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Abstract 
We compute the Higgsstrahlung cross section, e+ e~ —> Z° H, in an 

50(5) x U(1)B-L gauge-Higgs unification model, the Minimal Composite Higgs Model 

(MCHM) with the Medina-Shah-Wagner fermion embedding. We observe that the 

MCHM cross section is strongly suppressed at high energies in comparison with that 

of the Standard Model due to cancellations between successive Kaluza-Klein coupling 

contributions. We further investigate the role of particle mixing and decay widths in 

the cross-section couplings and behaviour. Finally, we determine that several charac

teristics of the model couplings which lead to this suppression - notably the magni

tude and sign of the first KK mode coupling - are observable at an electron-positron 

collider such as the proposed International or Compact Linear Colliders. 
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Chapter 1 

Introduction 

In the Standard Model (SM) of particle physics, subatomic particles acquire mass 

when they interact with a single elementary particle called the Higgs boson. However, 

the SM Higgs mechanism has at least two problems First, the flavour puzzle it 

cannot explain why the masses of leptons and quarks fall into an ordered pattern 

Second, the hierarchy problem though loop diagrams contribute terms on the Planck 

scale (Mp sa 1019 GeV) to the calculation of the Higgs mass, the Higgs mass is required 

to be on the weak scale Mw « 100 GeV Eliminating the Planck scale terms m the 

SM requires an undesirable and extreme fine-tuning of the model parameters 

Both problems can be solved by constructing a quantum field theory in a 

warped five-dimensional (5D) Anti-de-Sitter (AdS) spacetime bounded by two four-

dimensional (4D) boundaries, an idea first proposed by Randall and Sundrum m 

1999 [1] The curvature of the fifth dimension causes the energy scale to decrease 

exponentially such that the first boundary has energies up to the Planck scale while 

the second has energies only up to the weak scale The hierarchy problem can be 

solved by placing the Higgs boson near the weak-scale boundary, causing any large 
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mass contributions to be 'warped down' to the weak scale. The flavour puzzle can 

also be explained by the locations of the leptons and quarks in the fifth dimension, 

as particles close to the Higgs boson will have large masses while those farther away 

will have smaller masses. 

According to the AdS/CFT conjecture [2], Randall-Sundrum (RS) models can 

be identified with a four dimensional strongly coupled conformal field theory (CFT4); 

integrating the 5D theory over the fifth dimension provides an effective picture of 

this CFT. In this effective 4D perspective, the theory contains an infinite tower of 

4D excitations - known as Kaluza-Klein (KK) modes - for each 5D particle; the zero 

modes of these towers correspond to Standard Model particles. Furthermore, as it is 

a 5D theory each four dimensional gauge boson must also have an associated scalar 

fifth component. As such, RS models have a much larger particle spectrum than the 

Standard Model. However, the masses of the higher order KK modes are constrained 

to be above a mass scale M\~\~ defined by the length of the fifth dimension, which must 

be larger than 1 TeV. Therefore the new Large Hadron Collider at CERN will be the 

first accelerator with the energy reach to observe the proposed extra particles. 

A promising class of Randall-Sundrum models are those which employ Gauge-

Higgs Unification (GHU), where the Higgs boson arises naturally as the scalar fifth 

component of one the gauge bosons. These models are dual to a 4D CFT that in

cludes a composite1 Higgs boson. The goal of this thesis is to gain a better theoretical 

understanding of how this composite Higgs interacts with other particles, how its fi-

1 I t should be emphasized that for the purposes of this work the term 'composite' is meant to 

imply that a particle is not point-like, but has some finite size which influences its interactions with 

other particles. We do not propose to directly probe the constituents of the Higgs, or to comment 

upon the nature of its internal structure. Indeed, the effective Lagrangian of the 5D theory does not 

allow for that kind of analysis. 
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nite size would affect scattering processes, and whether such characteristics could be 

identifable signatures of the model at experimental colliders. To this end, we present 

a calculation of the Higgsstrahlung, e+ e~ —¥ Z° H, interaction in the Minimal Com

posite Higgs Model (MCHM) with the fermion representation proposed by Medina, 

Shah and Wagner (MSW) [3, 4]. This interaction is particularly suitable for our pur

poses as it is an s-channel interaction, ensuring that the initial interaction energy is 

transferred directly into the Higgs coupling. As the structure of this Higgs interaction 

is similar to that of the loop interactions that yield Planck scale mass corrections in 

the SM, we expect that the MCHM Higgsstrahlung cross section will demonstrate a 

similar suppression when compared with the SM cross section. The resulting rapid 

decay in the cross section with increasing collision energy would be characteristic of 

a composite particle form factor. 

The structure of the thesis is as follows. In Chapter 2 we review the Standard 

Model, electroweak symmetry breaking (EWSB), and the problems that have led to 

investigation beyond the SM. In Chapter 3, we briefly introduce Randall-Sundrum 

models before providing a detailed description of the Minimal Composite Higgs model 

structure and the Medina-Shah-Wagner fermion representation. Chapter 4 provides 

the calculations, results and discussion of the MCHM Higgsstrahlung cross section and 

relevant coupling behaviour. We further provide a brief analysis of the feasibility of 

coupling extraction at both the International Linear Collider (ILC) and the Compact 

Linear Collider (CLIC). Although the most relevant formulas are provided in the 

text, detailed derivations of the model Feynman rules can be found in Appendix C. 
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Chapter 2 

The Standard Model of Particle 

Physics 

2.1 Introduction to the Standard Model 

2.1.1 Forces and particles 

The Standard Model (SM) of particle physics is the most complete theory to date 

that describes the fundamental interactions and behaviour of subatomic particles [5]. 

It contains three forces: the strong force, the weak force and the electromagnetic 

force. 

The Standard Model does not include gravity. Gravity is an extremely weak 

force; even the Weak force itself is 1025 times stronger (see Table 2.1). As a result, 

gravity is negligible at the relevant scales for particle interactions, and may safely be 

neglected. Furthermore, gravity is described by General Relativity (GR), while the 
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Table 2 1 Forces and their relative strengths 

Interaction 

Strong 

Electromagnetism 

Weak 

Gravity 

Strength 

1 

1(T2 

1(T5 

1 Q - 3 9 

Range 

1(T15 m 

oo 

10"18 m 

oo 

Standard Model is a quantum field theory (QFT), and physicists have yet to suc

cessfully express GR m an effective QFT formalism Until such a theory of quantum 

gravity is developed, unifying the two remains problematic 

Table 2 2 The particle spectrum of the Standard Model 

Fermions 

Generation 

Leptons 

Quarks 

1 

ve neutrino 

Electron, e~ 

Up, u 

Down, d 

2 

v^ neutrino 

Muon, n 

Charm, c 

Strange, s 

3 

vT neutrino 

Tau, r 

Top, t 

Bottom, b 

Bosons 

Gauge 

Z 

W± 

Photon, 7 

Gluon, g 

Scalar 

Higgs, H 

The particle spectrum of the Standard Model is outlined m Table 2 2 It 

contains twelve fundamental fermions - or spin 1/2 particles - as well as their anti-

particles six leptons (the electron, muon, tau and their associated neutrinos) and six 
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quarks (up, down, strange, charm, top and bottom). Unlike the leptons, the quarks 

are never found individually; they combine in pairs and triplets to form composite 

hadrons, such as the proton and neutron. 

The SM also contains several vector (spin 1) gauge bosons which carry the 

three fundamental forces. The properties of these bosons are summarized in Table 

2.3. The photon is a neutral, massless boson that carries the electromagnetic force, 

and therefore couples only to charged particles. 

The gluons are also massless bosons, but they carry the strong force. There are 

eight different types of gluons, identified by combinations of the three strong charges, 

or colours. Gluons only couple to each other and to quarks, as they are the only other 

particles which carry colour charge. 

The W±1 and Z are massive bosons that carry the weak force. The W± have 

charge ± 1 and have masses of 80.398 ± 0.023 GeV while the Z boson is neutral and 

has a mass of 91.1876 ± 0.0021 GeV [6]. They interact with each other, the fermions 

and the Higgs, and the charged W ± additionally couple to the photon. 

Finally, the Standard Model also includes a single scalar - spin 0 - boson, 

known as the Higgs. It is through their couplings to the Higgs that particles acquire 

their masses; therefore the Higgs couples only to massive particles at tree level.2 

JThe W+ and W~ have opposite charge but the same spin and mass; they are each other's 

anti-particles. 
2'Tree level' indicates calculations up to zeroth order in perturbation theory; such calculations 

include only Feynman diagrams without loops (which sometimes look like trees). 
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Table 2.3: Properties of the Standard Model gauge bosons. 

Interaction 

Strong 

Electromagnetism 

Weak 

Gauge Boson 

Gluon 

Photon 

W±, Z° 

Mass 

0 

0 

80, 91 GeV 

Spin 

1 

1 

1 

Acts On 

Colour charge 

Electric Charges 

Weak Charge 

2.1.2 Structure of the theory 

The Standard Model is a non-abelian gauge theory as well as an effective quantum 

field theory. As a quantum field theory, the Standard Model describes the subatomic 

world in terms of fields. These fields are quantized, and their quanta correspond to 

the elementary particles. The theory is an effective field theory (EFT) in that it is 

accurate only up to some cut-off energy scale, and describes only the physics that 

is relevant over this energy range. Above the cut-off scale the SM is expected to 

break down due to the emergence of physics that is not included within the theory. 

It is possible that the SM is valid all the way up to the Planck scale (Mp « 1019 

GeV), where gravity becomes relevant. However, there are many compelling reasons 

to believe that the SM cutoff is in fact much lower (~ 1 TeV), and that some form 

of new physics - as yet undetected - manifests at this scale; this concept will be 

discussed in further detail in Sec. 2.3. 

As a gauge theory, the Standard Model Lagrangian is invariant under a certain 

symmetry group, SU(3)C x SU(2)L x U(1)Y [5]. For each generator of the group 

there is a corresponding gauge field, the quanta of which are the force-canying gauge 

7 



bosons. It is non-abelian because the generators of the 51/(3) and SU(2) sectors are 

non-commutative. 

The SU(3) symmetry describes the strong force sector, and its 8 generators 

correspond to the 8 types of gluons. This sector is described by an EFT within the 

SM known as Quantum Chromodynamics (QCD) [7]. 

The electromagnetic force is described by a U(1)EM EFT known as Quantum 

Electrodynamics (QED) [8]. The single generator of the abelian - or commutative -

U(l) symmetry group corresponds to the photon. However, in the Standard Model the 

electromagnetic sector is unified with the weak sector; the resulting electroweak sector 

is described by the SU(2)L x U(l)y symmetry group which contains the U(1)EM group 

of QED. The three generators of SU(2)i along with the single generator of £/(l)y 

correspond to four gauge fields that mix to create the photon, W^ and Z bosons. 

2.2 Electroweak Symmetry Breaking 

As seen in the preceding section, the gauge symmetry group of the Standard Model 

plays an important role in its structure. Such symmetries are very important in 

physics, as according to Noether's theorem, 

In any theory described by a Lagrangian, a symmetry of the La-

grangian corresponds to a conservation law [9]. 
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As a gauge theory, the SM must obey gauge mvanance, this requires that the La-

grangian remains invariant under local3 gauge transformations, which have the form 

A, -> U(x) AM U\x) + - U{x) dllU\x) (2 1) 

<t> - > U(x) </> (2 2) 

for gauge fields A^ (spin 1) and matter fields (/> (spin 0 or ± | ) respectively [10] Here 

U(x) is an element of the symmetry group of the Lagrangian, and g is the gauge 

coupling 

However, a mass term for such a gauge boson does not obey this mvan

ance For example, consider the simplest case, a local £7(1) symmetry where 

U(x) = exp [igr)(x)] Then 

^ V " -> \M2 (A^ + 2dliv(x)A» + dlxV{x)d^r]{x)) (2 3) 

Therefore for the gauge symmetry to be preserved the associated gauge bosons must 

be massless 

This presents a problem, for, as previously discussed, the weak bosons W^ 

and Z are not massless, but have well-measured masses of about 80 and 91 GeV 

respectively [6] As such, there must exist some mechanism by which the electroweak 

symmetry is spontaneously4 broken such that the weak gauge bosons are given masses 

but the photon remains massless We therefore require the following symmetry-

breaking scheme 

SU(2)LxU(l)Y^U(l)BM, (2 4) 

3 If U is a constant, it is a global gauge transformation, a coordinate-dependent U(x) results in 

a local gauge transformation 
4 'Spontaneous symmetry breaking' means that the theory is defined so as to obey the symmetry, 

but the system it describes is always observed in a particular non-symmetric state 
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where only the electromagnetic symmetry U(1)EM remains intact. 

Such a mechanism must also introduce three new massless bosons - known as 

Goldstone bosons - to the theory according to Goldstone's theorem, 

"For every spontaneously broken continuous symmetry, the theory 

must contain a massless particle." [11, 12] 

However, one can always perform a gauge transformation to work in a particular 

gauge - known as unitary gauge - where the three extra degrees of freedom repre

sented by the three Goldstone bosons become the longitudinal polarizations of the 

W^ and Z bosons [10]. In essence, the process of electroweak symmetry breaking 

transforms a massless gauge boson with two polarizations into a massive boson with 

three polarizations. 

2.2.1 The Higgs Mechanism 

One method of breaking the electroweak symmetry is by use of the Higgs mechanism, 

which was first proposed by Peter Higgs in 1964 [13, 14]. The Higgs mechanism, in 

its original formulation, introduces a complex scalar doublet 

$ = 
t * \ 

\?) 

1 

72 

( 

V 

+ i> 

l<p4 

\ 

J 
(2.5) 

into the SM Lagrangian, where <p+ is charged, cfp is neutral, and <f>x, 02, 4>3, 4>i denote 

real scalar degrees of freedom. The bosonic part of the electroweak Lagrangian then 

takes the form 

LB = ~\w^Wa^ ~ i B^B*" + \D,^\2 - V ($) , (2.6) 
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where V ($) is a potential eneigy term that descnbes the self-mtei actions of <3>, we 

use the metric convention r/M„ = diag(l, —1, —1, —1), and the covanant denvitive D^ 

is given by 

D, = d»-i9-oaW«-i9-YB, (27) 

In the above W* (a = 1,2,3) denotes the three bosons associated with the 

SU(2)L symmetry, B^ is the single boson of the U(l)y symmetry, aa are the Pauh 

matrices, g and g' are coupling constants and Y is the hypercharge 

The most general renormahzable and SU(2)^ invariant potential V ($) foi the 

scalar doublet is given by 

! / ( $ ) = ^ |$ |2 + A | $ | 4 ^ ^ 

where A > 0 and |<&| = &<& If we require that t̂2 < 0, the potential will have a 

minimum value at 

<*'*> = =£ = j (2 9) 

As this defines only the expectation value of $^$, we may choose the expectation 

value of <I> to be 

w = 7i 
^ 

(2 10) 

In making this choice we have effectively chosen </>3 to be a real scalar field with vacuum 

expectation value (vev) v , while (f)X, 4>2, and 04 are the massless Goldstone bosons 

which disappear from the particle spectrum to become the longitudinal polarizations 

of our massive bosons We may therefore write the full scalar doublet m the unitary 
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gauge as 

$ = 
1 

72 

( 0 
\ 

(2 11) 

y H(x) + v J 

where H(x) is a scalar field called the Higgs boson The teims involving WM and B^ 

in the covanant derivative result in the following interaction terms between the scalar 

and the vector bosons, 

2 

I A* I — d^ $ - i - aa W?,® - % - Y Bu $ 
/* r\ fl c\ h1 

1 

72 

X { g{wt-iwl)\ 

<9M77 J 

i{v + H) 

2A/2 
^ - 9 H / M

3 + 5 ' s M y 

1 
C > G W + -(v + H)2 g2 \Wl -iW2\z + (-gWl + g'B, (2 12) 

where we have used the fact that Y = 1 for the Higgs doublet $ , and 77 = H(x) 

In Eq (2 12) we can see that when (v + 77) is expanded the terms involving v2 will 

produce mass terms for the gauge fields However, the gauge fields we observe m 

nature are not m fact the gauge fields W^, W2, W3 and B^ We observe instead 

the W bosons, Z boson and the photon (V^),5 which are linear combinations of our 

original fields 

Zfj = cos 6W W3 — sin 6W B^ 

Vtl = sm6wW3 + cos6w B^ 

(2 13) 

(2 14) 

(2 15) 

5Here we represent the photon by V^ to avoid confusion with Aa^ which will be used to generically 

represent gauge bosons in the next chapter 
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where 

9 9' 
cos6w = —. and sin(9w = —. . (2.16) 

Vg^+Y2 T^T^2 

The Weinberg angle 9W has been experimentally determined to be 9W = 28.75 de

grees [6]. Note that the coupling constants g and g' must be related to the elec

tromagnetic constant e through e = g sm9w = g' cos9w for the photon to have the 

proper coupling strength. 
In terms of these superpositions, Eq. (2.12) becomes 

\D^\2 =ld^H d»H + l(v2 + 2vH + H2) 

x [2g2 W+ W»- + (g2 + g'2) Z^] . (2.17) 

The masses of the bosons may be read off the Lagrangian as their squares are 

merely the mass term couplings; we therefore obtain 

Therefore the Wf and ZM bosons gain mass terms due to the non-zero Higgs vev v. 

The photon, however, does not couple to the Higgs; therefore it remains massless. 

We can also read off the couplings of W and Z bosons to the Higgs field 77,6 

2 2 

GpCHH-*1-^^, G^G^H^1-^^, (2.19) 

where G = Z, W± and gw = g, gz = g sec 9W. 

The Higgs itself also has a mass, which can be read off the first term of the 

Higgs potential 

\ / ( $ ) = ^{v + Hf + -(v + Hf = -n2H2 + \uH3 + ^ 7 7 4 . (2.20) 

6 Recall that when reading couplings from Lagrangian terms we must always multiply by 1 and a 

symmetry factor to account for all possible permutations of identical fields, for example, if we have 

a term cZ^Z^ the coupling is 2ic as the two Z^ fields are interchangeable 
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along with two other couplings. Therefore we have 

Mjj = -2fi2 = 2v2\, HHH ^6Xv, HHHH - ^ 6 A . (2.21) 

Finally, through W boson interactions with muons the Higgs vacuum expec

tation value v may be related to the Fermi constant Gp = 1.16639 x 10~5GeV -2 and 

evaluated,7 

v=(sf2GFyi' = (y^-) 2=246GeV. (2.22) 

Note that the Higgs mass cannot be determined directly from known exper

imental quantities as it depends on A; however, it can replace A as a parameter of 

the theory (while \i can be replaced by known quantity v). The Higgs mass is con

strained from experimental tests to be within the range 114 GeV < MH < 185 GeV. 

The lower bound of 114 GeV was obtained from direct experimental searches at the 

Large Electron-Positron Collider (LEP) [16], and is a general bound which applies to 

most models. However, the upper bound originates from electroweak precision fits 

to the SM; it is a model-dependent bound that does not necessarily apply to models 

beyond the SM [17]. Furthermore, results from the Tevatron collider forbid a SM 

Higgs of mass 160 - 170 GeV [18, 19]. 

The Higgs mechanism can also give fermions mass in a similar manner through 

Yukawa terms [11]. A Yukawa term describes the coupling of a Dirac fermion ($) and 

anti-fermion to a scalar. By adding Yukawa terms involving the Higgs to the model 

Lagrangian and breaking the electroweak symmetry, we obtain 

I'yuk = gyvkVHV ->• cjyuk$(77 + v)$> = gynk vm + t?yuk*77* (2.23) 

7The Fermi Constant GF is the coupling strength of the Fermi interaction, a four-fermion inter

action proposed by Enrico Fermi in 1933 as part of his description of beta-decay [15]. 
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where the first term on the right-hand side is a fermion mass term. We can see that 

with an appropriate choice of the Yukawa coupling constant gyuX< we can reproduce 

the appropriate fermion masses. 

2.3 Problems with the Standard Model 

Although the SM has prevailed through over 40 years of rigorous testing, it still suffers 

from several deficiencies. The most important of these is the Hierarchy Problem. 

2.3.1 The Hierarchy Problem 

The Standard Model is an incredibly successful theory. It has stood up to over four 

decades of rigorous experimental tests. However, there are still several questions and 

problems that it cannot successfully explain. One of the most prominent of these 

failures is known as the Hierarchy Problem. The Hierarchy Problem is essentially the 

question of why gravity is so weak; the gravitational force only becomes relevant at 

mass scales on the order of the Planck mass, MP « 1019 GeV, while the other forces 

operate at much lower scales. The Standard Model does not include gravitational 

effects, and it fails to provide an explanation for why there is such a prominent 

difference - or hierarchy - in the strength of the gravitational force when compared 

with the strong and electroweak forces. 

In terms of Higgs physics, this problem is equivalent to asking why the Higgs 

mass parameter /x2 is so small; this parameter sets the scale for the Higgs vev v, 

and by extension all of the particle masses, including that of the Higgs. Radiative 

corrections from loop diagrams such as those in Fig. 2.1 are expected to add quadratic 
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Planck scale corrections to \\2, causing it to become extremely large But the particle 

masses are known to be much smaller on the weak scale - by experiment, therefore 

any model that employs a Higgs mechanism must provide some way of protecting /v2 

from such large corrections In the Standard Model there is no explicit mechanism or 

f \ 
H >-•= *.'- H H V H 

Figure 2 1 Loop diagrams expected to contribute Planck scale contributions to the 

Higgs mass Dashed lines represent Higgs, W or Z boson contributions Solid lines 

represent fermion contributions, the largest is from the top quark 

symmetry to protect the Higgs mass As such, there must be an extreme fine-tuning 

of the model parameters for the square of the Higgs mass to end up on the electroweak 

scale, roughly 34 orders of magnitude smaller than the model would naturally predict 

it to be As most physicists consider this sort of fine-tuning to be undesirable and 

unnatural, it is believed to indicate that the Standard Model is not complete, there 

must be some further mechanism that manifests above the scale of the Higgs mass and 

which leads to the suppression or cancellation of the quadratic divergences These 

new effects must appear around or below the TeV scale for /i2 ~ (100 GeV)2 to be 

considered natural 

There have been many proposals as to what that mechanism might be The 
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most popular alternative is Supersymmetry [20, 21], a theory m which every Standard 

Model particle has an associated superpartner The superpartners must be heavier 

than the SM particles - 01 we would have identified them experimentally by now -

and the spin of each superpaitner differs from that of the coiiespondmg SM particle 

by 1/2 In this scenario, the quadratic corrections to the Higgs mass from each SM 

particle are cancelled by those fiom their superpartner 

Another proposal is that of Little Higgs models [22], where the Higgs is a 

pseudo-Goldstone boson, it is the Goldstone boson of a spontaneously broken sym

metry, but an additional explicit symmetry breaking gives it a small mass In these 

cases, the Higgs mass is protected from large quadratic corrections by the symmetries 

of the model There are many further possibilities as well, including models of com

posite Higgs bosons [23, 24, 25, 26], and models such as Techmcolour, which achieve 

EWSB without a Higgs [27, 28, 29, 30, 31] However, each of these models has their 

own draw-backs and many still retain hierarchy problems or fine-tuning, though to a 

lesser degree than the Standard Model 

2.3.2 Other problems with the Standard Model 

Although the Hierarchy problem is the most common incentive and inspiration for 

proposals of Beyond the Standard Model (BSM) mechanisms, there are several other 

questions that the Standard Model fails to answer, and which BSM models try to 

account for 

One of these is the large range of different fermion masses, for example, the 

electron has a mass of me = 0 510998910 ± 0 000000013 MeV, while the top quark's 

mass, mt = 172 ± 2 GeV [6], is larger by five orders of magnitude Although the 
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SM can describe these masses with Yukawa terms, it cannot explain why the fermion 

masses are so different. This problem became even more pertinent with the relatively 

recent discovery that neutrinos also have very tiny non-zero masses [32]. This finding 

added several orders of magnitude to the range of fermion masses and created a whole 

new set of problems as the Standard Model does not account for non-zero neutrino 

masses at all. 

