. This allowed the ratio of the doublet vevs, tan 3, to be
calculated from the running mass of the top quark. In addition, the QFP scenario with
large b or 7 Yukawa couplings was ruled out, because it leads to phenomenologically
unacceptable large values of the running top mass.

Numerical solution of the renormalisation group equations, using the MPP conditions
as boundary conditions, allowed the Higgs mass spectrum to be calculated as a function
of the mass of the pseudo-scalar. The couplings of the lightest Higgs to top quarks and
weak bosons were also found. The mass of the lightest Higgs tends to be below the
LEP bounds when the MPP scale is taken to be the Planck scale (=~ 1.22 x 10 GeV)
although one-loop corrections to the scalar masses are large so this does not rule out
the Planck scale MPP scenario.

The most interesting scenario is if the MPP scale is low. In this case the couplings of
the lightest Higgs can be substantially modified. Taking the MPP scale to be 10 TeV
the coupling of the light Higgs to the top quark is enhanced by 25% or more.
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Appendix A
2 Higgs Doublet Model 3 Functions

The renormalisation group equations describing the evolution of the Higgs self-couplings
in a 2 Higgs doublet model are presented below. Here, the definition of the beta func-
tions are

)\
O =g

where ¢ = 1..7 and ¢ is defined to be In u where p is the renormalization scale.

(1)

All Yukawa couplings other than those of the third generation are neglected. Also,
X¢ and A7 are taken to be zero since this will always be the case in this thesis. The
renormalization group equations are

1 9, 3 3
o = 1o [12XF+ AN+ ks + 200+ 20 + g3 + Dodef + Lo
—Ai(3(395 + g7) — 12|ho|> — 4|1, |?) — 12|hy|* — 4| A |"]
1 9, 3 3
b = 163 [12X2 + 402 + 4y + 202 4+ 20 + 193 + 5939? + Zgi*
—X2(3(3¢5 + g7) — 12|hy|* — 12| ge|* — 4]g; ) — 12|Ry|* — 12[gs|* — 4|9, ["]
1 9 . 3 3
Brs = 16,2 2001 + X2) (B3 + Ag) +4A5 + 207 4 2|As)* + 193 + 5939% + Zgil

—X3(3(395 + 1) — 6|h|* = 6]ge|* — 2[g-|* — 6]hs|* — 2|7, [*) — 12|hy[* | hy|?
_12|h’b‘2|gb|2 - 4|h7‘2|g7'|2]

B = TolAO A+ AN+ 20 4 8l + 3636 - MBGE Hg)  (2)
—6[7y|* = 6]gs|* — 2[g-* — 6[Re|* — 2|77 [?) + 12]R|* [ |* — 12| P || gi|*
—4(h.|?|g-|*

Brs = #[2)\5()\1 + Xo 4 4Xs + 6Xg) — A5 (3(3g3 + g7) — 6] he]* — 6]gy|?

—2[g-|* = 6[h|* = 2|h|*) — 1205 g;* — 4h7 g7

Brs = 1617r2 (A1 + As 4+ M) (Bgshs + hegs) + Xs(3hygs + hirgr) — 12| he[*hygy
—4|h.|*hrg;]

B = ﬁ[@l + X3+ M) Bgshe + hegl) + As(3hig6 + higr) — 12| g5 *hugy
—41g-*h-g;]

The renormalization group equations for the Yukawa couplings will also be required.
These are given by
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dg,
dt

dhy
dt

dgs
dt

dh,
dt

49
dt

dh,
dt

1
1672
9 17
_ 2 e 2 - 2
9t(893+492‘Jr 1291”
1
1672
9 17
—hi(8g3 + 795 + 1591
1
1672
9 5
—5(893 + 193 + EQ%)]
1
1672
9 5
—ho(8g3 + 795 + 1597)]
1
1672
9 15
—9-(395 + 7 97)]
1
1672

9 15
—hT(ZQS + ZQ%)]

9 9 3 1 " «
[gt(§|gA2*+'§|hﬂ2*+'§|hbf‘+*§|gbf + |he*) + he(gohi; + g-h%)
9 9 1 3 .
V%(§W9ﬂ2‘+'§|hﬂ2‘+'§|hbp‘+’§W9d2‘*|QTF)‘+£h(hbgb‘+'hrgT)
]‘ 2 3 2 9 2 9 2 2 * *
[9b(§\9t\ + 5\}%\ + §\hb\ + §\gb| +19-17) + ho(gehy + g-hy)
3 2 1 2 9 2 9 2 2 * *
[hb(§|gt| ol + Slhel™ 4 Slasl” + [Ar ) + go(hegy + hegy)

) 3 * *

3V + 3la” + SVhel? + 21g:[?) + 3hauh + )

D )
o (3l1f? + 31l + 2| + 17 ) + 39 (ogi + i)

(3)
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