A second significant problem is recent accumulation of experimental evidence 

for Dark Matter [33, 34]. Experimental measurements of the masses of galaxy-clusters 

have suggested that the universe contains a great deal more matter than can be 

accounted for by the Standard Model. It is estimated that Standard Model particles 

make up only 4.6 percent of the universe's mass and energy; roughly 23 percent is 

the extra Dark Matter, and the remaining percentage is Dark Energy. The primary 

characteristics of Dark Matter are that it must be massive, and electrically neutral as 

it does not emit radiation. The are several possibilities for what Dark Matter might 

be; however, the most common theory currently hypothesizes that it is some sort of 

Weakly Interacting Massive Particle (WIMP) [34]. Although the existence of Dark 

Matter has not yet been conclusively confirmed, the body of evidence is growing [35], 

and many BSM models attempt to include one or more particles which could be a 

WIMP or some other Dark Matter candidate. 
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Chapter 3 

The Minimal Composite Higgs 

Model 

3.1 An introduction to warped-geometry models 

Five dimensional (5D) warped geometry models are a class of models based on the 

Randall-Sundrum (RS) model 

3.1.1 Randall-Sundrum 1 

The first Randall-Sundrum model (RSI) was proposed by Lisa Randall and Raman 

Sundrum in 1999 as a way of resolving the hierarchy problem [1] 

This model is defined m a 5D Anti-de-Sitter (AdSs) space An AdSn space 

is a maximally symmetric spacetime with a negative curvature The fifth dimension 

of this spacetime - which we denote by y - is compactified on a circle, such that 

y = y + 2"7rrc Furthermore, the top and bottom halves of the circle are identified 
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with each other, y = —y, such that there are two boundaries, one at y = 0 and one 

at y = L = 7rrc This is formally known as the S1/Z2 orbifold, where S1 refers to the 

circle and Z2 to the transformation y —)• — y 

The metric of this spacetime is obtained by solving Einstein's equations and 

is found to be 

ds2 = e~2kTc 1*1 rj^ dx» dxv - r2 d</>2 = e~2kM rj^ dx" dxu - dy2 , (3 1) 

where rj^ = diag(l, —1, —1, —1), k is on the order of the Planck scale, and y = 

rc(f> [1, 36, 37] 

Energy scales on the boundary at y = 0 can be as high as the Planck scale, 

thus this boundary is known as the Planck - or ultraviolet (UV) - brane However, 

due to the warped nature of the spacetime itself, the energy scale of the boundary 

at y = L is much smaller, energies are warped down to the TeV scale, and so this is 

known as the TeV - or Weak, or infrared (IR) brane As such, through the warped 

spacetime the model can very naturally explain large hierarchies such as that of the 

Hierarchy problem 

To show this explicitly, consider the Emstem-Hilbert action [1, 36], 

S = 2M3 f d4x f dy^/^gT~5R5 = 2M3 f d4x^/^UR4 f dye~2k^ 

= ̂ y[1~^2kL]j'txyFTtlU (3 2) 

where M is the 5D mass scale, R5 is the 5D Ricci scalar, 7?4 is the 4D Ricci scalar, 

g5 is the determinant of the 5D metric, and g~4 is the determinant of r\^v Comparing 

this to the usual 4D Emstem-Hilbert action, we find that 

M 3 

k 
M2 = -jr[l-e-2kL] (3 3) 
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Given that k is on the order of the Planck mass, we can see that M ~ Mp; the mass 

scale relevant for gravitational interactions is not significantly altered by the warped 

spacetime. 

However, consider the action relevant to a Higgs boson that is constrained to 

the TeV boundary 

S= f dix^f4e-4kL ^we2kL(D^yD^-\(&$>-v2)2] (3.4) 

where VQ is the Higgs vacuum expectation value. Rescaling the Higgs scalar field, 

<£> -> e f eL$, we find 

S = I d^x^l [77"" (DM$) f Dv$ - A ( $ f $ - v2
0 e-2fcL)2] . (3.5) 

This is the usual Higgs action, except the vev has become exponentially suppressed, 

v = e~kL VQ. Therefore, we can see that the gravitational scale remains the same, but 

the Higgs vev - and by extension contributions to the Higgs mass - will be suppressed, 

creating a large hierarchy. 

The warped 5D spacetime also has consequences with respect to the particle 

spectrum. Each particle corresponds to a five dimensional field. Due to the peri

odicity of the fifth dimension, these 5D fields can be expressed as a Kaluza-Klein 

decomposition [38, 39, 40] 

0 0 

A(x,z) = '^2f(mn,z)A(mn,x). (3.6) 
n 

Here A(x,z) denotes the full 5D field. A(mn,x) is a four dimensional component of 

A(x, z) known as a Kaluza-Klein mode, which has mass mn, and f(mn, z) is a profile 

that describes the KK mode's location in the fifth dimension. As a result, from a 

4D effective perspective each 5D particle corresponds to an infinite tower of 4D KK 

modes. The zero modes of such towers correspond to Standard Model particles. 
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In the original RSI model, all of the SM particles weie confined to the TeV 

brane However, a second formulation RS2 - set L —> oo such that there was no TeV 

brane, and placed the particles on the Planck brane [41] Subsequent models have 

placed the gauge bosons and ieimions in the bulk of the fifth dimension [42, 43, 44], 

however, it is most common to keep the Higgs either on or very near to the TeV 

biane so as to maintain the mass scale hieiaichy Models fuither differ fiom each 

othci by employing different gauge or global symmetry groups both in the bulk of the 

fifth dimension and on its boundaries, by including boundary-localized teims m the 

Lagrangian, and by considering a fifth dimension with a different or infinite length 

3.1.2 The A d S / C F T correspondence and composite Higgs 

bosons in RS Models 

An interesting feature of Randall-Sundrum Models is that they are dual to 4D confor

mal field theories by the AdS/CFT correspondence [2] Two theories are considered 

to be dual if their physical spectra and interactions are the same, even if their un

derlying dynamics are different According to this correspondence, weakly coupled 

quantum field theories in an AdSn spacetime can be identified with a strongly cou

pled conformal field theory on the n — 1 dimensional boundary For example, certain 

Randall-Sundrum models can be shown to be dual to Technicolor [45], a class of 

models inspired by QCD which establish EWSB through strong gauge interactions, 

without the use of a Higgs boson [31] 

The AdS/CFT duality is useful in many fields of physics - string theory, QCD, 

condensed matter — as many CFTs are extremely difficult to calculate because they 

are strongly coupled and perturbation theory cannot be used The weakly-coupled 5D 
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perspective provides a perturbative way of approaching such theories In the context 

of Randall-Sundrum models, only one side of the duality is known the 5D side As 

such, the details of the strong interactions and their elementary degrees of freedom 

aie unknown, the 5D formalism piovides only an effective Lagrangian in -which the 

degrees of freedom are composite particles of the CFT This is similar to the Chiral 

Effective Lagrangian description of QCD, in which the degrees of freedom are hadrons 

rather than quarks 

Due to thrs correspondence, Randall-Sundrum models have become a vehicle 

for studying the older idea that EWSB could arise from a strongly coupled gauge 

theory Such theories generally divide into two classes Technicolor theories [27, 28, 

29, 30, 31] and composite Higgs theories [23, 24, 25, 26] As mentioned above, RS 

models with bulk fermion field but a TeV brane constrained Higgs are dual to the 

former [45] Similarly, an RS variation in which the 5D Higgs arises from the fifth 

component of one of the 5D gauge boson fields - formally known as Gauge-Higgs 

Unification (GHU) - is dual to a 4D CFT with a composite Higgs boson [46, 3, 47] 

From the dual picture, a RS model with GHU is composed of two sectors, 

an elementary sector and a strongly coupled conformal sector [3] However, the 

two sectors are not fully independent, but couple to each other As a result, the 

elementary particle states mix with the composite states, yielding mass eigenstates 

that are superpositions of both elementary and composite states The degree of 

compositeness m the 4D CFT is determined by the location of the particle in the 5D 

theory, light particles located near the Planck brane - such as SM particles - will be 

mostly elementary, while heavier particles near the TeV brane such as KK modes 

- will be predominantly composite The Higgs particle, however, is a fully composite 

bound state of the strong sector 
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RS models with GHU provide a promising picture of EWSB, as RS models they 

have all the advantages discussed m the previous section, and they can be formulated 

so as to obey current electroweak precision tests and experimental constraints [48, 

4, 49, 50], the violation of which is a common issue m Technicolor models [27] A 

common version of GHU is that of the Minimal Composite Higgs Model (MCHM), 

which was first proposed by K Agashe, R Coritmo and A Pomaiol [3] We will 

review the details of this model m the following section 

3.2 The Minimal Composite Higgs Model 

For the purposes of this model, we will rewrite the metric, Eq (3 1), m an equivalent 

form [3, 51], 

ds2 = \j]^u dx11 dxu — dz2] = gMN dxM dxN (3 7) 

where M, N = 0 3,5 are Lorentz indices and x5 = z = ^- is the coordinate of the 

fifth dimension The fifth dimension has range LQ < z < Lx, where LQ = | ~ ~- and 

Lx = jj— as T^y Mkk denotes the Kaluza-Klein mass scale 

The particles of the model are located m the bulk of the fifth dimension The 

Higgs is located extremely close to the TeV brane, fermions are near the UV brane, 

and the gauge bosons are somewhere in between 

As discussed m Sec 3 1 1 , the primary strength of this model is that it provides 

a natural solution to the Hierarchy problem through the warped space-time of the fifth 

dimension [3] Furthermore, placing the fermions m the bulk provides an explanation 

for the hierarchy of fermion masses, the mass of the fermion will be determined by 

its overlap with the Higgs m the fifth dimension By placing light fermions very 

close to the UV brane, but keeping heavier ones such as the top quark nearer to the 
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Higgs, the proper spectrum of fermion masses - including those of neutrinos - can 

be produced [52]. There is also a possibility that the model could give rise to a dark 

matter candidate [52]. As such, this model has the potential to provide answers to 

many questions left unanswered by the Standard Model. 

3.2.1 Symmetries of the model 

In the bulk of the five dimensional space, the model has an SU(3)C x 5*0(5) x U(1)B-L 

gauge symmetry. This symmetry is broken to SU(3)C x SU(2)L X U(1)Y on the Planck 

brane, z = LQ, and to SU(3)C x 50(4) x U(1)B-L on the TeV brane, z = Lx [3, 46]; 

here 50(4) « SU{2)L x SU{2)R, Y = QB~L + T3R is the SM hypercharge and QB-L 

is the charge corresponding to U(1)B-LX A schematic representation of the model 

geometry is given in Fig. 3.1. 

We will denote the bosons corresponding to the U(1)B-L, 50 (5) symmetries by 

UMI Aa
M respectively. The generator index a may take on the values a — O^R, a where 

O>L,R = 1,2,3 and a = 1..4; there are ten in total. The a^yn generators correspond 

to the 5*0(4) R3 SU(2)L X SU(2)R symmetry that remains unbroken on the TeV 

brane, while the a are generators corresponding to the remaining broken 5 0 ( 5 ) / 5 0 ( 4 ) 

symmetry. 

The symmetry breaking is achieved by applying appropriate boundary condi

tions (BCs) to the 4-component gauge fields A°^\ a Dirichlet BC {f{z) = 0) results 

in a broken gauge symmetry, while a Neumann BC (dzf(z) = 0) preserves the gauge 

symmetry [3, 51]. Since we want an unbroken SU(2)L x SU(2)R x U(1)B-L symmetry 

1B — L refers to the baryon number (B = ^ for a quark) minus the lepton number (L = 1 for a 

lepton). 
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SU(2)Lx U( l 

Planck 
(UV) scale 

(~1019GeV) 

5D Bulk 
S0(5) x U ( l ) 

B-L 

4D 

TeV (IR) 
scale 

~103 GeV) 

S0(4) x U(1)BL 

The fifth dimension 

Figure 3.1: A schematic representation of the MCHM spacetime. Note that the 

symmetry group SU(3)C is unbroken everywhere 

on the TeV boundary, both the Ajf R and Utl bosons must have Neumann BCs at 

z — Lx, while the A^ bosons must have Dirichlet BCs. Similarly, at the Planck bound

ary the AaL must have Neumann BCs to preserve the SU(2)L symmetry. However, 

on this boundary we only want to preserve t7(l)y, not U(1)B-L- As such, there will 

be a linear combination of U^ and A3/1 which will correspond to the SM hypercharge 

boson B^ and will have Neumann BCs at both boundaries. The opposite linear com

bination, which we will call Xfl, will have a Dirichlet BC at the Planck boundary, but 

a Neumann BC at the TeV boundary. Finally, A1*, A2* and A" bosons will all have 

Dirichlet BCs at the Planck boundary. 

The scalar fifth components automatically must have opposite BCs to the 

corresponding gauge field [46, 3]. Therefore A\L and B5 have Dirichlet-Dinchlet BCs, 

A\R, A \ R and X5 have Neumann-Dirichlet BCs, and the /if have Neumann-Neumann 

BCs. As Neumann-Neumann BCs are required for a zero-mode to arise, only the A^L, 
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B^ and A% bosons will have zero-modes, these will ultimately become our SM gauge 

bosons and Higgs doublet 

3.2.2 Model Lagrangians 

The electroweak gauge sector of the model is described by the following Lagrangian [3, 

38, 51] 

Lcauge — ^ 9 9 {FMRF%S + UMRUNS) + \f~9 LGF (3 

where LQF IS the gauge fixing term [46, 38], 

1 
y/g LGF — dtiAl~ezdz \-A% 

1 

2ekz 

and e is a gauge-fixing parameter 2 The stress tensors are defined as 

FMN — 9M A% — ON A^ + g5 Aa
MN , 

UMN = 9MUN — ONUM , 

(3 9) 

(3 10) 

(3 11) 

where Aa
MNTa = -i[Tc,Tb}aAc

MAb
N The generators of 50(5) , Ta, are given ex

plicit ly in Appendix B 

The Lagrangian for a fermion is given by [3, 51] 

Lf = V§ 
l-^> e™ TA DM^ - ~ (DM^ T° ê f TA * - M * M (3 12) 

where e¥ = kzS¥ is the vielbem,3 the 5-dimensional Dirac matrices arc T M 
-A 

2Recall that we defined g to be the determinant of the metric gMN, it should not be confused 

with the weak coupling constant g The trace of the metric is (kz)~10, therefore yfg = (kz)~5 Note 

also that we have omitted bulk mass terms in Eq 3 8, we set them to zero 
3Note that the vielbem plays the role of the metric here, there is no extra metric factor implied 

in the contraction of the gamma matrix and the derivative 
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{l^i ~775}> a n d t n e m u covanant derivative is 

DM = dM + -WMAD [rA,TD] -ig5AM - ig'lQB~LUM , (3 13) 

where AM = TaAa
M, UM IS the gauge boson corresopondmg to U ( 1 ) B - L ,

 a n c i
 ^MAB 

IS the spin connection However, it should be noted that m a diagonal metric such as 

Eq (3 7) the spin-connection terms cancel out in Eq (3 12) 

3.2.3 The gauge boson sector 

As previously discussed, from a four-dimensional perspective our 5D gauge bosons 

Aa correspond to a tower of Kaluza-Klem (KK) modes Standard Model particles 

correspond to the zero modes of these KK towers, which will only exist if the boson 

is subject to Neumann-Neumann boundary conditions Before EWSB, all of the zero 

modes are massless, while the higher order gauge KK masses are located above the 

KK mass scale, Mkk = £-, which is defined by the length of the fifth dimension 

The first gauge KK modes (those of A^ R) appear at approximately 2 5Mkk, and 

subsequent KK modes of the same boson are separated by roughly 3 1 Mkk For a 

schematic example of the KK spectrum, see Fig (3 2) near the end of the section 

In the case of the MCHM, the zero mode of the A°^ KK tower corresponds to 

our usual SM SU(2)L bosons, we will therefore rename A^L as the more familiar W^L 

The AaR bosons arise similarly from the extra SU(2)R symmetry of the MCHM, but 

have no SM analogue, let us call them W^R 

As in the Standard Model, the physical states may be obtained by performing 

rotations on our basis of states The first rotation transforms (W3R, U^) —> (B^^X^) 

28 



through an angle 9H, 

W3R = cos eHB„ - sin 9HXtl, (3 14) 

Uy. = sin 9HBIJ, + cos 9HX(l, (3 15) 

where B^ is the SM hypercharge gauge boson, and X^ is a new gauge boson, their 

respective BCs have been previously discussed in Sec 3 2 1 The mixing angle 9H is 

related to the Weinberg angle through the relation cos 9H = tan 9W This relation is 

determined by requiring that the coupling between the physical Higgs - which we will 

choose to be A\ ~ and the photon V"M be zero, as the photon is massless and the Higgs 

is neutral As a result, both the Z and X couplings to the photon also disappear, 

indicating that both are neutral bosons The zero mode of B^ is the analogous particle 

of the SM, and so our familiar SM states can be found by performing the Standard 

Model rotation through the Weinberg angle - as described previously by Eqs (2 14) 

and (2 15) - to transform (W^^B^) —> (ZM,V^) Similarly, the tiansformation for 

W* 2 ->• W^, Eq (2 13), can be performed on both W£L and W£R To obtain real 

coupling values it is also convenient to apply an analogous transformation to the A1 

and A2 , 

^ = -^(4^4) (3 16) 

As a result, from the 4D perspective m the MCHM we have a tower of KK 

modes with a zero mode for each of the electroweak Standard Model bosons W^ , 

Zp, and the photon V^ We also have seven extra gauge KK towers without zero 

modes due to the extended gauge symmetry WR , X^, A^, A3
V and A^ In addition, 

each of these towers of vector bosons has an accompanying tower of scalar bosons 

from the corresponding A% These are Goldstone bosons, m the unitary gauge each 

Aa
b KK boson becomes the third polarization of its corresponding A^ , where 

n ^ O denotes the n th KK mode 
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UV Boundary 

Condition 

Neumann 

Dirichlet 

Dirichlet 

TeV Boundary 

Condition 

Neumann 

Neumann 

Dirichlet 

Particles 

T/f/iC") 7 W T/(n) TT 

U / i W \r(n) 

4 ( n ) , 4 ( n ) a n d 4 W 

Table 3.1: The gauge boson spectrum of the MCHM. 

However, the Z5, V5, W*R5 and X5 towers have no zero-modes, for they have 

either Dirichlet-Dirichlet or Neumann-Dirichlet BCs as previously discussed. As only 

the 4 > ^5 a n d ^5 scalar towers obey Neumann-Neumann BCs, they are the only 

fifth component towers with zero modes. As such, these four zero-mode scalars are 

the Goldstone bosons that correspond to our SM zero modes; in other words, they 

are our Higgs doublet. As in the SM, three of them are eaten by the zero modes of 

the W^ and Zp towers - our SM W * and Zfl - when the latter become massive due 

to EWSB, exactly as in the Standard Model. 

In the end, only one scalar boson is left over; it becomes our Higgs boson. It 

does not matter which three Ab ' bosons become polarizations and which becomes 

the Higgs; we will choose our Higgs to be the fourth boson, H5(x,z) = A5.4 This 

mechanism where the Higgs arises naturally out of the gauge structure of the model 

is known as Gauge-Higgs Unification. Therefore, in the unitary gauge we are left with 

the spectrum of bosons outlined in Table 3.1. 

4Here the 5 subscript on the H denotes that this is the 5D Higgs. 
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As discussed in the previous section, the 5D bosons are superpositions of these 

4D KK modes along with their profile which descnbes their location m the fifth 

dimension In the absence of EWSB, this piofile /dm, z) is obtained from the boson 

equation of motion which can be derived from the Lagrangian Eq (3 9), 

p2--dz + d2
z 

z 
fa(p,z) = 0, (3 17) 

where p = -sjp2 is equivalent to the KK mass [38, 51, 39] It is convenient for future 

purposes to define even and odd solutions CA(m, Z) and 5U(m, Z) with the boundary 

conditions CA(mn,L0) = 1, dzCA(mn,L0) = 0, SA(mn,L0) = 0 and dzSA(mn,L0) = 

m„, [4, 53] such that 

TV Tfl 

CA(mn,z) = —^-z [Jx(mnz)Y0(mnLo) - J0(mnLo)Yx(mnz)} , (3 18) 

SA(mn,z) = —TT^Z [Jx(mnLQ)Y1(mnz) - Jx(mnz)Yx(mnL0)} , (3 19) 

where Jn(x) and Yn(x) are the n t h order Bessel functions of the first and second kind, 

details on these functions can be found m Appendix A The profile of a boson with a 

Neumann (Dirichlet) boundary condition on the Planck brane is given by CA(m,z) 

(SA(m,z)) normalized according to [51] 

1
 FHfs Am), Lldz-f^>(z)fG

m)(z)= 6mn (3 20) 
L0

 KZ 

The zero mode profile can be determined by solving Eq (3 17) with p = m n =0 , and 

imposing the normalization condition, yielding a profile independent of z 

f{^)=iH^ (321) 

The mass spectrum mn of the gauge bosons is determined by imposing the TeV 

boundary condition upon the appropriate profile For example, the mass spectrum 

of a particle with a Neumann-Neumann boundary condition will be defined by the 
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mass condition C'A(m, Lx) = 0 (where the prime indicates the derivative with respect 

to z) 

Because the Higgs arises as the zero mode of the A\ scalar, its profile does not 

have the same form as those of the gauge bosons The requirement that zero-mode 

particles be massless before EWSB leads to the following Higgs profile [3], 

fH(z) = zJjT^j2 (3 22) 

Note that although this profile is linear m the warped coordinate z, in the flat-space 

coordinate y the profile is extremely peaked toward the TeV brane 

3.2.4 The fermion sector 

To properly incorporate fermions into a 5D model, they must be embedded m an ap

propriate representation of 50(5) x U(1)B L The choice of embedding is important, 

as it strongly affects the physics of the model [48, 54, 49] We will make use of the 

Medina-Shah-Wagner (MSW) embedding [4], as it has been shown to satisfy elec

troweak precision constraints (EWPCs) [49, 4] 5 In the MSW model, each generation 

of fermions is embedded in three multiplets, two 5's and one 10 of 50(5) x U(1)B L 

The left-handed quark doublet and the right-handed up-type quark singlet are each 

embedded in a different 52/3 representation, while the down-type quark singlet is 

embedded in a 102/3 representation (here 2/3 is the U(1)B-L charge) The quark 

50ther common fermion embeddmgs are the Hosotam Oda-Ohnuma-Sakamura (HOOS) embed

ding [55, 56], and the original MCHM4 spmonal embedding [3], however, in the former the ZZH 

coupling - which is key to our project - does not exist, and the latter is difficult to reconcile with 

EWPCs [48, 49] 
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embeddings have the form 

£il - Q\L © t%iL — 

S2p — 
C2R 2R 

*U(-+)§ 
\ 

/ 

&u (+,+)_ 
«-+) (3.23) 

' 3 
(3.24) 

S3H ~ 11R w J 2R tf V3/J 

/ \ 
- 3 , ( - , + ) | 

r 3 , ( - , + ) | 

/ \ 

V 

\ xlR(-,+)i tiR(-,+) 

V*3«(-+)§ ^ ( - , + ) - j y 

(3.25) 

7 

-3 f l ( - ,+ ) f 

^ ( + ,+)-| 

where t denotes an SU{2)L x SU(2)R singlet, Tx and T2 transform under (3,1) and 

(1,3) of SU(2)L x SU(2)R, and Q's denote bidoublets of SU(2)L x 5C/(2)H (where 

SU(2)L acts vertically and SU(2)R acts horizontally) [4, 50]. The final subscripts 

denote the electromagnetic charge, while the superscripts i = 1,2,3 denote the gen

eration. The plus and minus signs represent even and odd boundary conditions re

spectively; the first entry corresponds to the Planck brane boundary condition, while 

the second corresponds to the TeV brane boundary condition. For fermions an odd 

boundary condition is the usual Dirichlet condition, but an even BC is a superpo

sition of Dirichlet and Neumann BCs. However, fermions with even BCs (++) on 

both boundaries still correspond to SM particles. In the case of a quark multiplet, 

tXL and blL together correspond to the left-handed SM doublet of that generation, tlL 

being the up-type quark and bXh being the down-type quark. Similarly, i2fl and B'3 

correspond to the right-handed up and down-type quark singlets respectively. 

It should be noted that in general 5D fermion fields are inherently non-chiral 
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Dirac spinors. Right- and left-handed Weyl spinors may be obtained from these Dirac 

spinors due to the Z2 orbifold symmetry that is imposed on the fifth dimension, as 

discussed in Sec. 3.1.1 [40]. Fermions transform as *(—y) = ±75^(2/) under this 

symmetry, allowing the identification of right- and left-handed chiral states, ^L,R — 

± 7 5 ^ L , « - One of these chiral states will have an odd boundary condition, while the 

other will have an even boundary condition; as such, the boundary conditions of the 

multiplet of opposite chirality can be obtained simply by reversing the chiralities and 

boundary conditions in Eqs. (3.23-3.25). 

The leptons are embedded in similar representations; the doublets and right-

handed neutrinos are embedded in 5 0 representations, while the right-handed lepton 

singlets are embedded in IOQ representations [52], 

/ 

& = Q 1L ̂ nlL ~~ 

« ! , , ( - + ) i " ! , ( + , + ) c 
\ 

•n\L(-,+)0 (3.26) 

( \ 

± = Q 2R ffi n2R — "2«( + , + ) 0 (3.27) 

1 ^3„(-.+)l ^ ( '"• 

A^U-+)o 

LlR(-,+)-i j 

\ 

( \ 

«2«(-.+)l ^2a(-.+)o 

\n2R(-,+)0 ?2R(-,+)-I J 

( , 

where n denotes an SU(2)L x SU(2)R singlet, and Tt, Qt transform as in the quark 

multiplets. Similarly to the quark case, £XL, nXh {L'3R, n2fl) is the left-handed (right-

handed) SM lepton and its associated neutrino. 

«3fl(-+)i n3fl(->+)o 

\n3R(-,+)0 %R(-,+)-i J 
(3.28) 
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Similarly to the boson case, in the absence of EWSB, the fermion profiles of 

left and right chirality, /z,,.R(m, z) are solutions to 

[d, - z"\2 ± c)] [dz - z~\2 T- c)] / $ ( z ) = -m2
n / $ . (3.29) 

which can be derived from the Lagrangian Eq. (3.12) [51]. The parameter c determines 

the location of the fermion along the fifth dimension, and is defined in terms of the 

fermion bulk mass M* by M^ = ck. Note that there are three c values (c\, c2, c3) 

for each generation of quarks and each generation of leptons, one for each multiplet 

Ci, &> &• W e d e f i n e t h e following solution to Eq. 3.29 [4, 50]: 

5 

5 c (m n , ^ ) = - ^ ( / c z ) 5 ^ J ± c + i ( m n L 0 ) F ± c + i ( m ^ ) - 7 ± c + i ( m n z ) y ± c + i ( m „ L 0 ) J - (3.30) 

Up to a normalization constant, S^(mn, z) (S~(mn, z)) is the profile of a left-handed 

(right-handed) fermion with a Dirichlet boundary condition on the Planck brane. The 

corresponding chiral partners have a Neumann BC - a mixed BC for fermions - on 

the Planck brane, and have profiles defined by [51, 4, 50] 

S*(mn,z) = =F-
m. n 

dz--z(2TC) Sf{mn,z). (3.31) 

Please see Table 3.2 for a summary of the functions associated with the profiles of 

different chirality. Again, the fermion mass spectrum mn is defined by imposing the 

TeV boundary condition upon the profiles above. 

The fermion profiles must satisfy the following normalization condition [51] 

lLo (kz 
dz71^-jf\z)f(fl\z)=8mn. (3.32) 

By solving Eq. (3.29) with mn = 0 and imposing the normalization condition, 

one obtains the zero-mode profile 

, ( „ , , , _ / *(l-2c) ,^2_c 

K'M'ivtiF*^™ • (3-33) 

35 



Boundary Condition 

at the Planck Brane 

Dirichlet 

Neumann 

Left-handed 

fermion 

S+(mn,z) 

S~(rnn,z) 

Right-handed 

fermion 

S-(mn,z) 

S+(mn,z) 

Table 3 2 Profiles associated to fermion chiralities with different BCs 

It is easier to see from Eq (3 33) how the parameter c determines the location of the 

zero-mode fermion piofile, as the powei of the waiped coordinate z is determined by 

c If c > 0 5 (c < 0 5) the fcrmion's profile is angled towaid the Planck (TeV) brane, 

while if c = 0 5 the piofile is flat As such, light fermions require c > 0 5, whrle the 

heavier top and bottom quarks are assigned c < 0 5 It should also be noted that 

when we speak of the profile being flat, it is with respect to the flat-space coordinate 

y, not the warped-space coordinate z 

Fermions are also subject to an SU (2) Lx SU(2) RxU (1) B-L invariant boundary 

mass Lagrangian on the TeV brane, which marries the SU{2)L x SU{2)R bidoublets 

and singlets via Dirac mass terms on the TeV brane and introduces mixing between 

fermion states of the same electromagnetic charge [3] In the case of leptons, Majorana 

mass terms for the right-handed neutrino NR may be added to either boundary The 

lepton boundary mass Lagrangian takes the general form 

Abound = - 26{z - Lx) [N'LMtlNR + LXLMt2L3R + h c ] 

- [MIRS(z - Lx) - Muv8(z)} NRNR (3 34) 

where Me12 are dimensionless matrices of the Dirac mass terms [52] MIR (Muv) 
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denotes the Majorana mass term on the TeV (Planck) brane, and is also dimensionless 

The quark mass Lagrangian and boundary conditions are completely analogous 

if the Majorana mass terms are set to zero [4, 50], 

Abound = -25(z - Lx) [u'LMqiuR + QXLMq2Q3R + h c ] (3 35) 

Similarly to the c parameter, there is a different set of M\v M}2 (or Mqi, M*2) for 

each generation of quarks or fermions 

These boundary mass terms define the boundary conditions of the fermions 

Consider the generic Lagrangian terms 

L = -25(z - L^lM^l - [MIR5(z - Lx) - Muv5(z - L0)\ *2
RVR , (3 36) 

where superscripts 1, 2 merely denote two different fermion fields and the different 

chiralities ty\, tyl
R, ^2

R and ^ | have profiles gi(z), gR(z), hR(z) and hi{z) respectively 

Considering Eq (3 36) m the equations of motion leads to the following BCs on the 

fermion profiles [50, 52] 

hmgR(Lx-c) = -MhR(Lx), (3 37) 

l i m M L ! - c) = MIR hR{Lx) + MgL{Lx), (3 38) 

hm hL(LQ - e) = Muv hR(L0) (3 39) 
£->0 

Although the MCHM evidently contains many more fermions than the Stan

dard Model, only those identified with the SM - identified by (+,+) BCs - will have 

zero modes The rest exist only as heavy Kaluza-Klem modes, as m the gauge sector, 

and so do not significantly affect the physics at the SM particle mass scale However, 

they do contribute to physics above the KK mass scale, particularly to the KK boson 

decay widths 
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3.2.5 Electroweak Symmetry Breaking in the M C H M 

In the SM, the Higgs boson only couples Z bosons to Z bosons and W+ bosons to 

W~ bosons. However, in the MCHM the Higgs can couple to different bosons which 

are not each others' anti-particles. The possible Higgs coupling forms are summarized 

in Table 3.3. 

Table 3.3: Coupling terms that lead to boson mixing after EWSB. 

Sector 

Index 

1 

2 

3 

Bosons 

Involved 

WlL, WlR, A1 

W2L, W2R, A2 

Z, X, A3 

Possible Mixing 

Coupling Forms 

WlLWlRHH, Wl^AlH, WlRAlH 

W2LW2RHH, W2LA2H, W2RA2H 

ZXHH, ZA3H, XA3H 

For clarity, the first two groups are left in the original basis; in the phys

ical basis, these two groups would be combined due to rotations of the form 

{W\W2) —>• (W+,W~). The third group is given in the physical basis, as the 

corresponding original basis would also include the photon, which does not couple to 

neutral particles. 

Because of these new couplings, the same EWSB mechanism that gives the 

zero-mode gauge bosons masses also causes certain particles to mix together. For 

example, consider the coupling between a Z an X and two Higgs, cHH Z^X^, where 

c is the coupling constant. If we let 77 —> v, we obtain cv2 Z[LX[t. Physically, this 

term seems to describe the spontaneous transformation of a Z boson into an X boson, 
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which does not make sense However, what this term actually indicates is that the 

Z boson after EWSB is not the same as the original Z, it is a superposition of the 

original Z and X bosons In fact, due to the couplings in sector three of Table 3 3, 

the Z after EWSB is actually found to be a superposition of the original Z, X and 

A3 bosons,6 

Z ->• Z^m^z.v) = aZ,,(m,z,0) + bX^(m,z,0) + c^(m,z,0), (3 40) 

where a 3> b,c It is the coefficients a, b, c that introduce the dependence on the 

Higgs vev into the profile 

Of course, the dominant contribution to Z' is the original Z, one would expect 

the contributions of X and A3 to be substantially smaller Furthermore, the X and 

A3 bosons after EWSB are also superpositions of the original Z, X and A3, with their 

own original states dominating over the other contributions Similarly, (W1L, W1R, 

A1) and (W2L, W2R, A2) also form groups of bosons that becomes superpositions of 

each other after EWSB, due to the couplings outlined m the first two mixing sectors 

of Table 3 3 

This mixing of boson states alters the masses of some of the mixed bosons 

For example, after EWSB the mass conditions of the Z and the A3 bosons become 

related through the Higgs vev, this has the result of shifting the Z KK mode masses 

down slightly, while the A3 KK mode masses are shifted slightly up Furthermore, 

both bosons aie descnbed by the same piofile evaluated at different mass values On 

the other hand, the X mass condition remains unchanged and independent Fig (3 2) 

gives a rough picture of the KK mass spectrum of the third mixing sector both before 

and after EWSB 
6The origin of the A3 mixing is somewhat clarified if one recalls that it is the zeio mode fifth 

component A5 ' that acts as the neutral Goldstone which becomes the Z boson's third polarization 
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-8.7 MKK-i_ 

-5.6 MKK4-

-2.5 MKK + 

0-

Z X A3 

Figure 3.2: A schematic of the KK mode mass distributions for the Z, X and A3 

bosons both before (solid grey lines) and after (black dotted lines) EWSB. Numeric 

values for a particular parameter set can be found in Table 3.8 in Sec. 3.2.7. Not to 

scale. 

For the purposes of further discussion, we define the following terms 

Mixed : Groups of bosons whose profiles after EWSB are linear 

superpositions of their original profiles. 

U n m i x e d : Bosons whose profiles after EWSB are the same as their 

original profiles. 

Combined : Mixed bosons which are described by the same mass condition and 

profile after EWSB. 
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Independent Mixed bosons with the same mass condition before and after EWSB 

In the interests of space and clarity, we will simply summarize the procedure 

and effects of particle mixing heie A detailed overview of the calculations, tiansfor-

mations, and profiles discussed m this section is provided in Appendix C 3 

Gauge Boson Mixing 

The full mixing of gauge bosons through the Higgs vev v after EWSB would be 

difficult to achieve by considering KK profiles mdividually Foitunately, the fully 

mixed vev-dependent particle profiles fa(m,z)v) can be related to the pre-EWSB 

profiles fa(m, z, 0) by means of the following gauge transformation [53, 4], 

/ ° (m, z, v) Ta = n~l{z, v) fa(m, z, 0) Ta fl(z, v) (3 41) 

where a = CLL R,a, the transformation matrix is 

Q(z,v) = exp 

and 

-ig5v / dz fh(z) 
JLo 

= exp(-iV2 9G(z,v)TA) , (3 42) 

v 9s {z2 - L2Q) / k 

Hz,v) = yliT^li (343) 

The fQ(m, z, 0) are respectively defined by Eq (C 21) in terms of the base functions 

CA(mn, z) and SA(mn, z) of Eqs (3 18-3 19) and normalization coefficients Ca The 

resulting EWSB profiles / a (m , z, v) can be found m Eqs (C 47-C 54) 

This gauge transformation 'turns on' a non-zero vev v for the Higgs This can 

be seen by applying the gauge transformation Eq (3 42) to the Higgs 775 = 77 fH m 
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analogy with Eq (2 1), 

i 
775 T

4 ->• tt 775 T
4 ftf + — ft t%ftf 

-^ttHJHT^Q) + —Q {-ig5vfH)& = fL(H + v)fHT4tt\ (3 44) 
95 

where for simplicity we have dropped the coordinate dependence in the notation It 

is also interesting to note that 9G(L0) = 0 and therefore fi,(L0,v) = 1, as such, the 

mixing will not affect particles located near the Planck brane as strongly as those 

located near the TeV brane 

We may determine both the coefficients Ca - up to an overall normalization 

factor - and the masses mn by applying the boundary conditions at the TeV brane 

There are as many TeV boundary conditions as there are coefficients Ca, therefore 

the BCs provide us with a system of equations by which the coefficients may be deter

mined However, this system of equations will only have a solution if its determinant 

is zero, this extra condition results m the following mass conditions 

SA(mn,Lx) = 0, 

C'A (mn,Li) = 0, 

S'2{mn L 0 = 0, 

2C'A(mn,Lx)SA(mn Lx) +mnkLx sin 0G(Lx,v) = 0, 

2C'A(mn, Lx) SA(mn, Lx) + mn kLx sec29W sm9G(Lx,v) = 0 , (3 45) 

where a prime represents the derivative with respect to the fifth coordinate z Each of 

these conditions determines the mass parameters m n for a given boson The first two 

correspond to the A4 boson and photon V^ masses, while the third corresponds to the 

WR and Xfj, masses, all of these particles retain the same mass spectrum as before 

EWSB However, masses of both the Z^ and A3^ boson are described by the fourth 
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mass condition, while the fifth describes the W^ and A^. The vev dependence of 

these combined mass conditions shifts the associated masses slightly. 

Imposing each of these mass conditions on the system of equations yields a 

separate solution for the coefficients. Although all 10 equations - one for each boson -

can be solved together, it is physically illuminating to note that the profile boundary 

conditions can be broken into four independent systems of equations containing a 

common set of coefficients Ca after EWSB. The particles within each group are listed 

in the first row of Table 3.4; the second row lists the coefficients to be determined by 

the corresponding system of equations. As one might expect, they reflect the mixing 

groups given by Table 3.3. 

Table 3.4: Sectors of gauge bosons mixed by EWSB through the Higgs vev v. The 

third group of particles is given in the physical basis because it is in this basis that 

the boundary conditions are imposed. 

Group 

Particles 

Coefficients 

Mixed Bosons 

Combined Bosons 

Independent Bosons 

Unmixed Bosons 

1 

W1L W1R A1 

yy JX ' yy \x i ^ V 

GXL, CXR, CX 

yy n ' yy n ' -̂ V 

W1L A1 yy n > 2 V 

WlR 

-

2 

T4/2L y/2R j(2 

C2L, C2R, C2 

VV JX 1 VV p , > ^ / J 

W2L A2 

W2R 

-

3 

Zfj,, Xp, V^, A^ 

CsL, C3R, C3, CB 

Zfj,, Xfj, A^ 

Zp, A^ 

X, 

v. 

4 

A1 

Q 

K 
-

-

4 
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Although the photon V^ is contained in the third mixing group, it turns out 

that it is in fact an unmixed particle. When the system of equations correspond

ing to group 3 is solved under the constraint of the photon mass condition, the 

resulting coefficients remove the vev dependence from the photon's EWSB profile 

fv(m,z;v). Furthermore, the photon coefficients also force fz(m,z;v), fx(m,z;v), 

and f3(m,z;v) to be zero, while the coefficients associated with the X, Z and A3 

bosons force fv(m,z]v) to be zero. As such fv(m,z;v) = fv(m,z;0). 

However, the masses and coefficients corresponding to the X boson do not force 

the Z and A3 profiles to be zero, or vice versa. This indicates that the mass eigenstate 

is not simply given by the mixed profile f(z; v) with the appropriate coefficients. The 

profile of the true mass eigenstate is defined as a superposition of the mixed states 

weighted by their generators; the generic form is 

FG{m, z; v) TF° = J2 fZ(m, z; v)Ta , (3.46) 
a 

where a runs over the particles contained in the mixing group and G indicates that 

the mixed profiles within the expression have been evaluated with the coefficients 

associated with that particle G's mass condition. The normalization condition for 

such a profile is given by 

'1 J ~ 

T~ Yl fa(mn, z\ v)f^(mm, z; v) = 5mn . (3.47) 
k z /—' 

a 

As such, both Z and A3 are described by the same FG(m, z; v), as they are associated 

with the same mass condition and coefficient set. We can therefore see that what we 

identified as separate Z and A3 bosons before EWSB have mathematically become 

combined into a single 5D boson after EWSB (although the resulting KK modes can 

still be identified with the original Z and A3 KK modes based on their masses). The 

bosons of mixing groups 1 and 2 behave similarly, while A4 never mixes at all due to 
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the fact that its generator commutes with the mixing transformation. 

As one might expect, the primary influence of this mixing manifests through 

the particle couplings. Due to the form of Eq. (3.46), the coupling of a given boson 

to other particles no longer involves solely its own generator, but also the generators 

of the bosons with which it is mixed. Consider the coupling of two gauge bosons, Gx 

and G2, through a Higgs. Suppose that each is a superposition of two states; Gx of 

states A and B, G2 of states C and D. Their coupling through the Higgs will be the 

sum of all possible couplings between their components 

Gx{mx) G2(m2) 77 -> CACH / ^ K ) f^{m2) fH + CADH f%l(mx) f^(m2) fH 

+ CBCH fPimi) fc2(m2) fH + CBDH fp(mx) /£ 2 (m 2 ) fH , (3.48) 

where the CUBC'S represent the usual coupling coefficient between particles A, B, 

C identified by generators TA, TB, Tc. The proceedure is the same regardless of 

the number of mixed bosons involved in the coupling or the number of superimposed 

states per boson. 

This complication of the couplings produces significant differences compared 

to the pre-EWSB couplings, as well as new couplings which were not previously al

lowed. For example, before EWSB a Z boson could not couple W£ and WR to each 

other; however, after EWSB W^ (WR) contains a small component of WR (W£), 

which couples through the Z to WR (W£), allowing the coupling to be non-zero. Sim

ilarly, after EWSB the KK ZZ77 couplings contain a contribution from ZA3H which 

significantly alters their value. However, it is worth noting that couplings involving 

zero modes - SM particles - are only slightly shifted by particle mixing; the dominant 

effects occur in couplings between KK modes. Furthermore, the profiles themselves 

are not substantially altered from those before EWSB. Although one cannot plot the 
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EWSB profile FG(m, z; v) due to the geneiator dependence of its definition, the profile 

normalization integrands before and after EWSB are indistinguishable when plotted 

together; in general the relative difference is of a few percent. 

Fe rmion Mixing 

The inter-mixing of fermion states through EWSB can also be accounted for via a 

similar gauge transformation on each of the fermion multiplets. The multiplets must 

each be written in vector form, with lepton multiplets ^ 1 L , £,i2R and ^ 3 R corresponding 

to profile vectors f(1L, fg2R and fe3, and similarly for quarks The vectors arc defined 

by Eq. (C.81) in terms of the fermion profile base functions Sf and 5 * - Eqs. (3.30-

3.31)) - and normalization coefficients Cf. However, these vectors are not defined 

in the same basis as our generators; to apply the gauge transformation, we must 

transform the fermion vector to the generator basis, and then transform back to the 

fermion basis so that boundary conditions can be applied. As such, our lepton profiles 

after EWSB are related to those before EWSB by 

fe1L (™n, z\ v) - Afl(z, v)A~1 fhL (mn, z; 0) , (3.49) 

fi2R(mn,z;v) = AQ.(z,v)A~1 fe2R(mn, z;0), (3.50) 

fe3R(mn, z; v) = BQ,{z, v)B"1fe3R(mn, z; 0) (3.51) 

where Q(z,v) is defined above in Eq. (3.42) and the change-of-basis matrices A and 

B are given in Eq. (C.87) and Eq. (C.88) of Appendix C.3. 

As in the boson case, we may determine the mass conditions of our mixed 

fermions by requiring that the determinant of the system of equations given by the 

fermion boundary conditions, Eqs. (3.37-3.39), be zero, and each mass condition will 

be associated with a particular solution set of coefficients Cf. As the boundary 
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conditions of the quarks may be obtained from those of the leptons by setting the 

Majoiana mass paiameters to zero, then coefficients and mass conditions may also be 

obtained from those of the leptons in this limit, and the mixing sectors are analogous 

If no Majorana masses are incorporated, the system of boundary equations 

yields the following mass conditions, 

2 

+ 

s+s- + MZs+sg = o, 

2 5+ (M2
2 5 " S~ + S~ 5 " ) - (k z)4M2 S~ sm29G = 0 , 

MiS+s-s+ (M2S-S~ + s~s;3) + s+s- (M*S-S+S- + s-s^s; 

M%S+S-S- + M\ (2M2SZS-S- + 25+5-S- - S + S " ^ ) ] (kz)4sm2 9G 

-M2S~ {k zf sin4 9G = 0 (3 52) 

where cx, c2, and C3 correspond to the parameter values of the respective multiplets 

and we have dropped the dependence on mn, z = Lx and v 

The first three condrtions correspond to non-SM fermions, while the fourth 

and fifth correspond to down-type and up-type fermrons respectrvely In total there 

are four mass condrtrons for the charge 1 (5/3) leptons (quarks), three for the charge 

-1 (-1/3) sector and five for charge 0 (2/3) sector Both the upper and lower charged 

sectors have an unmixed state, resulting m five groups of equations to be solved for 

12 mass conditions and coefficient sets These five sectois are summarized in Tables 

3 5 and 3 6 

In a similar fashion to the gauge bosons, the full fermion profile F / associated 

with a given solution set / is the superposition of all of the fe,(mn, z, v), 1 = 1, 2, 3, 
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Table 3.5: Sectors of quarks mixed by EWSB through the Higgs vev v. Recall that 

tiL,blL and i2[i, B'3R are the left- and right-handed SM quarks. 

Group 

Mixed Quark 

Combined 

Quark 

Independent 

Quark 

Unmixed 

Quark 

1 

Xli X3, " 3 , £ 3 

Xl . X3 

" 3 : ^ 3 

-

2 

X2 

-

-

X2 

3 

bi, h, B3, B'3 

bi, h, B'3 

B3, 

-

4 

b2 

-

-

b2 

5 

h, t\, tx, t2, t2, 

h, h, h, T3, T3 

{ii,i3), 

[ti,tx,t2,t2,t3) 

h, T3, T3 

-

evaluated with the specified coefficients.7 As such, the 4D coupling between a gauge 

boson G and two fermions fx and / 2 has the form 

9chh = 9s / 77711 J2 / £ + ( m " ' z> v)Tafa(mn, z; v)f£(mn, z; v) (3.53) 
JLO \KZ) „., 

and the profile normalization condition is 

^2fl\^in,z;v)fl(mn,z;v) = 1 (3.54) 
JLO (kz) 

where i and / are defined as before. The generators for the 5 and 10 representations 

are given explicitely in Appendix B. It can be shown using the boundary conditions 

7Any coefficients 111 the multiple! which were not a part of the solution set are taken to be zero 
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Table 3.6: Sectors of leptons mixed by EWSB through the Higgs vev v. Recall that 

nXL,£xL and n2R, L3 are the left- and right-handed SM leptons. 

Group 

Mixed Lepton 

Combined 

Lepton 

Independent 

Lepton 

Unmixed 

Lepton 

1 

«1, «3, K3, 

K'3 

KX, K3 

Ks,K>3 

-

2 

K2 

-

-

«2 

3 

4 , 4 , E3, E3 

h, h, E'3 

Es, 

-

4 

h 

-

-

h 

5 

vi, vi, m, V2, m, 

fj2, m, r/3, 7V3, 

(vi,m), 

(m,m,V2,V2,v3) 

L N3, N^ 

-

that the normalization coefficient for a given fermion will also normalize its chiral 

partner (when evaluated with the appropriate mass) [50]. 

3.2.6 The Coleman-Weinberg potential 

As previously discussed, the Higgs boson in the MCHM arises as the zero mode of 

the A\ scalar. Note that although this profile is linear in the warped coordinate z, 

in the flat-space coordinate y the profile is extremely peaked towaid the TeV brane. 

Because the Higgs boson arises from the gauge sector in the MCHM, it does not have 

a potential at leading order as the SM Higgs does. Instead, the Higgs potential arises 
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primarily from loop contributions of the heavy gauge bosons and the top and bottom 

quarks.8 These one-loop interactions are the same effects that lead to the Planck 

scale corrections to the Higgs mass in the Standard Model. 

The possibility that radiative corrections can induce spontaneous symmetry 

breaking - i.e., that the Higgs can gain a potential from loop corrections without 

having one at tree level - was first proposed by S. Coleman and E. Weinberg in 1973. 

To first order, the Higgs potential is given by their Coleman-Weinberg potential. In 

4D theories, this has the following form [57] 

r°° riAb °° 1 / i n rh2 \ " 
^ ( ^ W J + t W i ^ Y . j - A f ~ ) +counterterms, (3.55) 

r J0 ^ ' n = l ^ ' ' ' 

where VQ is the tree-level potential. The index r sums over all particles that obtain 

mass through the Higgs mechanism by coupling to the Higgs with strength gr. The 

integral term is obtained by summing all one-loop diagrams whose external legs are 

the scalars cf>. By using the series sum 

oo k 

- l n ( l - z ) = ^ ^ , (3.56) 
fc=i 

and Wick rotating (k2 —> —k2,k0-^ik0), we obtain (taking e —>• 0) 

v^\4>) = VM + \EJ-0)i
ln(1 + gS)+ counterterms • (3-57) 

Note that if the argument of the logarithm is set to zero and evaluated at the vev, 

4> = v, it is equivalent to the mass condition for the propagating particle, 

k2 + ^gr v2 = -m2 + -gr v2 = 0 -> m2 = -gr v2 . (3.58) 

In 5D Kaluza-Klein theories, the Coleman-Weinberg potential - with (f> re-

8We neglect the contributions of the light fermions in comparison with these. 
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placed by the vev v - is similarly given by [53, 4] 

Vcw{v) = ] T ±7^-2 J dpp3 ln(p r(-p 2)) , 

n />00 

dpp3 [6HPw(-p2)) + 31n(pz(-p
2)) 

(4TT)2 ,o 

- 4 ( l n ( A ( - p 2 ) ) + ln(p5(-p2)))] , (3.59) 

where Nr is the number of degrees of freedom, and the plus applies to bosons while 

the minus applies to fermions. This form is analogous to that of Eq. (3.55); VQ = 0 as 

there is no tree-level potential, counterterms are unneeded due to the convergence of 

the loop integrands, and the 4D mass condition is replaced by the analogous spectral 

functions, p. These are simply the particle mass conditions of the W boson, Z boson, 

bottom quark and top quark where the term independent of sin 0G has been divided 

out, 

pl(m
2) = l + Fl(m

2)sin9G(Lx,v)2, i = W,Z,b (3.60) 

Pt{™2) = l + ^ ^ A m ) s i i i 9 ^ ^ ^ (3.61) 

where the form-factors Fl(m) are given by 

j-i / 2\ 2 o r? i \ mnkLx sec 9W 

Fz(m ) = secz 9W Fw(m) = 2 CA(mn, Lx) SA(mn, Lx) 

w( 2, M2S~(kz)4 

2St3(M
2S-S~ + S~S-

Fd(m
2) = M2

xS:XSt (M2S-S~ + S~Sg) + S+S~ (M*S-S+S- + S'S+S, 

Ftx(m
2) = M f S + 5 - 5 " + M\ (2M*S+S-S- + 2 5 + 5 " S " - S ^ S , 

Ft2(m
2) = -MlS-(kzf (3.62) 

where the mass dependence in the Sc(m, Lx;v) has been omitted. 
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Similarly to the SM case, the Higgs vacuum expectation value is determined by 

minimizing the Coleman-Weinberg potential, while its mass is determined by evaluat

ing the second derivative at the vev [4]. As such, if the Coleman-Weinberg potential 

is divergent, so is the Higgs mass. This is the origin of the Hierarchy problem. 

However, the 5D potential of Eq. (3 59) is finite and calculable. Fig (3.3) 

plots the integrand of the CW potential for a particular parameter set; one can see 

that the integrand is exponentially suppressed as the momentum increases, creating 

an effective cut-off of the integration at an appropriate scale, eliminating the need for 

counterterms and avoiding the Hierarchy problem. 

This exponential suppression can also be demonstrated analytically by using 

the asymptotic properties of Bessel functions (see Appendix A). Consider for example 

the Z form-factor Fz(m
2), which is inversely proportional to C'A(mn, Lx) SA(mn, Lx). 

Assuming that pLx S> 1, p LQ <C 1, and Eqs. (A.9-A.13), one can show that 

C'A(mn.Lx) = -irm2z(YQ(mL0)Jo(mL1) - J0(m Lo)Yo(m Lx)) , 

Wl^>TOt -mm2 z ( K0(mL0)Io(mLx) + I0(mLQ)-K0(mLx) ) 
2 \ 7T TX J 

Note that the first term is exponentially enhanced, while the second is exponen

tially suppressed. As such, the first term dominates and C'A(mn, Lx) is approximately 

proportional to exp(mLi). SA(mn,Lx) can be shown to have a similar exponential 

proportionality, and thus the form factor Fz(m
2) is doubly exponentially suppressed. 

Furthermore, considering that Fz(m
2) is small, we may make use of the Taylor ex

pansion 

ln(l + x) = x - -x2 + -x3... (3.64) 

to show that the Coleman-Weinberg integrand will be proportional to Fz(m
2), and 
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Suppression in the integrand of the CW potential 

|? -8.0x10' 

2.0x10 4.0x10 6.0x10 8.0x10 
Scaled Euclidean momentum, p L. 

1.0x10 

Figure 3.3: The integrand of the Coleman-Weinberg potential for kL = 30, cx = 0.24, 

c2 = —0.41, c3 = 0.58, Mx = 2.3, and M2 = 0.4; these values result in a Higgs vev 

corresponding to 9G{LX) — 0.318. 

therefore exponentially suppressed as well. 

3.2.7 Parameters of the Minimal Composite Higgs Model 

The Minimal Composite Higgs model depends on parameters g, 0W, Mz\ kL = 

ln(fcLi), and the various ct and Mt that are necessary to specify the fermion multi

plets. The first three of these are defined to be the usual SM parameters: g = 0.649, 

9W = 28.75°, Mf] = 91.18762 GeV. The fourth parameter is usually taken to be 
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kL « 30 [4], 

Once the fermion parameters of the third quark generation have been cho

sen, the Coleman-Weinberg potential may be minimized to determine the value of 

9G(LX) [4].9 Using this value, k is determined by solving the Z boson mass condi

tion such that m = Mz . Having obtained k, LQ and Lx are given by their original 

definitions, L0 = \/k and Lx = exp {kL)/k. 

At this point the vev can be obtained by rearranging the equation for 9G{LX), 

v = — _ — - _ _ (3.65) 
Qsy/KLl-LlY 

and, finally, the Higgs mass can be determined by evaluating the second derivative 

of the Coleman-Weinberg potential at the vev, mn = VGW(v), as previously dis

cussed [4]. 

In an ideal world one would like to choose a set of parameters such that the 

resulting Higgs vev is that of the SM. However, in this parametrization scheme there 

is a close relationship between the Higgs vev v and the upper bound on the fifth 

dimension Lx. This relationship is plotted in Fig. (3.4) for kL = 30; one can see 

that as the Higgs vev approaches the SM value of 246 GeV, the length of the fifth 

dimension approaches zero. As such, we cannot retain the SM Higgs vev value; we 

must strike a balance between keeping the vev value close to that of the SM and 

keeping Lx near 1 TeV. 

The choice of parameters has been further constrained by electroweak precision 

tests in the literature. In the MCHM with the MSW fermion embedding, if the light 

9Note that the minimization condition can be written entirely in terms of the initial parameters 

and 8G{L\) - independently of k - by transforming the integration variable to pL0. 
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The relation between L and the Higgs vev 

1 Oxl 0"3 

- 8 OxlO"4 

_ ] 

c 
o 
« 
•2 6.0x10"" 
b 
ca 
c 
3 
O 
> 4.0xl0"4 

CD 

H 

2.0xl0"4 

246 248 250 252 254 
Vacuum Expectation Value, v 

Figure 3.4: A plot of the relationship between the Higgs vev v and Lx for kL = 30. 

The dotted lines indicate the ideal values of v = 246 GeV and Lx = 1/TeV. 

fermions are placed close to the Planck brane - as is required to obtain realistic 

masses - then the KK mass scale Mkk = jj- > 1.4 TeV, implying that Lx < 0.714 

TeV - 1 [49, 54]. The parameters of the third quark generation have further been 

constrained to the following regions of parameter space: 0 < |ci| < 0.3, 0.35 < |c2 | < 

0.45, 0.55 < |c3| < 0.6, MX>1, and M2 < Mx; ranges such that cx > 0 and c2 < -0 .4 

are favoured by electroweak precision constraints (EWPC) [4, 50]. Furthermore, while 

light fermions generally require c values higher than 0.5 to obtain the right masses, 

EWPC require that c < 0.75 [52]. 

In all of the following work, we have used the initial parameters listed Table 3.7. 
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Table 3 7 Initial parameters used to solve the Coleman-Weinberg potential, as well 

as the resulting k, v, L0 and Lx The parameters with superscript q3 refer to those 

of the third quark generation, while cilght applies to all other fermions 

kL 

30 

> 3 ) 
C l 

0 24 

J«3) c 2 

-0 41 

c 3 

-0 58 

chght 

0 70 

M[q3) 

23 

Mx
{q3) 

05 

k [GeV] 

1 497 1016 

v [GeV] 

250 218 

Lx [GeV^1] 

7 140 10"4 

They are convenient as they abide by the constraints above, but result in a KK mass 

scale just above 1 4 TeV, so that the KK masses are as small as possible Furthermore, 

parts of this parameter set was used for other purposes m the literature [50], which 

allowed for cross-checks of our work 

Table 3 8 Table of Z, X, and A3 boson mass both before and after EWSB 

KK order 

0 

1 

2 

3 

4 

Mass Before EWSB 

Z [TeV] X [TeV] A3 [TeV] 

0 

3 442 

7 809 

12 199 

16 595 

3 368 

7 732 

12 121 

16 515 

-

5 367 

9 826 

14 249 

18 661 

Mass After EWSB 

Z [TeV] X [TeV] A3 [TeV] 

91 18 

3 437 

7 804 

12 194 

16 590 

-

3 368 

7 732 

12 121 

16 515 

5 372 

9 831 

14 254 

18 667 

As we will be neglecting zero-mode fermion masses, for simplicity we will not 

distinguish between the different light fermions, we will use the same parameters for 
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all leptons, neutrinos, and the first two quark generations Howevei, it should be 

noted that different choices of parameters will yield extremely drfferent spectra of 

KK fermions 

For future reference, the parameters m Table 3 7 yield the spectrum of masses 

for the X, Z and A3 bosons found in Table 3 8 As expected, the KK masses begin 

at roughly 2 5 Mkk = 2 5 x 1 4 TeV = 3 5 TeV In accordance with Fig 3 2, the X 

boson masses are left unchanged by the particle mixing The Z^ mass is shifted up 

to its SM value, while the Z KK masses are shifted down (but remain larger than the 

X masses) Similarly, the A3 masses are shifted slightly upward 
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Chapter 4 

The Higgsstrahlung cross section 

4.1 Higgsstrahlung as a probe of compositeness 

In the Higgsstrahlung interaction an electron-positron collision produces a SM Z 

boson and a Higgs (see Fig. 4.1). 

Figure 4.1: The Higgsstrahlung interaction, e + e —> Z°H. 
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We have chosen to study this interaction because the Higgs coupling has a 

similar structure to that of the Z^ loop diagram that provides a correction to the 

Higgs mass In the Standard Model this loop diagram is divergent, and contributes 

to the Hierarchy problem However, it is not divergent m the MCHM, due to the 

exponential suppression in the integrand of the Coleman-Weinberg potential, as we 

saw m the pievious chapter In the effective 4D KK picture this is due to the waiped 

geometry of the 5D model, in terms of the CFT picture it is due to the finite size of 

the composite Higgs boson 

Under either interpretation, one would expect the Higgsstrahlung cross section 

to display a similar suppression The 5D structure of the Higgsstrahlung Z^Z^H 

interaction is very similar to that of the Z^Z^HH interaction, the only difference 

being the replacement of a n t h order Z boson profile with a zeroth order profile 

Furthermore, one would expect the finite size of the composite Higgs to have the 

same effect on the Higgsstrahlung interaction as on the loop diagram 

Another attractive feature of Higgsstralung is that it is an s-channel inter

action therefore all of the initial energy from the fermions is transmitted directly 

through the propagator into the Higgs vertex This allows for a clean high-energy 

interaction 

The unpolarized Standard Model cross section for this interaction is given by 

°SM 
G)M; (o) 12Mz

0)2s + X(s,Mz
0)2,MH) 

Xhs,M^2,MH)(C2
v + C2

A)^ , , . . , ,K)2 , 0 ) 2 J > ( 4 1 

where Gf is the Fermi coupling constant, and 

X(x, y, z) = x2 + y2 + z2 - 2 x y - 2 x z - 2 y z (4 2) 

Note that when s » Mz
2, X(s, Mz'

2, MH) « s2 and therefore the cross section falls 

like s~~x We will compare our MCHM Higgsstrahlung cross sections to Eq (4 1), we 
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expect that the MCHM cross section will be strongly suppressed in comparison to 

the SM cross section above the KK mass scale 

As the outgoing Higgs and Z^ bosons are not charged, and the Aa bosons do 

not couple to electron anti-electron pairs, the only bosons that can propagate through 

this interaction before mixing are the Z]f and the Xjff 

4.2 Two equivalent perspectives 

We have approached the calculation of the MCHM Higgsstrahlung cross section from 

two different but equivalent perspectives Both involve integrating over the fifth 

dimension to obtain a four-dimensional effective theory 

In the first case, we integrate the 5D Lagrangian before deriving Feynman 

rules As a result, we obtain the usual 4D Feynman propagator for a vector boson 

However, our 4D vertex rules now include an additional factor the integral over z 

of the z-dependent 5D vertex components and the profiles of the relevant particles 

In this case, we are treating our propagating bosons as KK modes To obtain the 

full cross section, we would have to sum over all of the infinite number of KK modes, 

which is obviously not feasible However, by truncating the sum we can obtain an 

approximate cross section Despite the approximation, this approach has several 

advantages, notably that it is straightforward to include the zero-mode masses, gauge 

boson widths, and the effects of paiticle mixing in the calculation We will refer to 

this approach as Effective Vertex Approach (EVA) 

In the second case, we assemble the interaction amplitude using 5D Feynman 

rules, and then integrate over the fifth dimension This method has the advantage of 
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including all of the propagating KK modes automatically, however, the inclusion of 

zero-mode masses, widths, and mixing effects becomes difficult We will lefei to this 

approach as Effective Cross-section Approach (ECA) 

4.3 A first approximation: Higgsstrahlung without 

particle mixing 

As a first approach to the analysis, we make an approximation m that we neglect 

particle mixing due to electroweak symmetry breaking As discussed m Sec 3 2 5, we 

expect the extra contributions to the Z from the X and A3 bosons to be quite small, 

as the Z(n) boson after EWSB should still predominantly correspond to the original 

Z(") boson, the same rationale applies to the mixing m the electron states Therefore 

we expect this to be an acceptable approximation for our cross section 

Furthermore, we also neglect the effects of non-SM fermions, KK mode 

fermions channels are not included in any boson decay widths l 

4.3.1 Feynman rules 

A comprehensive summary of the 5D Feynman rules of the model - in the absence 

of mixed particle states can be found m Appendix C However, we will summarize 

those relevant to the cross section here 

In the EVA view each gauge KK mode is associated with the usual Feynman 

propagator for a heavy gauge boson However, in the ECA view the 5D Z and X 

lrThe KK fermion channels in the gauge boson decay widths will be addressed in Sec 3 2 5 when 

we compute the cross section with full particle mixing 
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boson propopagators from z to z' m unitary gauge are given by 

-iG(z,z\p)^-^^-tG(z,z\0)(?^j (4 3) 

The function G(z, z',p) is the Green's function of the equations of motion, Eq (3 17) 

As such it is defined by 

P2 - \dz + d2
z G(z,z',p)= kz5{z-z'), (4 4) 

where we have Fourier transformed the first four spatial coordinates xM to momentum 

space coordinates pM [51, 38] The coordinate of the fifth dimension z has been left 

as a spatial coordinate This differential equation has the general solution 

G(u,v,p) = ^A£"V
BC[AJ1(pu) + BY1(pu)][CJ1(pv) + DY1(pv)] , (4 5) 

where u = mm(z,z'), v = max(z,z'), the coefficients A, B, C, D are determined by 

the appropriate BCs for the particle m question, and J and Y are the Bessel functions 

The Z boson propagator will have A = — Y0(pLo), B = J0(pL0), C = —Y0(pLx), 

and D = Jo(pLx), which correspond to Neumann-Neumann BCs The X will have 

A = —Yx(pL0), B = Jx(pL0), C — —YQ(pLx), and D = J0(pLx), which correspond to 

Dirichlet-Neumann BCs 

We also have the following vertices, which can be obtained by taking the 

functional derivative of the coupling terms in the model Lagrangian, 

G (n ) Z(rn) ff _> * | ^ G 9A ̂  y ^ 2 ^ fin){z) 

Z K Z Q 

*LRG? *LR -+ 2 ^ j °j C}«^\z) ff(z)2 (4 6) 

where G = Z , X are 4D gauge KK modes, 77 is the 4D Higgs boson, / / (z ) , fG{z) 

and fn(z) denote the appropriate fermion, gauge boson and Higgs profiles, given by 
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Eqs (3 18-3 21), Eqs (3 30-3 33) and Eq (3 22) in the non-mixing case We have 

defined the following constants, 

_ (Q - T3L) sm2 9W - T3R COS2 I 
,fz -J. - - v « m uW) o / A - - ^ w Cfz

R = T^-Qsm20W) C^ = 
Jw 

g Vcos 29w \n(kLx) 
gz = T - , 9x = -a— , 9t = 9\ ; (4 7 

cos9w cos9w V k 

Here T3L R denotes the appropriate generator element for the right- or left-handed 

fermion m question Note that the first coupling of Eq (4 6) originates from a 

G> Zjf 77 77 coupling where a single Higgs has been replaced with the vev, 77 —> v 

This is why there are two factors of the Higgs profile, this coupling ultimately orig

inates from the quartic gauge coupling m the gauge Lagrangian of Eq (3 8) The 

couplings of 5D particles would have the same form except that the profiles would be 

absent as they are included m the full 5D boson 

It should also be noted that the left- and right handed fermion couplings have 

the same algebraic form due to the fact that the coupling terms m the fermion La

grangian are the same for both chiralities However, due to the multiplet structure of 

the fermion sector, the values of T3L R corresponding to our right- and left-handed SM 

fermions will be different, although the algebraic form is the same for all feimions 

the coupling values are not 

4.3.2 Cross sections in the Effective Vertex Approach 

Using the Effective Vertex Approach, the 4D effective amplitudes corresponding to 

the Higgsstrahlung cross section for generic fermions are 

rLR _ 9z9GV
 rv*(„ \ ryjn) ^(n 0) ^L R v{P\)lu (1 ~ 75) u(p2) 

q2-MG
n)2 + irG

l)MG
ny 

MLR _ 9z9Gv V*(„\ ryjn) ^(n 0) ^L R VWDlv ^ ~ 15) a{P2) , . 
M

GM - 1 € ^ ZffG LGZH ^fG — . Jn)2 , „(„) . .(„) > l 4 
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where px, p2 , and p4 are the momenta of the anti-fermion, fermion, and external Z ^ 

boson respectively, q = px + p2 is the momentum exchange, and r ^ is the total 

decay width of the particle propagating in the s-channel. Here G^ = Z ' n \ X ^ n \ 

L, R refer to the polarization of the fermions, the coupling factors CfG are given 

by Eq. (4.7), and the coefficients ZQIAZ) and ZQZH(Z) are the integrals of the 5-

dimensional profiles, 

Z, 
(n) 
Gff dz TTTVi ~ ^(m™' z) f? ( m « ' z ) 2 • [K z) g 

z (n,0) 
GZH 

Lo 

dz 
kz 

95 f(n) (0) , — fa (mn, z) fz'(mn, z) fH(z) 

(4.9) 

(4.10) 
>L0 ^ \ g 

We have neglected the fermion masses and made use of the Dirac equation. Note that 

as we are integrating over the vertex by itself, all of the particles are external and 

on-shell; therefore the momentum dependence of the propagator profile is evaluated 

at the appropriate mass mn. 

In the center-of-mass frame the cross section corresponding to one of these 

terms is 

a 
L,R 
G(n) 

g2
z gG v2 

384TT M 
(0)2 

f (0 )2 12Mz
u>s + X(s,M^\M2

H) 
(0)2 

xX^(s,M{
z
)2,MJ 

7{n)2 y(n,0)2 (nL,R 
^Gff ^GZH \ U / G 

(s-Mt 
M2^2 + p(«)2 ^ ( n ) 2 
G G LG 

(4.H) 

The total cross section for a given polarization is given by 

07, 
L.R g2 v2 

3MixM[
z
)2 s2 

r(0)2 r(0)2 
12 Mfs + A(s, MZ

U)Z, MH) X*{s, MK
Z>\ Ml

H) r(0)2 

£ 
•2 rL>R 7 M 7(n,°) °° «2 r"L>R 7{A> 7(n '°) n 2 

i/z ^ fZ ^zff ^ZZH ST^ gx ^fX ^xff ^XZH 

- (s _ Mf >y + vf2 ^(n)2 + ^ r(n)2x M\ n=0 
( s _ M W 2 ) 2 + r(«)2MW2 

LX LX 

(4-12) 
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The unpolarized cross section a corresponding to Eq. (4.1) can be obtained 

by adding the unpolarized cross sections and dividing by four, 

t̂ot = ^ K t + ^ t ) • (4-13) 

4.3.3 Cross sections in the Effective Cross-section Approach 

In the ECA approach, to obtain the effective 4D amplitude we integrate the five-

dimensional components of the vertices together with the 5D propagator, G(z,z';q) 

of Eq. (4.5). The total effective 4D amplitude is therefore 

ML
G

R = - 9-~e*a(pA)v(px) 7Q (1 - 75) u(p2)gG ZG(q, c) C^ (4.14) 

where G = Z, X and Gz(z,z';q) = G^NN\z,z';q) and Gx(z,z';q) = G^DN\z,z'\q)\ 

the superscripts indicate the appropriate boundary conditions for the boson in ques

tion. The parameter c refers to the electron profile parameter. The momenta px, 

P2, Ps, Pi, and q correspond to the anti-fermion, the fermion, the Higgs, the external 

Z boson, and the s-channel boson respectively. The constants CrG are the same as 

those defined in the previous section (Eq. (4.7)) and ZG(q, c) is the integral of all the 

5-dimensional components over z and z', 

ZG(q, c) = £ dz j ' dz' ( f ) 3 ^ 7^)1 ff\z? / i V ) Uz')2 GG(z\ z; q) 

+ CdZ CdZ' (f )3 h J^-jT^f^^f^'fG^z'-q). (4.15) 

The integration is performed so as to account for the fact that the propagator is in 

fact a piecewise function: u = z and v = z' if z < z' while u = z' and v = z if z > z'. 

Note that in this case the propagator is not an external particle when we perform the 

integral, and therefore not on-shell; we therefore denote the propagator momentum 
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by q and not m. For analytic solutions to the integrals over the fifth dimension, please 

see Appendix E. 

We therefore find that the total cross section is 

°L,R=_.
 ]\VL2 yHs,M^2,M2

H)[l2M^2s + X(s,M^2,M2
H)} g;y 

384vr Mf)2s2 

X 

z 
2 

9i Zz(q, c) Cif + g2
x Zx(q, c) Ctf) . (4.16) 

Let's consider the dimensions of ZG(q, c) for a moment. As each profile / has a 

dimension of [Energy]?, G(z,z';q) has dimension [Energy]-1 and g$/g has dimension 

[Energy]-?, we find that ZG(q,c) has dimension [Energy]-2. Therefore ZG(q,c) has 

the same dimensons as the SM gauge boson propagator and the 4D amplitude MG 

is dimensionless, as it should be for a four body scattering process. 

As noted proviously, this approach to the calculation of the cross section is 

completely equivalent to the EVA approach if propagator widths and zero mode 

masses are neglected. This can be shown explicitly by means of the following relation 

which exists between the 4D gauge KK mode profiles and the 5D propagator [51], 

n^ P2-M^2 G(z,z>;p) = YJ
lGr{G

A})V- (4-17) 

Using this identity, one finds that the integrals in Eq. (4.15) separate into the two 

integrals given by Eqs. (4.9) and (4.10), and therefore that 

oo 17 (n) y(nfl) 

^> = £~Sf («8> 
n=0 y mG 

Therefore, the cross section obtained in Eq. (4.16) is completely equivalent to that 

in Eq. (4.12) in the limit that the gauge boson KK mode widths I ^ and zero-mode 

masses My are neglected (as Eq. (4.17) does not include EWSB, and therefore Mz 

is taken to be zero). 
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4.3.4 Comparison and analysis of cross sections 

Although both the Z and X bosons may propagate in the e + e - -» Z ^ 77 cross 

section, the contribution of the X boson is effectively negligible for our choice of 

c = 0.7 for the electron, and remains so unless the electron c parameter becomes 

quite close to 0.5. As light fermions such as the electron (c > 0.5) have profiles 

peaked toward the Planck brane, their couplings to the X boson - whose profile is 

zero on the Planck brane due to the Dirichlet BC - are very weak. Therefore we may 

neglect the effects of the propagating X boson in the Higgsstrahlung cross section. 

Fig. 4.2 compares the e+e~ -» Z (0) 77 cross section of the SM, the MCHM from 

ECA, and the MCHM from EVA including the first 6 KK modes. We plot q2 a to 

cancel the g - 2 falloff of the SM cross section at high q2. None of these cross sections 

include widths, which leads to the resonance spikes at q = mn for the Z KK modes. 

The figure demonstrates the excellent correspondence between 4D and 5D 

approaches to calculating the cross sections. The four KK EVA MCHM cross section 

perfectly matches the full ECA MCHM cross section until the energy range approaches 

the mass of the fourth KK mode, where it begins to deviate slightly. After the fourth 

KK mode there is a sharp departure from the ECA curve - which encodes the full 

MCHM - exactly as one would expect. However, the six KK EVA cross section 

continues to match the ECA curve as we have not yet reached the limit of the KK 

modes that it includes. 

This behaviour is supported by Fig. 4.3, where the cross section is plotted 

with an increasing number of KK modes included. As each curve reaches the final 

KK mode included it deviates sharply from the 5D curve, but flattens out at a smaller 

value. Smaller deviations from the 5D curve can also be seen when each EVA curve 
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Comparison of the MCHM and SM Higgsstrahlung Cross-sections 
Approximation' No particle mixing, no widths 
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Figure 4.2: The e+e - -> Z^ H from 4D (dotted line) and 5D (solid line) plotted 

with the SM cross section (dashed line). The units of a and q are [GeV]-2 and [GeV] 

respectively. Note that the 4KK and 6KK curves are virtually indistinguishable from 

the full MCHM curve until the energy begins to approach their respective cut-off KK 

masses. 

reaches the KK mode preceding the final mode included, indicating that the cross 

section becomes less accurate as it approaches the cut-off KK mode, as one would 

expect. This excellent correspondence between the truncated KK cross sections and 

the full cross section below the cut-off level indicates that the cross section is not 

substantially altered by KK modes that are much heavier than the center-of-mass 

(CoM) energy. 
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MCHM Cross-section with an increasing number of KK modes 
Approximation. No particle mixing, no widths 
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Figure 4.3: A plot of the 4D e+e - —> Z ^ 77 cross section times q2 including an 

increasing number of KK modes, up to 6 (dotted lines). Also plotted is the cross 

section obtained from 5D (solid line). The units of a and q are [GeV] -2 and [GeV] 

respectively. 

However, one might note a small discrepancy between the EVA and ECA 

cross sections at low energy in these two figures; the ECA cross section is substantially 

smaller than the others through the original SM peak from 200-1000 GeV. This feature 

is due to the fact that the ECA cross section does not include the zero-mode mass of 

the Z boson. If one plots the EVA cross sections with Mz = 0 this discrepancy is 

resolved. Furthermore, all of the MCHM cross sections are slightly higher than that 
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of the SM; this is entirely due to the difference in vev value, v. 
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Figure 4.4: The influence of widths on the Higgsstrahlung cross section. The full 

MCHM does not include widths. Note that these widths do not include KK fermion 

states. 

Fig. 4.4 plots the cross section with widths included in the KK mode propa

gators. Formulae for the relevant widths can be found in Appendix D. Gauge boson 

widths are obtained by calculating the boson's decay rate to lighter particles; their 

addition changes the cross section's divergence at the boson mass into a Breit-Wigner: 

t 
q2 - M£ 

n)2 An) 2 (n)2 F (n)2 
(4.19) 

q2-MG
n'z) +M(

G' T, G 
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We have considered only two body decay states, these include decays to two 

gauge bosons, a gauge boson and a Higgs, or fermion anti-fermion pairs Any com

bination of zero modes and KK modes may contribute, as long as their combined 

masses are light enough to be kinematically allowed 

One can see that the addition of the widths into the cross section does not 

substantially affect the curve near the first KK resonance, but merely shortens the 

resonance peak However, as we progress to higher orders of KK modes the widths 

begin to affect the cross section between resonances, ultimately leading to an increased 

suppression at higher energies Note that these widths do not include KK fermion 

decay modes, such modes will further widen the resonances and suppress the cross 

section, as we will see m section 4 4 Though the inclusion of widths significantly alters 

the cross section, it does not change the behaviour of the EVA KK cross section as 

it approaches the truncation point, we can see that the four KK EVA cross section 

becomes slightly offset after the thud resonance, and deviates sharply from the six 

KK EVA cross section after the fourth just as it did before 

The most salient feature of Fig 4 2, however, is that as the center-of-mass 

(CoM) energy increases the MCHM cross section m between the KK mode resonances 

becomes very suppressed m comparison with that of the SM, as expected This is due 

to the influence of the MCHM s 5D structure From the EVA perspective, it arises 

due to cancellations between KK contributions to the cross section 

To demonstrate this cancellation, let us consider each boson KK mode cross 

section to be at a point far from the mass resonance, l e , m the limit that A72 -C s 2 

2In t ru th there is no such point, as there are an infinite number of KK modes so one cannot even 

theoretically reach an energy highei than all of them However, the behaviour of the cro^s section 

at this hypothetical point will indicate its overall behaviour in the troughs between resonances 
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At such a point, the individual propagators will become equivalent as s overpowers 

Mz in the denominator. Therefore the relative difference between the SM and 

MCHM cross sections will be due to the difference between the SM coupling and the 

squared sum of the contributing MCHM couplings. 

^MCHM / n Mi) fib) , Mi) ,o(») \ 2 

^ \»=1 UZffLtR
UZZHLiR J 

Note that in the case of the Z couplings Cz the constant coupling factors will be the 

same as those of the SM, except that the vevs are different. As such, if we neglect X 

contributions the ratio of MCHM to SM couplings is proportional to the ratio of the 

vev and the fifth dimension integrals defined in Eqs. (4.9-4.10), 

MCHM / n \ 2 

-*&- « E iAz™« z'z» • if a > > M < " 1 2 • (4-21) 
aL,R \ l = x

 USM J 

For the purpose of examining the overall mathematical structure and behaviour, we 

will consider sums of up to twenty KK modes. However, it should be noted that at 

some point above 4TrMkk our effective theory will begin to break down; the strong 

interactions of the CFT will come into play and perturbation theory will no longer 

provide an accurate picture of the physics. As such, the details of results above the 

tenth KK mode may not be a true representation of the physics involved. 

As the number of included KK modes in this sum increases, the MCHM 

squared sum decreases sharply in comparison to the SM coupling, as seen in Fig

ures 4.5 and 4.6 for the left- and right-handed sums respectively. The first reason for 

this behaviour is related the the form of the integrals Zl
ZZH ZZJJ. Due to the Bessel 

functions in the gauge boson profiles, these integrals are oscillatory functions of the 

mass m centered about zero. When evaluated at the gauge masses, the odd order 

KK modes turn out to have negative couplings, while the even order KK modes have 

even couplings. 
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Behaviour of the squared Higgsstrahlung coupling sum 
Approximation: No particle mixing (left-handed) 
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Figure 4.5: The ratio of the squared sum of the left-handed Higgsstrahlung interaction 

couplings with respect to the left-handed SM Higgsstrahlung coupling plotted versus the 

number of included KK modes. 

T h e second reason for the coupling sum behaviour is t h a t the first Z KK mode 

happens to have an overall coupling roughly ten percent larger t h a n the zero mode in 

magni tude , bu t opposite in sign. As such, adding in the first KK mode 's contr ibution 

completely cancels the zero mode; the coupling sum becomes negative, with about a 

t en th of the magni tude of the zero mode coupling. Adding the second KK mode -

which has a positive coupling - cancels the remainder of the first two, and yields a 

positive sum of even smaller magni tude. This procedure continues, with the coupling 

sum oscillating about zero but becoming smaller in magni tude as more and more KK 
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modes are added in When the sum is squared, the negative sum values are flipped 

up into the positive quadrant, where they fall into line with the positive sum values 

This cieates the relatively smooth downward curve seen m the figures 

However, one will note that on the right side of the figures the points begin 

to fall out of line and split into two tails Mathematically this occurs because the 

alternating sequence is not perfectly centered about zero, the negative sum values 

become smaller m magnitude more quickly than the positive values, indicating that 

the sum sequence has a non-zero limit As such, m Figs 4 5 and 4 6 the curve 

of squared summation values divides into two lines, one representing the squares of 

negative values, while the other corresponds to positive values Eventually a point 

will occur where new negative additions become too small to cancel the previous sum, 

this is the low point seen m 4 6 From this point on the sum will remain positive, 

and will approach a non-zero value As long as the c parameter is relatively large -

as it must be for the light electron - this summation limit will be much smaller than 

1 Incoming additions to the sum will still add and subtract from it, causing it to 

oscillate about the summation limit as it approaches it 

It is at this point that the contributions of the X couplings become important 3 

We can see m Fig 4 5 that the combined left-handed sum of Z and X couplings does 

not split as rapidly as the sum of only the Z contributions This is due to the fact 

that the overall left-handed coupling coefficients4 of the Higgsstrahlung interaction 

with an X boson propagating are of equal magnitude but opposite sign to those when 

3Of theoretical importance that is This behaviour occurs at energies too high to be relevant to 

our cross-section plots or further analysis 
4By coupling coefficients we mean the constant coefficients of the coupling that aie not related 

to the integral over the fifth dimension 
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Z propagates Because T3t = T3R for a left-handed electron,5 and g2 = g2cos29W} 

the X coupling coefficients aie 

»-g 'T" ):?;" r"m '^^"'9--T '^ «22> 
which is the negative of the Z coupling coefficients 

The only difference between the two couplings is the value of the integrals 

over the fifth-dimensional components, Zl
ZZIi Zz?f and ZXZH Zx*f As it happens, 

the sums of these integrals approach similar values as more KK modes are included, 

as demonstrated m Fig 4 5, allowing the X contribution to cancel that of the Z 

boson The sum of both the X and Z left-handed contributions to the Higgsstrahlung 

interaction will have a limit much smaller than that of the sum of the Z contributions 

alone The cancellation is not perfect, and the sum will still approach a smaller non

zero value eventually, but the effects of the non-zero limit - 1 e the splitting - will not 

become apparent until much higher energies are reached and many more KK modes 

are included 

However, including the X couplings m right-handed sums does not cause a 

reduction m the sum limit, m fact, one will note from Fig 4 5 that their addition 

causes the deviation to increase This is due to the fact that for right-handed electrons 

T3L = 0 and T3R = — 1 = Q, so that the right-handed X coupling coefficients are 

w - 7 * ) - ' » . - ! « " • * • ' « . = AQ = giQ c o s M . ( 4 2 3 ) 

cos 2t)w 

When added to the Z coupling of —g2
zQ{sm2 9W), the total becomes — g2

zQ(cos2 9W) 

Not only is this non-zero, but cos2 9W > sm2 9W, which is why the deviation m the 

5lf the Higgsstrahlung process weie to occur with up-type fermions incoming, rather than down-

type, the right-handed sum would approach zero but the left-handed would not 
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Behaviour of the squared Higgsstrahlung coupling sum 
Approximation: No particle mixing (right-handed) 
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Figure 4.6: The ratio of the squared sum of the right-handed Higgsstrahlung interaction 

couplings with respect to the right-handed SM Higgsstrahlung coupling plotted versus the 

number of included KK modes. 

tails increases; the combined X,Z sum approaches a larger limit value than the sum 

with only Z contributions. 

It is interesting to note that the left-handed sum is mostly independent of the 

value of c. When c is small (< 0.5), both the X and Z contributions sum to large 

values, as the fermion profiles are located farther away from the Planck brane and 

couple more strongly with the bosons. In this case, as discussed above, the X sum 

cancels that of the Z such that the resulting sum is small. When c is large, the X 

contributions are largely negligible as the fermions are very close to the Planck brane 
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where the X piofile is zeio However, the Z contributions alone still sum to a limit on 

the same order of magnitude as that when c was larger Furthermore, it seems that 

although the sum limit is small for all c, it is also non-zero for all c, if one explicitely 

constrains the fermions to the Planck brane, the alternating sequence of the sum 

still demonstrates the slight offset from the origin, suggesting that the ultimate limit 

is still non-zero In fact, visually there is no difference between Fig (4 5) and an 

analogous plot with the fermions constrained to the Planck brane 

The primary influence of c is on the right-handed sums, which may be quite 

large (greater than 1) for small values (c < 0, 5), where both the X and Z sums are 

large and do not cancel As the ratios of the Z MCHM couplings to SM couplings are 

the same for both right and left chiralities, as c become large - and the X contributions 

become negligible - the right-handed sum becomes equivalent to the left, as both obey 

Eq (4 21) 

As seen in Fig 4 7, the suppression that results from this KK coupling can

cellation is initially stronger than that of an exponential, but becomes less so as the 

mass of the largest included KK mode increases The suppression with respect to 

mass can be parametrized by a function of form y = xa exp [b + c (In x) ], this fit 

was obtained by taking the logarithm of both variables, fitting a second order poly

nomial, and then reversing the transformation The form of the fit suggests an initial 

exponential influence to the suppression of the cross section, however, the exponential 

factor is mitigated by both the power factor xa and the logarithm m its argument as 

the energy increases Indeed, the fit function can equivalently be expressed without 

an exponential as y = dxa+clnz, where the constant d = expb 

Fig 4 7 depicts the cross-section behaviour more accurately than a plot versus 

the number of KK modes, as the cross section spaces KK modes based on their mass, 
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Behaviour of the squared Higgsstrahlung coupling sum 
Approximation' No particle mixing 

~ 1-0x10" 

a. 
3 
o 
u 
oo 
c 

1.0x10 

60 
OO 

X 
O 

1 0x10 

•D 1.0x10 

- • # . 

* ' • 

* 
\ * 

x Z, and XL couplings 

+ ZR and XR couplings 

— y=exp[x/Mkk] 

a b+c|ln(x)j 
y=x e 

¥ 

_L _L -h 
++. 4-

J # - J 

10x10 10x10 1.0x10 
Mass of the highest included KK mode [Gev] 

1.0x10 

Figure 4.7: The squared sum of Higgsstrahlung to SM coupling ratio (both left- and right-

handed) plotted on a log-log scale versus the mass of the largest included KK mode. The 

parameters of the fit are a = 3.7 ± 0.2, b = - 8 .8 ± 0.9 and c = -0 .40 ± 0.01. 

not their order. However, it is interesting to note t h a t when plot ted on a log-log scale 

versus x = n + 1 the squared sums are linear before the split t ing behaviour begins, 

as seen in Fig. (4.8); this indicates a power-law relationship, y = cxb, where b < 0 as 

the slope is negative. Therefore the relative suppression of the n KK mode squared 

sum with respect to the n — 1 KK mode squared sum is described by the following 
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Behaviour of the squared Higgsstrahlung coupling sum 
Approximation' No particle mixing 
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an' 

n 
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(4.24) 

4.3.5 Coupling extraction 

As with any model, it is important to determine how well the characteristic behaviour 

of the couplings can be identified at a collider. Let us consider the characterizability 
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of the MCHM of e+e - ->- Z (0 ) H at the proposed International Linear Collider (ILC) 

and Compact Linear Collider (CLIC) Both of these accelerators will collide electrons 

with positrons 

The ILC is the more developed of the two, it may be possible to commence 

construction as early as 2012 It is hoped that ILC will provide complementary data 

to that of the LHC The ILC proposes to scan center-of-mass (CoM) energies from 

200 to 500 GeV - with the possibility of upgrading to 1 TeV and is expected to 

attain a luminosity of 500 fbr1 over 4 years [58, 59] CLIC, on the other hand, will 

require a great deal more research and development before construction is possible, 

however, it is expected to reach much higher energies - scanning from 0 5 to 5 TeV 

with an optimum energy of 3 TeV with twice the luminosity of the ILC [60] 

In Table 4 1 we have tabulated the relevant statistics for the MCHM Hig

gsstrahlung cross section without mixing or widths - measured at 500 GeV, 1 TeV, 

3 TeV and 5 TeV with a luminosity of 500 ftr1 The expected number of events is 

found by multiplying the cross section by the luminosity 

Note that these statistics include all possible decay modes of the Z ^ H final 

state Roughly twenty percent of the Z decays will be invisible, as they involve 

neutrinos which cannot be detected However, using Higgs decay data it is possible 

to reconstruct whether or not a given final state resulted from a Z^> decay, and 

thus the Higgsstrahlung process This reconstruction would allows us to compensate 

for some of the lost percentage It could also be compensated for by increasing the 

luminosity by 20 percent, or a combination of both strategies 

As a first scenario, let us assume that the masses and widths of both Z'-0'6 

6The zero mode Z mass and widths have in fact been precisely measured at LEP 
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Table 4 1 Cross-section data used for coupling extraction 

COM 

Energy, 

V^ [TeV] 

0 5 

1 

3 

5 

e+e~ -7 Z ^ H 

cross section, 

a[fb] 

60 18 

15 81 

26 09 

7128 10"1 

Number of 

Events, N 

30089 

7903 

13046 

356 

Statistical 

Eiror on N, 

173 

89 

114 

19 

Statistical 

Error on a, 

Aa [fb] 

3 469 10"1 

1 778 10"1 

2 285 10"1 

3 776 10"2 

the LHC 6 We would like to know whethei the first MCHM Z KK mode could be 

identified at the ILC oi CLIC through the Higgsstrahlung interaction, and what 

identifying information about the coupling could be determined 

Fig 4 9 plots a two-parameter A%2 test variable 

Kh - a1? 
Ax' E A o" 

(4 25) 

where a and ACT are listed in the table above, i = 1,2 n denotes the n different 

energy values at which a was measured and 

0"th (S,C7f,C7W) = Coef[S] 
C, (0) 

M: 
(0)2 + ir

(°)M(0) + 
a (i) 

M; (1)2 + *r(
7
1)M(1) 

(4 26) 
z i v i z o IVJ-Z - r <-x z ivxz 

is a test function for the unpolarized e+e" —>• Z (0) H cross section Here Coef [s] 

denotes the usual SM coefficients of the e+e~ —> Z (0) H cross section and Cz, Cz 

8The zero mode Z mass and widths have in fact been precisely measured at LEP 
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Figure 4.9: Extraction of Z ^ and ZA> couplings from a x2 at 95 percent confidence 

using the following data points: 0.5 and 1 TeV (light grey, vertical); 1 and 3 TeV 

(medium grey, horizontal); 0.5 and 3 TeV (dark grey, centered); 0.5, 1, and 3 TeV 

(black, centered). The coupling ratios are expected to be Cz = 1.016, Cz = —1.124. 
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denote the magnitude of the Z ( 0 ) ,Z ( 1 ) couplings relative to the SM coupling By 

'couplings' here we mean the product of both the Z^ff and the Z^Z^H couplings, 

or the overall interaction coupling 

We can see from Fig (4 9) that even at the ILC, which operates at energies 

much lower than the Z^\ the first Z KK mode coupling can clearly be differentiated 

from zero, and therefore identified through the Higgsstrahlung process Furthermore, 

the two-pomt x2 = 5 99 parameter space resulting from 0 5 and 1 TeV measurements 

clearly differentiates Cz from 1, this is due to the difference between the MCHM 

and SM vevs, and indicates that the MCHM Z'°) could be distinguished from the SM 

Z(°) at the ILC 

The 0 5 and 1 TeV parameter space relevant to the ILC also indicates that 

the ZA) has the opposite sign of the SM coupling, however, it does not constrain its 

magnitude very precisely CLIC would be able to show that Cz is both negative 

and roughly ten percent larger than the zeio-mode coupling by providing data at the 

3 TeV scale, recall that the mass of ZA x§ 3 44 TeV for our parameter choice This 

is extremely important, as the sign and magnitude of the first Z KK coupling are 

key characteristics of the MCHM which lead to the suppression of the Higgsstrahlung 

cross section 

The best constraints for both parameters would be obtained from a data set 

that includes points at both the 0 5 and the 3 TeV range If the former is omitted, Cz 

cannot be differentiated fiom C*SM, while if the latter is omitted the magnitude of Cz 

becomes vague Attempts to include a 5 TeV data point yield a null parameter space, 

as the test function including only one KK mode deviates from the true cross section 

as energies move past the first KK resonance and begin to approach the second This 

would provide evidence for the second KK mode 
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Figure 4.10: Extraction of ZA and ZA) couplings from a x2 at 95 percent confidence. 

The data points used, from the outside in, are: 0.5 and 3 TeV; 1 and 3 TeV; 0.5, 1, 

and 3 TeV; 0.5, 1, 3 and 5 TeV. The coupling ratios are expected to be Cz = -1.124, 

Cf = 0.143. 
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As a second scenario, let us assume that the Z zero mode coupling could also 

be determined at the LHC from Higgs production and decay measurements, along 

with the mass and width of the second Z KK mode at 7 8 TeV Would it be possible 

to identify the coupling of this KK mode m such a case? Figure 4 10 plots the same 

X2 of Eq (4 25) m a parameter space of the ZA and ZA> couplings, Cz and Cz\ 

with the new test function 

A) M2) cr th(S,C7^,C7^) = Coef[S] 
2 n(n) 

y^ kz (4 27) 

where Cz is now considered to be a known quantity In this figure the x2 test is 

performed at the 95 percent confidence level, and is calculated from 2 data points 

(500 GeV and 3 TeV, 1 and 3 TeV), 3 data points (500 GeV, 3 TeV, and 5 TeV) and 

4 data points (500 GeV, 1 TeV, 3 TeV, 5 TeV) Again, as long as a 3 TeV data point 

is included, the parameter spaces indicate that the first KK mode has the opposite 

sign and a slightly larger magnitude than that of the SM coupling We can see that 

only the 4-pomt region - which includes the 5 TeV point - is clearly distinguishable 

from zero Therefore the second KK mode will not be statistically identifiable unless 

CLIC is pushed to its maximum CoM energy A full analysis of the interaction with 

backgrounds will be required to precisely determine CLIC's ability to properly identify 

the second Z KK mode However, even if the coupling cannot be differentiated from 

zero, the 5 TeV point parameter space constrains the second Z KK coupling to be 

positive and smaller than the first KK mode coupling by a factor of four or more 

|4 2 ) |<0 25|41)| 
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4.4 Higgsstrahlung with full particle mixing 

4.4.1 Comparison and analysis of cross sections 

Having completed the analysis in the original approximation, the next step is to 

investigate the effects induced by including full particle mixing and fermion KK decay 

modes. To incorporate the full particle mixing we must proceed by means of the EVA 

approach, making use of the mixed profiles and coupling definitions given in Section 

3.2.5. 

In the following, we continue to use the original parameters outlined in Table 

3.7. As discussed in that section, we will use the same parameters for all of our light 

fermions; as such, we will choose cx = c2 = c3 — 0.7, M2 = 0.627 and Mx = 1.5 

for all multiplets other than those of the third generation quarks. The choice of M2 

was made by requiring that the down-type fermion mass condition yield the electron 

mass, as this is the most important light fermion for our purposes. 

The introduction of particle mixing does not substantially change the magni

tude of couplings relevant to the Higgsstrahlung interaction. Fig. (4.11) compares the 

Higgsstrahlung cross section without widths both including and neglecting particle 

mixing; the cross sections are very similar. 

The primary difference between the two is the extra resonances which occur 

between the primary Z KK peaks. These resonances correspond to our A3 bosons;7 

due to their mixing with the Z boson KK modes, they are now able to propagate 

through the Higgsstrahlung interaction, though it was forbidden before EWSB. 

The other difference is that the mixed cross section is slightly shifted down-

7Please refer to Table 3.8 for the A3 mass spectrum. 
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MCHM with mixing vs. without mixing (without widths) 

1.0x10 

1.0x10 
cr 
c 
.2 
o 
<v 
oo 
v) 1.0x10"' 
oo o 
L i 

O 

J3 1.0x10"' 

s— 
oo 
oo 

So 1.0x10"' 
X 

1.0x10" 0.0 

Standard Model 
—- Full MCHM 

6KK MCHM without mixing 
— MCHM with mixing (12KK.6Z and 6A) 

5.0x10 1.0x10 1.5x10 
1/2 

2.0x10 

CoM Energy, q = s [GeV] 

Figure 4.11: The Higgsstrahlung cross section times q2 with full mixing but no widths, 

compared with the approximate cross sections of Fig. (4.2) and the SM. 

ward in comparison with the approximate cross section. This effect is entirely due 

to slight changes in the Z Higgsstrahlung couplings. Both the Zff and ZZ°H cou

plings individually become slightly smaller after particle mixing - by approximately 3 

percent - which leads to an overall suppression of roughly 7 percent in the overall Hig

gsstrahlung interaction. This slight suppression in the couplings can also be observed 

in Fig. (4.12), which compares the right- and left-handed squared coupling sums be

fore and after mixing; the centers of the mixed coupling icons (crosses and triangles) 

are slightly lower than those of the unmixed coupling icons (x's and diamonds). 
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In the case of the X couplings the fermion couplings are suppressed by approx

imately 2 percent after particle mixing, but the XZ°H couplings become stronger by 

about the same amount. As a result the overall X Higgsstrahlung couplings alternate; 

odd mixed X KK modes have slightly stronger total couplings than the corresponding 

unmixed modes, but the even modes are slightly weaker. The overall change is less 

than one percent for all KK modes. As the change in all of the couplings is small, the 

X contribution to the cross section is still negligible in comparison to that of the Z. 

Behaviour of the squared Higgsstrahlung coupling sum 
Comparing mixing with non-mixing results (all boson contributions) 

a, 3 
o 

;§ 0.0001 
X 
o 

le-08 

$ t 

T 

x Left-handed unmixed couplings 
+ Left-handed mixed couplings 

<> Right-handed unmixed couplings 

V Right-handed mixed couplings 

* 
* * 

* * 
+ = 

5 10 
Number of Z KK modes included in the sum, n 

15 

Figure 4.12: A comparison of the square Higgsstrahlung coupling sum - divided by the 

corresponding SM coupling - including particle mixing to the squared sums depicted 

in figures 4.5 and 4.6 of the previous section. 



As a result, there is virtually no change m the behaviour of the squared cou

pling sums As depicted in Fig 4 12, there is the same suppression as the number 

of KK modes increases, and the same deviation in the right-handed couplings in

dicating that the sum does not ultimately trend to zero The initial ratio between 

the MCHM and SM cross sections displays the same suppression behaviour seen m 

Sec 4 3 4, the initial suppression displays the same y = xa exp [b + c (In x) ] be-

havioui but eventually plateaus at some small value due to the slight offset m the 

alternating sum sequence After this plateau the MCHM cross section would still be 

strongly suppressed compared to the SM, but the suppression would be constant, not 

exponential 

By far the primary influence of the particle mixing on the Higgsstrahlung cross 

section is through the boson decay widths Although the couplings involving SM par

ticles are not greatly affected by the mixing - as the mixing gauge transformation has 

no effect on the Planck brane - couplings between higher order KK gauge bosons are 

significantly altered Furthermore, new decay modes become available due to cou

plings between lesser components of the mixed bosons, as previously discussed These 

new effects greatly increase the decay widths of the propagating bosons, flattening 

the corresponding resonance peaks in the cross section 

In Fig 4 13, a mixed cross section is plotted with the corresponding unmixed 

6 KK mode cross section of Fig 4 4 Both these cross sections include only the boson 

and SM fermion decay modes, we have not yet included KK fermion decay modes 

Yet despite the fact that the widths are incomplete, the KK modes beyond ZA have 

become almost completely flat The A3 resonances have disappeared entirely, due to 

their small couplings before widths were included Furthermore, the increase m the 

widths has further suppressed the cross section 
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MCHM with mixing vs. without mixing (with widths) 
Approximation Only boson and SM fermion decay modes included 
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Figure 4.13: The Higgsstrahlung cross section times q2 with 6 KK modes, widths and 

full particle mixing compared with the corresponding cross section without mixing, 

Fig. 4.4. Only boson and SM fermion decay channels are included in the widths. 

However, note that the first KK mode resonance has only been shifted down 

very slightly, similar to the shift in the overall cross section. As the lightest boson 

KK mode, the ZA cannot decay into other KK bosons; therefore the width of the 

mixed ZA resonance in Fig. 4.13 includes only decays to zero mode particles. Since 

the couplings of these particles are only slightly shifted by mixing effects, the ZA 

resonance is not greatly altered by the mixing if KK fermion decay channels are 

omitted from the width. 
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Including the full KK fermion decay modes m the ZA width has the result of 

shortening the peak slightly, as can be seen m Fig 4 14 The effect is not diamatic, 

as only the fiist top quark KK mode is light enough for the fiist Z to decay into it -

1 e , Mt < 0 5MZ - when Mx = 1 5 for the light fermions 

However, our original choice of this parameter Mx was somewhat arbitrary 

To gam a better idea of the influence of the fermions on the ZA width, we also 

include a full width for the case that Mx = 2 2, m this case the first neutrino, up 

and charm KK modes are also light enough to be included The resulting decrease in 

the resonance peak cross section is small, although numerically the size of the width 

jumps from 346 GeV to 442 GeV (roughly from ten to thirteen percent of the ZA 

mass) Had we chosen an entirely diffeient parameter set the first fermion KK masses 

could become much smaller, on the order of several hundred GeV [4, 50] Obviously 

this would significantly alter the boson widths, as such our results are significantly 

model dependent 

Even without lowering the first fermion KK masses, the widths of the KK 

modes beyond the first Z would become even more significantly suppressed if all of 

the KK fermion decay modes were included Consider the second Z KK mode, at 

the very least, its higher mass allows decays to all of the first order fermion KK 

modes and the second KK modes of the top quark Because of this, it will include 

decays to many exotic fermions which aren't available to ZA As there are 6 sets 

of fermion multiplets - each containing 20 fermions - as well as their corresponding 

chiral partners, one can see that the resulting contribution will be substantial 

Even if only the boson decay modes are included, the widths of the Z KK 

modes of order n > 2 are already between thirty and fifty percent of the boson s 

mass (for comparison, recall that the the full width of the first Z KK mode is roughly 
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Figure 4.14: The first Z KK resonance peak in the Higgsstrahlung cross section times 

q2. The figure compares cross sections without widths, with only boson widths, and 

with both boson and fermion widths for Mx = 1.5, 2.2. 

ten percent of its mass). Once fermions are fully incorporated as well, it seems 

evident that the widths of higher order KK modes will soon begin to approach or 

exceed their masses. This indicates that the effective theory is breaking down; we are 

beginning to reach energies which probe the strongly coupled conformal field theory. 

At this range, the higher order KK modes become strongly coupled, and perturbation 

theory can no longer be used. As such, the width calculations are no longer accurate, 

as they contain terms proportional to couplings involving only heavy - and thus 
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predominantly composite - particles 

However, it should be noted that the Higgsstrahlung cross section itself con

tains only couplings between KK modes and light SM particles The same effect that 

keeps the masses of these particles light also requires that their couplings to the CFT 

sector be extremely weak As such, the coupling behaviour of the cross section itself 

should not suffer from this deficiency It is only the width calculations, which involve 

couplings between higher order KK modes, which become unreliable 

4.4.2 Coupling extraction 

We will now apply the same coupling extraction proceedure that was performed m 

Section 4 1 5 to the MCHM Higgsstrahlung cross section with full mixing and widths 

The relevant statistics are tabulated in Table 4 2 For the record, we are still using 

the parameter Mx = 1 5 for the light fermions 

Table 4 2 Cross-section data used for coupling extraction 

COM 

Energy, 

V^ [TeV] 

0 5 

1 

3 

5 

e+e~ ->• Z(°) H 

cross section, 

a[fb] 

52 91 

13 90 

21 51 

5 819 10"1 

Number of 

Events, N 

26455 

6947 

10752 

291 

Statistical 

Error on N, 

163 

83 

104 

17 

Statistical 

Error on a, 

Aa [fb] 

3 253 10-1 

1 667 lO^1 

2 074 10"1 

3 412 10"2 
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Figure 4.15: Extraction of ZA and ZA couplings from a x2 a t 95 percent confidence 

level. The data points used, from the outside in, are: 1 and 3 TeV; 0.5 and 3 TeV; 0.5, 

1, and 3 TeV; 0.5, 1, 3 and 5 TeV. The coupling ratios are expected to be Cz = 0.953, 

Cf = -1.052, with Mx = 1.5. 

Fig. 4.15 is analogous to Fig. 4 9, it depicts the different ZA and ZA coupling 

paramter spaces produced by a x2 evaluated at the four energy values. In some 
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respects the results are very similar to those of Fig 4 9, again, the zero-mode coupling 

can be diffeientiated from the SM for all data sets, and the first Z KK coupling is 

shown to be roughly ten percent larger in magnitude than Cz and of opposite sign 

However, the new parameter spaces reflect the shift m the Higgsstrahlung couplings 

due to particle mixing by centering on the new coupling values Both are smaller in 

magnitude by approximately 7-8 percent respectively, which is consistent with the 

results found m the previous section Furthermore, both couplings are more strongly 

constrained 

The plot depicted in Fig 4 16 is almost identical - and extremely similar in 

appearance - to Fig 4 10 However, the small central parameter space (black) which 

includes the 5 TeV point is slightly shifted down m comparison with the plot m the 

previous section As a result, even at the highest center-of-mass energy of CLIC the 

second Z KK mode coupling will not be distinguishable from zero As m the previous 

(21 

section, Fig 4 16 implies the constraint that the magnitude of Cz be approximately 

one fourth that of Cz However, recall that this cross section does not include 

the full fermion decay width for ZA To determine how changes m the width will 

change the constraint, we set the width of the second KK mode equal to its mass, 

Tz — Mz' (using Mi = 2 2) This plot is depicted m Fig 4 17, one can see that 
(2) 

Cz is constrained to be smaller than 0 25 even when the boson's width approaches 

its mass 
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Zl Coefficient 
Figure 4.16: Extraction of ZA and ZA couplings from a x2 at 95 percent confidence 

level. The data points used, from the outside in, are: 0.5 and 3 TeV; 1 and 3 TeV; 

0.5, 1, and 3 TeV; 0.5, 1, 3 and 5 TeV. The coupling ratios are expected to be 

, ( i ) . (2) Cy = -1.052, CKz> = 0.134, with Mx = 1.5. 
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Figure 4.17: Extraction of ZA and ZA couplings from a %2 at 95 percent confidence 

level. The data points used, from the outside in, are: 0.5 and 3 TeV; 1 and 3 TeV; 

0.5, 1, and 3 TeV; 0.5, 1, 3 and 5 TeV. Here we have set the width of ZA equal to 

its mass, with Mx = 2.2. 
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Chapter 5 

Conclusions 

5.1 Discussion and Conclusions 

In this thesis we studied the Higgsstrahlung cross section in the Minimal Composite 

Higgs Model at center-of-mass energies spanning the masses of the first several KK 

gauge excitations. We have calculated the MCHM Higgsstrahlung cross section both 

with and without including full particle mixing. The MCHM cross section exhibits a 

strong suppression in comparison with that of SM Higgsstrahlung. This suppression 

is primarily due to a systematic cancellation between the contributions of different 

Kaluza-Klein modes propagating through the interaction. In fact, the extent of the 

suppression is largely determined by both the magnitude and sign of the first Z KK 

mode coupling. As it is both slightly larger in magnitude and opposite in sign to the 

zero-mode coupling, it provides the dominant reduction of MCHM cross section; the 

cancellation between the two reduces the magnitude of the cross section by roughly 

90 percent. The inclusion or omission of full particle mixing does not substantially 

alter this suppression; the relevant couplings become a few percent smaller across the 
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board, but the behaviour of the coupling cancellations remains the same 

The suppression between resonances displays an energy dependence which can 

be fitted to the form y — xa exp [6 + c(lnx) ] Although this form suggests an 

exponential influence on the dependence, it is evidently not a simple exponential 

suppression, as one might anticipate from the suppression m the Coleman-Weinberg 

potential, the exponential behaviour is diminished both by a logarithmic function m 

its argument and by a multiplicative power law factor Furthermore, the alternat

ing coupling sum sequence is slightly offset from zero, suggesting that as the energy 

increases the suppression will deviate from the fit function behaviour entirely and 

approach a constant, rather than approach zero as a true exponential or power law 

suppression would However, this offset is very small, and would still allow a suppres

sion of at least seven or eight orders of magnitude when compared with the SM In 

the end, although there are certain resemblances between the suppressions observed 

in the Higgsstralung cross section and the Coleman-Weinberg potential, the mecha

nisms behind each are obviously not completely analogous The exact relationship 

between the two remains unclear 

A secondary suppression in the cross section is caused by the extremely large 

widths of the KK bosons However, this effect is not easily quantifiable as width 

calculations for the higher KK modes become invalid when full particle mixing is 

incorporated, this is the primary effect of including the full mixing, as it significantly 

alters the couplings of heavy KK modes Due to the influence of strong couplings 

between these modes, the widths become larger than the associated particle mass, 

indicating a breakdown of the perturbation theory 

We also performed a brief analysis of the feasibility of extracting the couplings 

of this model at electron-positron colliders such as the proposed ILC and CLIC We 
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determined that the MCHM zero-mode Higgsstrahlung coulping should be clearly dis

tinguishable from the SM coupling at both colliders Furthermore, with the extended 

eneigy range of CLIC the magnitude and sign of the first KK mode coupling - the 

key characteristics which lead to the primary cross-section suppression - should also 

be identifiable Furthermore, while the second KK coupling will not be differ entiable 

from zero, CLIC would be able to constrain its magnitude, requiring that it be less 

than a fouith of the first KK mode's magnitude, this would provide further evidence 

of the suppression, as the couplings must both become increasingly smaller m size 

and alternate m sign for the effect to occur 

5.2 Future Research 

There are several avenues open for future research The first is to develop a more 

rigorous relation between the suppression behaviour seen m both the Higgsstrahlung 

cross section and the Coleman-Weinberg potential Although we have a strong mathe

matical understanding of the origin and exponential nature of the Coleman-Weinberg 

suppression, we have yet to achieve the same for the Higgsstrahlung interaction (our 

results are only numerical), or to systematically relate the two This question bears 

further thought and investigation Further work m this direction could involve delv

ing deeper into the mathematics analytically or studying other Higgs interactions to 

determine whether or not similar suppressions arise 

A second option is to extend the current work by performing a detailed collider 

study of the Higgsstrahlung interaction at the ILC and CLIC, with the goal of both 

confirming and extending the introductory phenomenology presented m sections 4 3 5 

and 4 4 2 Furthermore, a similar analysis - both theoretical and phenomenological -
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to that presented in this thesis could be performed for Higgsstrahlung from a proton 

proton collision. Such an analysis would be more complicated due to the need to 

incorporate the parton distribution functions, but would yield results relevant to the 

Large Hadron Collider currently in operation at CERN in Geneva. 

Finally, a third option is to attempt to develop methods of incorporating 

both widths and particle mixing - and by extension zero-mode masses - into the 5D 

propagator. If such methods were to be developed, the full mixing cross section could 

be calculated in both the EVA and ECA approaches. This might lend a different 

perspective to the mechanisms behind the coupling and cross-section behaviours of 

the Higgsstrahlung interaction. 
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Appendix A 

Special Functions 

A.l Bessel Functions 

Bessel functions of the first and second kind - Jn(%) and Yn(x) respectively - are 

solutions to Bessel's differential equation [61, 62, 63], 

x2p^ + x^ + (x2-n2)y = 0 (A.l) 
dxl dx 

where n is a non-negative real number. The two solutions are independent only if n 

is not an integer; otherwise they are related through 

Yn(z) = Uz)cos(nn)-J.n(z) 
sin(n7r) 

The Bessel functions are orthogonal according to 

/ Jv [an-j Ju [am-j pdp = - a2[Jv+x(am))28mn (A.3) 

where am is the mth zero of J„, and similarly for Yv. Their asymptotic approximations 
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are 

Jn{x) 
i+l ) \2) r(n+l) 

for x <C 1 

cos (x - ^f - j) for a: » | r r -2 II 
4l 

Yn(x) « { 

I [in ( |x) + 7] for m = 0, x -C 1 

^ ( | ) n f o r m / 0 , x « l 

• sin (z - ^ - f) for 2; > 1 

and they obey the recurrence relations 

2n 
Jn+lix) = Jnix) ~ Jn-lix) 

X 

(A 4) 

(A 5) 

(A 6) 

d 1 ft TX 

— Jnix) = - [Jn-X{x) - Jn+lix)] = Jn-lix) J„(x) = - Jn(x) - J„+l(x) (A 7) 

J^[xmJm{x)\=XmJm^[x) (A 

and similarly for Yn(x) 

The modified Bessel functions of the first and second kind - Inix) and Kn(x) 

are solutions to Eq (A 1) under the transformation x —> ix [61, 62, 63] The Bessel 

functions of the first kind are related through 

Inix) = I n J„iix) (A 9) 

In the case where n is an integer, the Bessel functions of the second kind are related 

as follows 

Knix) = 
TX I-nix) - Inix) TX ln J _ n ^ x) - I n Jn(z x) 

sm(rt7r) sin(n7r) 

nTX Jnjix) cosjrnx) - J njix) __ n7r 

2 sin (mx) 2 

(A 10) 

( A l l ) 

The modified Bessel functions obey the same recurrence relations as the orig-
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mal Bessel function, and have the following asymptotic approximations, 

1 (x\n 

Inix) 

Knix) « < 

f) f o r x < l 

exp(x) 
s/2lTX 

forx 3> 1 

2^ exp(—x) for x 3> 1 

In ( | ) — 7 foi x <C 1, n = 0 

for x <C 1, n ^ 0 , EM (2\« 

(A 12) 

(A 13) 

where 7 = 0 5772 is the Euler-Mascherom constant 

A.2 Meijer G Functions 

The Meijer G function MGia&,bs,cs,ds,z) is dehned as a complex countoui mtegial 

ovei a numbei of Gamma functions [62, 63] Its fiist foui aiguments aie lists of 

numbers 

and it is defined as 

MGiaS)bs,cs,ds,z) 

as = [ax,a2 ak) 

b, = [bx,b2 bm] 

cs = [cx, c2 cn] 

ds = [dx,d2 di] 

2r7i * dyzV 
1L 

ntrr(l-as4 

tnr=i m+V)\ 

-y) 

ni 
[IELi r(Cs - y)] 

=1T(l-ds + y) 

(A 14) 

(A 15) 
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A.3 The Generalized Hypergeometric Function 

The generalized hypergeometric function is defined as [62, 63] 

na>;̂ ) = £ # I I % ^ f ^ - 1 (A.16) 
^ n ! - L - * - - L X 1 ( a j I ( o 7 + n ) 
n=0 1 = 1 j = l w / \ J ' i 

The lists as and 6S are defined as in Eq. (A. 14). 

A.4 Lommel Functions 

The first Lommel function Lx[a, b, z) is defined in terms of the generalized hypergeo

metric function F(as;bs;z) of Eq. (A.16) as [62, 63] 

L -< a ^>=(a- 6 X + >+l)K1;^^a'-H(i + a ) ; ~ T ) • <A-17) 

A.5 Struve Functions 

The Struve function Hviz) is defined in terms of Gamma functions as [62, 63] 

H (A - (±.\u+1 v i^)ki^r2k
 (A u 

A ) ~\2z) ^ T(k + 3/2)r(fe + u + 3/2) ' { ' 

A.6 The Confluent Hypergeometric Functions 

The confluent hypergeometric functions of the first and second kinds, K{a.,,y,z) and 

W(cy,7,z), arc the two solutions to the confluent hypergeometric differential equa

tion [62, 63] 
d2 d 

Z d ? V ^ + ^ " Z)~dzV{y£) ~ ay^ = ° ' ^A'19^ 
They are sometimes known as Kummel functions. 
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Appendix B 

Generators 

B.l Definition 

In the 5-representation, the generators of SO(4) « SU(2)i,x SU(2)# are 

rpO,L,R _^_ 

v ~ 2 
-Abc(5b

l5
c
J-5

b
J5:)±{5:54-5;S4) (B.l) 

while the generators for SO(5)/SO(4) are 

TZ = -^m-*ft). (B.2) 

where CIL,R = 1,2,3, a = 1...4 and i, j = 1...5 [3]. Explicitely, the generators are given 

by 

J^IL.R — 

0 
0 
0 

T l 
0 

0 0 
0 1 

- 1 0 
0 0 
0 0 

±1 
0 
0 
0 
0 

0 \ 0 1 
0 

0 

o / 

J^ZL.R __ 
% 

~2 

0 
0 
1 
0 
0 

0 
0 
0 

T l 
0 

- 1 
0 
0 
0 
0 

0 
±1 
0 
0 
0 

0 
0 
0 
0 
0 
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rp'iL R __ 

/ 0 1 0 
' - 1 0 0 

0 0 0 
. 0 0 =Fl 

V o o o 

rp2 

V2 

0 
0 
0 
0 

0 0 0 
0 0 1 
0 0 0 
0 0 0 

- 1 0 0 0 

Tx = 
V2 

rp3 __ 

V2 

1 

0 
0 
0 
0 

0 
0 
0 
0 

- 1 

0 
0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 

0 0 1 
0 0 0 
0 0 0 
0 0 0 
0 0 0 

0 0 \ 
0 0 
0 1 
0 0 

0 0 - 1 0 0 / 

rrA 

V2 

0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 

0 
0 
0 
0 
-1 0 

In the 10-representation, or adjoint representation, T , T and T L R are 

rnA 
J 1 Q — " 

' 0 
0 
0 

- 1 
0 
0 
1 
0 \o 

0 
0 
0 
0 
0 
-1 
0 
0 
1 
0 

0 
0 
0 
0 
0 
0 

- 1 
0 
0 
1 

0 1 0 0 
0 0 1 0 
0 0 0 1 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 

- 1 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 

- 1 
0 
0 
0 
0 
0 
0 
0 

T3 _ ° 

/ O O O O 
' o o o o 

0 0 0 0 
0 0 0 0 
0 - 1 0 0 
1 0 0 0 
0 0 0 1 
0 - 1 0 0 
1 0 0 0 

O I O O I O X 
- 1 0 0 - 1 0 0 * 
0 0 0 0 0 0 
0 0 1 0 0 - 1 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 

\ 0 0 0 - 1 0 0 0 0 0 0 / 

/ 9 - i 

J 1 0 ~~ o 

1 
0 
0 
0 
0 
0 
0 
0 

\o 

0 
0 
0 
1 
0 
0 
0 
0 
0 
0 

0 0 0 0 \ 
0 0 0 0 * 
0 0 0 0 
0 0 0 0 

- 2 0 0 0 0 

o o o o o 
00 00 
0 0 00 
0 0 00 
0 0 00/ 

Jio —' 

l\ 
0 
0 
0 
0 
0 
0 
0 

Vo 

0 
0 
0 

OOOOO 0 0\ 
OOOOO 0 0 * 
10 000 0 0 

10 0000 0 0 
0 OOOOO 0 0 
OOOOO 0 0 
OOOOO 0 0 
0 0 0 0 0-20 
0 0 0 0 2 0 0 
00000 0 0/ 
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B.2 Commutat ion relations 

The generators obey the following commutation relations: 

IJiaLtR rT,bL,R'\ __ ; ^abcrpcL,R [rpai, n^bR-i __ Q 

ro-ia fri&i _ 6t5b-6«6b 
= - [eabc {TCL +TCR) + 5t iTaL - T aR\ 

ip**"*, Tb) = -\\ ( eabcT& T- T& S4 ± T4 5a
b ', , 

(B.3) 

(B.4) 

(B.5) 

where e is the totally antisymmetric tensor with e = 1. 

B.3 Expansions of A a 
MN 

Using these generators, our defined quantities Aa
MNTa = — i [Tc,Tb]Ac

MAb
N become, 

where abc is an even permutation of 123, 

A-MN —^M^N ~~ ^M^N + 9 [^-M^N ~ AMAN + Aa
MAN — AMANj , (B.6) 

AaR — AbR A.CR _ A°R AbR _i ( A AC _ AC A _ 40 A , A 4 
"MAT —^M^N ^M^N M^-N ^-M^-N ^-M^-N ~ ^M^-N ) > (B.7) 

4 a —_ ^ M + ^ M ) ^ W ~ ^ M ( ^N + ^iV ) _ i^M + ^ M ) ^ \
b 

+ Ab
M (A£ + ACR) - (A£ - AaR) A4

N + A4
M (A# - Aa

N
R) . (B. 

A4
MN is given by 

1 3 

A-MN —7. /__, [i^-M ~ ̂ u) Aa
N — Aa

M iAfff — A^)\ , 
z 0=1 

(B.9) 
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Appendix C 

Derivation of Feynman Rules 

C.l Propagators 

The relevant part of the gauge Lagrangian, Eq. (3.8), for the gauge boson propagator 

is 

j-'prop v g 
lgMNgRS {QMAaR _ Q^a^ (g^a _ g ^ + ^ 2 tfgMNj^j^ + ^ 

where g is the determinant of the metric. The gauge fixing term is chosen to be [46, 38] 

\fgBGF — — 
2ekz 

d^Al -ezdz 
fl z 

-At (C.l) 

In the following derivations of propagators, we assume that EWSB has not 

yet occured, and omit any mass terms or mixing which might occur due to the Higgs 

vacuum expectation value. 
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C.l . l Gauge Boson A^ 

We find that the propagator for a gauge boson Aa, p = 0 3 with 4D momentum pM, 

moving between two points z and z' in the fifth dimension and with boundary mass 

m, is given by 

-iGm(z,z\p) (vv» - ^ ^ -iGm(z,z\%) ( ^ ) , in general, (C 2) 

-irHxvGmiz,z',p) e = 1, (C 3) 

-iGm(z,z!,p) (V -^)-tGmiz,z',0) {^-\ , e = oo, (C 4) 

- z G m ( 2 , z ' , p ) ( T ^ H j - J e = 0, (C 5) 

in general, Feynman gauge, unitary gauge, and Lorentz gauge respectively [38] The 

Green's function Gmiz,z',p) is defined by 

P2--dz + d2
z-^ 

z zl 
Gmiz,z',p)= kzSiz-z') (C6) 

The solution to Eq (C 6) is given by 

Gm(u,v,p) = \jfJAj3C ^AJ^U) + BY<*iPu)\ [CJaipv) + DYaipv)} (C 7) 

where a = y/l + in2, u = mm(z,z'), v = max(z,z') and A, B, C, D will be de

termined by BCs 1 With Neumann-Neumann boundary conditions - which all SM 

particles will have, as they must be even under Z2 symmetry - given by 

duG(LQ,v,p) = dvG(u,L1,p) = Q, (C8) 

we find that A = —FQ_1(pL0), B = Ja-_x(pL0), C = —Ya-iipLx), and D = Ja_i(pLx) 

Similarly, with Dinchlet-Neumann boundary conditions, given by 

G(L0,v,p) = dvG{u,L1,p) = 0, (C9) 

xAs we will be neglecting brane mass terms, for our purposes m = 0 
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we have A = -YaipL0), B = JaipL0), C = -Ya_x(pLx), and D = Ja-XipLx) 

The third relevant set of boundary conditions for our purposes is the Dinchlet-

Dinchlet condition, 

G{L0,v,p) = G(u,Lx,p) = 0 (CIO) 

which yields A = -Ya{jpLQ), B = JaipL0), C = —Ya(pLx), and D = JaipLx) 

However, as the A® do not couple to fermion anti-fermion pairs, this propagator is 

not relevant for our calculations 

C.1.2 Fifth Component A% 

We find that the propagator for a fifth component A\ moving between two points z 

and z' is given by 

i 
-Gy/^7zx(z,z1,-^), in general (C 11) 

— i G^rziiz, z',p) in Feynman gauge e = 1, (C 12) 

0, m unitary gauge e = oo, (C 13) 

where Gm(z, z',p) is defined by Eq (C 6) and given explicitly by Eq (C 7) [38] The 

unitary result is due to the fact that in the unitary gauge A% = 0 However, note 

that for the A% the gauge symmetry is broken by the BCs, and we cannot just choose 

the gauge of our choice, therefore A\ ^ 0, and this definition of the propagator is not 

compatible 
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C.2 Profiles without particle mixing 

In the following derivations of profiles, we omit the effects of EWSB; profiles including 

these effects will be addressed in Sec. C.3. 

C.2.1 Boson Profiles 

We will need the 5-dimensional profiles for the Z and X KK gauge bosons, which cor

respond to the n th 5D component fG\z) of the Kaluza-Klein (KK) decomposition,2 

A,ix,z) = Z^A;\x)fG
n)iz). (C.14) 

n 

Using the Lagrangian of Eq. (3.8) and the principle of least action, it can be shown 

that fG\z) must satisfy [51] 

d2
z - -dz + m2

n 
eA CT=0- (C15) 

This differential equation has the solution 

f%\z) = Ankz [Jximnz) + BnYximnz)} , (C.16) 

where the constants are defined by the BCs and the orthonomalization condition [51, 

39]. The normalization condition can be derived by comparing the 5D theory to the 

4D Standard Model (SM); if we integrate the kinetic terms of the 5D Lagrangian, 

we should obtain the appropriate kinetic terms of the 4D Lagrangian. Consider the 

2Here A^ denotes a generic boson; the Aa and U^ boson profiles have the same form and deriva

tion. 
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kinetic teim of two zeio mode boson fields, 

L 4 e f f = / l dzL^in= f ' dz-^—dliA^{x,z)&iA^v{x,z) 
JL0 JL0

 ZK-Z 

= \d^\x)&'AA^x) fLl
 dz JL fg\z) fA{z), (C 17) 

2 " " " >~ "'JLo kz 

where Ai (x,z) denotes the 4-dimensional SM field We can see that for L4eff to 

correspond to the SM, the integral m the last line must evaluate to one Accounting 

for the orthogonality of different modes, we obtain the following orthonormahzation 

condition 

'dz-±-fG
m\z)fa

n\z)=5mn (C18) 
L0

 Kz 

It is convenient to define the following basis of solutions that are even (Neu

mann BC) or odd (Dirichlet BC) on the Planck brane, 

TX Tfl 

G A ( m n , z) = - ~ z \Jx(ranz) Y0imn LQ) - Joimn LQ) Yx(mnz)] (C 19) 

IX Tfl 

SAimn,z) = ——^z [J i (m nL 0) Yi(mnz) - Jx (mnz) Yx (mn L0)} , (C 20) 

where CAimn,L0) = 1, dzCAimn,LQ) = 0, SAimn,Lo) = 0 and dzSAimn,L0) = mn 

Then the profiles of bosons with Neumann-Neumann (NN), Dirichlet-Neumann (DN) 

and Dinchlet-Dinchlet (DD) boundary conditions are given by 

An) 
JG 

C{
G

]CAimn,z) for NN BCs 
(C21) 

,(») C^ SAimn, z) for DN and DD BCs 

where the coefficients CG aie fixed using Eq (C 18), and G denotes the gauge boson 

m question 3 By applying the appiopiiate boundaiy condition to these piofiles on 

3There are no gauge bosons in the MCHM with Neumann-Dirichlet BCs 
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the TeV biane, we obtain conditions that define the boson masses in the non-mixing 

limit, 

Y0(pLQ)Jo(pLx)-J0(pL0)Y0(pLx)=0 forNNBCs (C 22) 

Yx(jpL0)J0(pLx)-Jx(pL0)Y0(pLx) = 0 for DN BCs (C 23) 

Yx(pLo)Jx(j)Lx)-Jx(pLo)Yx(pLx) = 0 forDDBCs (C 24) 

where we have used the relations m Eq (A 8) to evaluate the derivatives 

The zero mode gauge boson profile can be found by solving Eq (C 15) with 

m0 = 0 Taking Neumann BCs, dzfG\z = LQAI) = 0 - where brane kinetic 

terms have been neglected - the solution has the form fG (z) = constant Using 

the orthonormahty condition we find that, 

/£>(*) = 
k 

lnikLx 
(C25) 

C.2.2 Fermion Profiles 

The Lagrangian for a fermion is given by Eq (3 12) As mentioned in the text, the 

spin connection WM AB cancels out, and the relevant part of the covanant derivitive 

for the profile is simply the normal derivative DM We therefore have 

Lf = ^9 

= $ 

= # 

l-^> (k z) TM dMV - %- ( d M * ) f r ° (k z) TM * - M^^ 

i^-gikz)VMdM + -TMdMiVgikz)) -y/gM* <& 

i J-g (k z)Y d„ + y ^ (k z)A d5 + - 7 5 9 5 (y/g (k z)) - ^gM^ 

ikzy 
- * f+75d5-~(2k1

5 + M„) 
/c z 

$ . 

(C26) 

(C27) 

$ (C 28) 

(C29) 

where we have applied integration by parts on the second term in the second line 

The fermion fields can be bioken into their chiral components \& = ^L + $R where 
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75 ̂ L R = T^L R From Eq (C 29) it can then be shown that the left- and right-

handed fermions are related through 

[dz - z~\2 - c)] ^\z) = -mn ^ , (C 30) 

[dz - z-\2 + c)] *%\z) = mn 4 n ) (C 31) 

where we have defined My = ck The corresponding KK decomposition is [51] 

*LR(x,z) = ^*%R(z)f<?R(z), (C32) 
n 

therefore fi\z) must satisfy 

[dz - z~\2 + c)] [3Z - z~\2 - c)] f{
L

n\z) = -m2
n f™ (C 33) 

This differential equation has the solution 

ft\z) = AUkzfl2 [Jc+x/2imnz) + BnYc+x/2imnz)} , (C 34) 

where the constants are defined by the BCs and the orthonormahty condition [51], 

/ ' dz - i - fn\z) fA)(z) = 5mn (C 35) 

JLo \KZ) 

which can be derived by the same procedure as that of the gauge bosons Similarly 

to the gauge boson case, we define the basis function Scim,z) as 
Scimn,z) = —-j^ikzf12 Jc+iimnLQ)Yc+iimnz) - Jc+iimnz)Yc+iimnL0) , 

2 K L 2 2 2 2 

(C36) 

Up to a normalization constant, this basis function is the profile of a left-handed 

fermion with a Dirichlet boundary condition at the Planck brane, S+ The profile of 

the corresponding right-handed chiral partner, S+, has a Neumann BC at the Planck 

brane and is defined by Eq (C 30) Similarly, the profile of a right-handed fermion 
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with a Dirichlet BC at the Planck brane, 5C , is given by reversing the sign of c in 

Eq. (3.30); its chiral partner, S~, is defined by Eq. (C.31). Therefore we have 

Sfimn,z) = S±c.imn,z) 

c± S, (mn,z) = T--
mr, 

dz--(2Tc) S±cimn,z). 

(C.37) 

(C.38) 

The left-handed zero mode fermion profile can be found by solving Eq. (C.33) 

with mo = 0. Taking Neumann BCs where the brane kinetic terms have been ne

glected [51], the solution has the form f^n\z) = A$z2~c. Using the orthonormality 

condition we find that, 

/ f M = ^ £ L (**)'-* (C.39) 
V ikLxy~^-i 

A right-handed zero mode fermion profile can be obtained by substituting c —> —c in 

Eq. (C.39). 

C.2.3 Higgs Profile 

Let the Higgs have the form H5ix,z) = Hix) fniz), and consider the square of the 

second gauge fixing term in Eq. (3.9). Substituting in our form for iJ5(x,z), it can 

be seen that when this term is integrated over z, the effective 4-dimensional term will 

be a mass term. 

2 r /-, \ i 2 

ezdz [ -H5(x,z) czdz[ - fniz) H{x)2 . (C.40) 

For the zero-mode the mass must be zero before EWSB. Therefore the factor preceding 

Hix)2 must be equal to zero, yielding the relation 

c % f ' ^ ] = 0 . (C.41) 
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Solving this differential equation, we find that the profile of Ag is fniz) = cz 

where c is a constant Using the orthonoimahzation condition of Eq (C 18) we find 

that [3, 46] 

fniz) = zJjT^j2 (C 42) 

C.3 Profiles with particle mixing 

In this section we piovide a detailed oveiview of the fully mixed particle prohles 

after EWSB Explicit calculations and summaries can also be found in references 

[4, 50, 52, 64], howevei, it should be noted that these souices define the rotation 

angle OH in a diffeient way Furthermore, their piofile coefficient solutions often take 

a diffeient form fiom ours, due to differences m the solution method Howevei, the 

results are equivalent 

In the interest of notational clarity, we will omit the superscript n denoting the 

KK mode on all profiles fA and coefficients CG throughout this section, the order 

dependence will be expressed solely through the subscript on the mass parameters 

mn 

C.3.1 Gauge Bosons 

As indicated m the text, the fully mixed particle profiles with Higgs vev v, f(mn, z, v), 

can be obtained from the pre-EWSB basis profiles through the gauge transforma

tion given m Eq (3 41) The base profiles / ( m n , z , 0 ) of the bosons are defined by 
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Eq (C 21) as 

faLimn,z,0) = CaLCAimn,z), / Q (m n ,z , 0) = Ca SAimn,z) , (C 43) 

fiRimn,z,0) = CXRSAimn,z), f2Rimn, z,0) = C2R 5 j4(mn, z), (C 44) 

fximn,z,0) = CxSAimn z), / B (m„ , z, 0) = GB GA(mn , z ) , (C 45) 

where CAimn,z) and SAimn,z) are the basis functions defined in Eqs (C 19-C 20), 

and the CG are normalization coefficients [4] Note that it is fximn,z,0) and 

/s("in, z, 0) that are defined m terms of the basis functions, rather than fzRimn, z, 0) 

and ,/t/(mn ,z,0) This is because CA[mn z) and SA{rcin,z) are solutions with Neu

mann and Dirichlet BCs at the Planck brane respectively, and it is upon X and B 

that the boundary conditions aie defined We define /3 f l(mn, z, 0) and /u(m„ z, 0) m 

terms of the X and B profiles m the work below 

In the 5-representation of the SO (5) generators (please see Appendix B), the 

transformation matrix Q(z, v) of Eq (3 42) can be rewritten as 

5 

ttiz,v) = l-iV2T4sin9G + J2<*.» ( c o s # G - 1) (C 46) 
1=4 

where 0G = 9Giz, v) is defined in Eq (3 43) In this representation the mixed profiles 

are found to be, 

fiLRiv) = l (1 ± cos 9G) CXLCA + l (1 T- cos 0G) C l f l 5 A ± ^ sinc9G C ^ , (C 47) 

hLR{v) = \ i l ± c o s QG) C2LCA + ^ (1 T- cos 0G) C ^ ± ^ sin 0G C2SA , (C 48) 

f3LR(v) = \ il± cos 9G)C3LCA ±^sm0GC3SA 

+ i (1 T cos 0G) [cos 0„ G ^ - sin ^ CXSA] , (C 49) 
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fi(v) = cos9GCxSA + -±= sint9G iCXRSA - CXLCA) , (C.50) 

fr{v) = cost?G CiSA + ±= sin#G iC2RSA - C2LCA) , (C.51) 

f3iv) = cos 9G C3SA + -j= sin #G (cos ̂  GBG.4 - sin 9H CXSA - C3LCA) , (C.52) 

h(v) = ClSA, (C.53) 

fv(v) = Sm9H CBCA + cos9H CXSA . (C.54) 

where we have suppressed the z and mn dependence; /G(w) = fGimn,z,v), CA = 

CAimn, z), and SA = 5/i(m„, z) [64], Recall that COS9H = ta.nOw. 

As discussed in section 4.3, the TeV boundary conditions provide a system 

of equations by which the coefficients GG and mass eigenvalues may be determined. 

The boson masses are determined by setting the determinant of this system to zero, 

a requirement for the system to be solvable. The system of equations can be broken 

into four subsystems. 

The W boson sector 

The first two subsystems are mathematically identical, the only difference being that 

one involves the W1L, W1R and A1 bosons while the other involves the W2L, W2R 

and A2 bosons. We will represent both of these systems by WlL, WlR and A1 - where 

i = 1, 2 - with the corresponding system of TeV-brane boundary conditions 

dzf£\mn,z;v) = 0 , (C.55) 
z=L\ 

dzft\^n,z;v) = 0 , (C.56) 
z=L 

f^imn,z;v) = 0 , (C.57) 
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which we use to solve for ClL, C,R and G% [64]. Setting the determinant of this system 

to zero, we obtain the mass relations 

S'Aimn,Lx) = 0, (C.58) 

2C'Aimn,Lx)SAirr>n,Lx)+mnkLx sin92
GiLx,v) = 0 , (C.59) 

where a prime represents the deiivative with icspect to the fifth cooidinate z and we 

have used the Wronskian relation [4, 62],4 

S'Aimn, z) CAimn, z) - SAimn, z) C'Aimn, z) =mnkz . (C.60) 

Eq. (C.58) corresponds to the W%R state masses, which are the same as the original 

masses before mixing (Eq. (C.23)). Eq. (C.59) corresponds to the combined W%L 

and Wl masses; note that as v —> 0 the left-hand side becomes the product of the 

left-hand sides of their original mass equations, CAimn, Lx) SAimn, Lx) (Eq. (C.22) 

and Eq. (C.24)). 

Because there are two conditions that allow the determinant to be zero, there 

are two possible solutions for the coefficient set. The first, corresponding to the W%L 

mass condition, Eq. (C.59), is 

rwL = KC SAjmn,Lx) il + cos92
GjLx,v)) 

lL l CA(mn,Lx)sin26G(Lx,v) ' 

CZL = }§CA^9GiLx,v), C^ = at. (C.61) 

where the remaining coefficient C~% will be determined by the normalization condition, 

and the superscript WL identifies the coefficient set. 

When these coefficients are substituted into the profiles ftL(m,z;v), 

fiRim,z;v) and / j (m,2;f ) , all of these profiles are non-zero. This indicates that the 

^ l s o known as Abel's identity. 
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full W%L mass eigenstate profile is a supeiposition of these mixed profiles, weighted 

by their associated generators, 

FlLim, z- v) TF^ = , /^L(m, z\ v)TlL + f™L(m, z; v)TtR + / f L(m, z; v)T . (C.62) 

where the superscript WL on the profiles indicates that coefficients ClL, ClL, and G-

have been replaced by those in Eq. (C.61). Here TFlL is meant to denote the generator 

that would be associated with the profile Fli,im,z;v); however, in practice the two 

are never separated. Depending upon the mass solution of Eq. (C.59) with which it 

is evaluated, Eq. (C.62) may represent a mass eigenstate that corresponds to either 

the pre-EWSB A%£, or the pre-EWSB A\. 

The normalization condition foi this profile is 

fLl d? 

\ TA U ! K ^ ) 2 + f°R(m,z;v)2 + /?im,z;v)2) = 1, (C.63) 
JLo Kz 

The second solution set, corresponding to Eq. (C.58), is given by 

C™*=0, CZR = -y/2C-%\smeG(Luv), C^R = C-t. (C.64) 

The corresponding full profile FlL(m,z;v)TFlR and its normalization condition are 

given by Eq. (C.62) and (C.63) with WL —>• WR. We emphasize that the difference 

between the profiles of the three types of boson arises from the different coefficient 

sets obtained by solving Eqs. (C.55-C.57) and the corresponding mass eigenvalues. 
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The 7 and Z sector 

The third subsystem involves the Z, X, V and A3 bosons where again we denote 

the photon by V^ with the corresponding system of boundary conditions 

= 0. 
=Li 

= 0. 

f(n) dzfB'imn,z,v) 

f(") 
t%./V(mn ,z,i;) 

z=L\ 

z—Li 

d2 

dz 

dzf3Aimn,z,v) 

&\mn)z,v) 
6 z=Li 

cosOwf^imn, z, v) + sin9wfPimn, z, v) 

cos9wf^)imn z,v) -smOwf^imn,z,v) 

z—L\ 

z=L\ 

(C65) 

(C66) 

= 0, 

(C67) 

= 0, 

(C68) 

which we use to solve for G 3 L , GX, CB and G3 [64] Setting the determinant of this 

system to zero, we obtain the mass relations 

S'A(mn,Lx) = 0, (C69) 

G ^ ( m n L 1 ) = 0 , (C70) 

2C'A{mn,Lx)SA{mn,Lx) + mnkLx sec2 0W sin 0G{Lx,v) = 0 (C 71) 

The first two equations correspond to the masses of the X boson and photon state 

respectively, both are the same as the original masses before mixing (Eq (C 23) 

and Eq (C 22)) In particular, the zero-mode photon remains massless The third 

corresponds to the combined Z and A3 masses, again, as v —)> 0 the left-hand side 

of this equation becomes the product of the left-hand sides of the original Z and A3 

mass equations, C'Aimn, Lx) SAimn, Lx) 

In this case there aie three possible solutions foi the coefficient set The fiist, 

corresponding to the X boson mass condition, Eq (C 69), is 

C} = \[2C3 tan 0G{LX, v) sin 9H , G3
X = G3 (C 72) 
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where the superscript is meant to identify the mass condition associated with the 

coefficient solution set. 

The second solution set, corresponding to Eq. (C.71), is given by 

nz = a nz = r SAjmn,Lx) [1 - cos2 9H + cos2 0GjLx, v) (1 + cos2 9H)} 
B C° H 3 L ~ X CAimn,Lx) sin0H ( - 1 + cos2 0G(Lx,v)) (1 + cos2 9H) ' 

Cx = Cx, Cl = , 0 t°\ . 0 . (C.73) 

and the third, corresponding to the photon mass condition, Eq. (C.70), is given by 

Cl = CBcos9H, C^ = G] / = 0 , CV
B=CB- (C.74) 

When the coefficients corresponding to the X and Z mass conditions -

Eq. (C.72) and Eq. (C.73) respectively - are substituted into the profiles /3L(m, z\ v), 

fx{m,z;v), / s (m,z ; t i ) and f3im,z;v), all of them are non-zero. However, while the 

profile of the Z boson 

fzim,z;v) = cosOwf3L{m,z\v) - sin9wfB(m, z; v) , (C.75) 

is also non-zero, it turns out that the profile of the photon 

fv(m,z;v) = cos9wfBim,z;v) + sinOwf3Lim, z; v), (C.76) 

disappears. The reverse is also true: when the coefficients corresponding to the photon 

mass condition, Eq. (C.70), are substituted into the profiles, only the photon profile 

is non-zero. As a result, the final profiles arc the following, 

Fxim,z;v)TF- = f§im,z;v)Tz + f^im,z;v)Tx + f^im,z;v)T3 , (C.77) 

Fz(m, z- v) TFz = fUm, z; v)Tz + fxim, z; v)Tx + f?(m, z; v)T3, (C.78) 

Fv(m, z;v) = cos9wfB im,z;v) + sm9wf3Lim, z;v), (C.79) 
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where, as in the previous section, the superscript indicates which set of coefficients has 

been applied The normalization condition foi each piofile is analogous to Eq (C 63) 

Notice that the photon piofile is unaffected by the mixing 

The At sector . 

The A4 boson does not mix with any other bosons, as such, its final profile is simply 

F4(m, z, v) = /4(m, z, v) = / 4 (m, z, 0) = G4 SU(m, z) (C80) 

C.3.2 F e r m i o n s 

The procedure for the fermions is very similar to that of the gauge bosons, after 

performing the gauge transformation, we solve the coefficient matrices and obtain 

mass conditions from the matrix determinants 

The gauge transformation is slightly different for fermions First, we write the 

fermion multiplets - in this case the lepton multiplets - m form 

' ChS+imn,z) \ i 

Ce2S+imn,z) 

fe1L(mn,z,0) = Ci3S-(mn,z) 

CetL S-{mn, z) 

\ Ce5S+imn,z) J 

fe3Rimn,z,0) = 

( 

fe2Rimn,z,0) 

Ce6 SC2irnn,z) \ 

Ce7SC2imn,z) 

Ces S-{mn,z) 

Ce9S-2imn z) 

V f!2Rimn,z,0) J 

Chi $c 

Ce12 St 

Ce13 SC3 

Ct14, s~ 

C3 Ci15 s, 

Chs Sc3 

Ce17 S~ 

Ceia S~ 

Ce19 S~ 

Ce2o SC3 

imn 

imn 

imn 

imn 

imn 

imn 

imn 

imn 

imn 

imn 

z) 

*) 

*) 

z) 

*) 

z) 

z) 

z) 

z) 

z) 

\ 

1 

(C81) 
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where S^ and Sf aie the fermion basis functions defined by Eqs (3 30-3 31) [4, 52, 64], 

and 

c2 ; ' f!3L(mn,z,0) = Cilo(s
+-MuvS, 

fLi™n, z, o) = ctl0 (-MUVS;2 + s+ 

(C82) 

(C83) 

The vectors of opposite chirality can be read from these by replacing S^ o S^ and 

ft2R ~^ fhi, ^ n e QU^k piohle vectois - f$1L, f^2R and f^3R have an identical vector 

form, except that in their case Muv = 0 

However, this form does not belong to the same basis as our SO(5) generators 

in Appendix B Therefore we must tiansform these vectors into our generator basis 

before the gauge transformation can be applied As such, our gauge transformation 

takes the following form in the fermion case [4, 50], 

fe1Limn z,v) = AQ{z,v)A~lfelLimn z, 0) , 

ft2Rimn,z,v) = ACliz v)A~1fe2Rimn,z,0), 

fe3Rirnn, z, v) = BQ(z, v)B~1 fi3Rimn, z, 0) 

(C84) 

(C85) 

(C86) 

where the T4 generator m fi(z, v) is m 5-represcntation for the first two equations 

and 10-representation for the third The change of-basis matrices A and B are given 

by [4, 50] 

/ 

V2 

-i - 1 0 0 0 

0 0 -i 1 0 

0 0 * 1 0 

- i 1 0 0 0 

0 0 0 0 V2 

\ 

(C87) 
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and 

B 
1 

71 

i 

0 

0 

—i 

0 

0 

0 

0 

0 

\ 0 

1 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

—1 

—I 

0 

0 

0 

0 

0 

0 

0 

0 
1 

- 1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

- 1 

0 
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0 

0 

0 

0 

0 

0 

0 

I 

0 

I 

0 

0 
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0 

0 

0 
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0 

V2 
0 

0 
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0 

0 

0 

0 

0 

0 

0 

- 1 

0 
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0 

0 

0 

0 

0 

0 

0 

I 

0 

I 

0 

0 

0 

0 

0 

0 

0 

0 

V2 
0 

(C. 

Performing this transformation, we obtain the following mixed profiles 

cos2(^f) C,2 S+ - s m 2 ( f ) C(3 S~ - f sint?GG,5 5+ 

fe1L(v) = - sin2 i0f)Ch S+ + c o s 2 ( f ) Ch S~ - & sinOG Clb S+ 

Ce4 Sn 

Ai V2 y f sinOG C(2 S+ + f sinc9G Ch 5 " + cos9G Ck S+ J 

(C.89) 

ft2Riv) 

Ce6 S 

c o s 2 ( ^ •) Ct7 S^ - s i n 2 ( f ) Cta S~ - f sm9G f*jQ) 

\ 

sin2 ( f ) Ct7 S~ + cos2 ( f ) C,8 S~ - f sm9G ffjQ) 

Ce9 S~ 

f sin#G C,7 S~ + f sin#G Ce& S~ + cosc9G ftjQ) 

(C.90) 
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fi3R(v) 

c3 

c3 

cos9G Cin S~ + *& sin9G (Ctis - CeJ S^3 

cos2(f) Cil2 S~ - s in 2 ( f ) Cil3 S~ + | sintfG (G,19 - CeJ S( 

cos2(^f) Ctia S;3 - s in 2 ( f ) Cei2 S~ + \ sin9G (C,19 - Ctie) S( 

cos9G C£l4 S~ - *-f sin9G Cil7 S~ + ^ sin9G Cho S+ 

_ ^ sin9Gcen s~ + cos2(f) Ctu S~ - s in 2(^) Ctia S~ 

cos2(f) Ctl0 S~ - sm 2 ( f ) ChQ S~ - \ sinOG (Cil2 + Q13) S, 

-*& sin9GCh4 S~ + cos 2(f) Ch7 S~ - s in 2 ( f ) Cho 5+ 

*f sin#G Ctll S~ + cos2(ef) C£lg S~ - sin2 ( f ) G,15 5 " 

| sint9G (Q l 2 + Cv13) 5 " - s in 2 ( f ) Cll6 S~ + cos 2(f) Cll9 S^3 

\ ^ sin#G Ch< S~ - sin2 ( f ) G,17 5 " + cos2 ( f ) G,20 S+ ^ 

(C.91) 

In terms of the vectorial form, the fermion boundary conditions of Eq. (3.37-3.39) 

can be written as 

fLA + M 2 / i / - ° fL + M2-fL = ° ft4 = o (c.92) 

& ' 4 - W £ / = 0 ff2L - MxflL - M1Rf\2R = 0 4 ' / ° = 0 (C.93) 

where the superscript denotes the vector component [4, 50, 52]. The quark profile 

boundary conditions are exactly the same, except that MIR = 0. 

As in the boson case, this system of equations can be divided into three in

dependent subsystems, one for each fermion EM charge. In the lepton case we have 

charges 1, 0 and —1, while in the quark case we have 5/3, 2/3 and —1/3. 

In the following three subsections we will be dealing exclusively with the 
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fermion mass conditions and coefficient sets, which are all evaluated at the TeV 

brane As such, we wrll omit any notational indication of functional dependence on 

the vev v, mass mn, or the coordinate z = Lx m 5*, Sf and 0G 

Exotic fermions (Q = 5/3,1) 

The fiist sectoi is entirely composed oi exotic feiimons with charge 5/3 that do 

not appear m the Standard Model Theie aie five equations corresponding to these 

feimions, four can be solved for coefficients G^, G^u, G 1̂5 and G^18, while the fifth 

contains only Cg6 and is independent of the others 

The determinant of the corresponding matrix yields the following mass condi

tions, 

V = 0 (C94) 

S+S~+M2S+S-=0 (C95) 

where all functions are evaluated at z = Lx 

The first mass condition corresponds to the following coefficients, 

C?f = 0 , C^ = ^ tan# G (Ctu - Ctu) , 

Cg15 = Cil5, G"ig = d18, (C 96) 

Because the condition appeals twice the coefficient set is degenerate Any two per

pendicular vectors m the G^15-G^18 space will provide two independent coefficient sets 

We choose (G^15,G^18) = (0,1) and (G^15,G^8) = (1,0), we will label the former by 

superscript a and the second with superscript /3 
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The second mass condition gives rise to a third coefficient set, 

CI = Ctll ^ | j , G/n = Chl , C]i5 = - G / i 8 = ^ tantfG Q n . (C.97) 

which we denote by 7. Note that is a combined fermion state that corresponds to the 

mass eigenstates of two different fermions (refer to Table 3.6 for the specifics of the 

combination). 

The independent equation has the trivial mass condition S~2 = 0, and the sole 

coefficient G 6̂ is the normalization coefficient. We will denote this solution set by 5. 

As such, in the end there are four exotic fermions per generation with profiles 
5 

FaL R defined by their action on an arbitrary matrix M as 

3 

F!IR M FlR = £ fHR M flLiR , (C.98) 
i=i 

a = cv,/3,7,ci, and subject to the normalization condition 

where all profiles fi are evaluated at the same mass value. The notation / " indi

cates the vector fet with its coefficients evaluated according to coefficient set a; any 

coefficients undefined by the solution are set to zero. Note that in the case of the 

independent fermion (<5 solution set) Eq. (C.98) implies that 

FL = CiA2 (cioo) 

where G 6̂ is defined by the original fermion normalization condition, Eq. (C.35). 

Down-type fermions (Q = —1/3, —1) 

The second sector is composed of the appropriate Standard Model down-type fermion 

(depending on the fermion generation that we are considering) along with extra 
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feimions that do not appeal in the Standard Model As in the fiist sector, the one of 

the five equations involving these feimions - that involving Ceg is independent of the 

others The remaining foui can be solved foi coefficients Cg4, Cg14, G 1̂7 and Ci20 The 

determinant of the corresponding 4x4 matrix yields the following mass conditions, 

S~ = 0 (C 101) 

2 S+ (M2
2 S;3 3- + S- S~) - (k z)4M2 S~ sm29G = 0 (C 102) 

Here the second condition, Eq (C 102), corresponds to the mixed masses of the 

SM down-type fermion with one of the extia fermions, we will call the resulting 

fermion our down-type fermion The fiist condition, Eq (C 101), simply corresponds 

to another extra fermion 

The first mass condition corresponds to the following coefficient set, which we 

denote by 77, 

Cl = Cl0 = 0 , G;i4 = ^ tan 9G C\7, C]i7 = Ctl7, (C 103) 

The second mass condition, corresponding to our down-type fermion d, gives 

rise to a second coefficient set, 

1 V2 „ 5+ z-irf V f c3 fd ft 
Ce* ~ M^O~G i2° F ' '20 " i20 

Cl 

C^ - -M^B-G °L ~ ^ l a n ^ C'*> sf3 ' (° 1 0 4 ) 

which we denote by d This mass condition and coefficient set correspond to yet 

another combined profile, that includes the mass eigenstates of three fermions (see 

Table 3 6) 

The independent equation has the trivial mass condition S~2 = 0, and the sole 

coefficient Ce9 is the normalization coefficient It corresponds to an extra fermion, we 

will denote it by e 
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In the end we have our down-type fermion with profile Fd
 3 and two extra 

_ i _ i 

fermions with profiles FCL
3

R and F^^ The full profiles are defined by Eq. (C.98), 

where a = d,r), e. 

Up-type fermions (Q = 2/3, 0) 

The third sector is composed of the appropriate Standard Model up-type fermion 

along with extra fermions. In this case none of the equations are independent; all ten 

are solved together to define the remaining coefficients Ce2, Cg3, Ce5, Ce7, Ces, G 1̂0 

Ct12, Ctx3, Ce16, C(ig. The resulting mass conditions are 

o - 2 
^ 3 

0 

Sc~2 = 0 

5+ S~ + M\ S+ S~ = 0 

(C.105) 

(C.106) 

(C.107) 

25. 
C2 

'S+S-MUV [M2
2MIRS-S;3 - MfS-S-) + (M2S-S- + S~S 

'M2S+S£ + 5+ (S+ - MUVS~ - MIRS+2 + MIRMUVS, c2 

2 (S+MIR - 5+) (S-S-M* + S-S-) + MlS-S- [MUVS- - Q 

+ S~ (S+ - MIRS+) (M2MIRS~ + M2S~)] (k z)4 sin2 9G 

M2MIRS- + M'lS:3) (k zf sin4 9G = 0 . (C.108) 

Here the last condition corresponds to the mixed masses of the SM up-type fermion 

with one of the extra fermions; we will call the resulting fermion our up-type fermion. 

The other conditions simply correspond to other extra fermions. 

The first mass condition yields two degenerate coefficient sets, which we denote 
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by p and a, 

fp-,o fP,°" fP,o~ fP^ fpt°~ fipA n 
°£2 ~ uh ~ W5

 _ ue7 - W 8 - u£10 -
 u > 

2z 
Cp{°2 = C^3 = Cil3, Clll = ~~ t a n 5 i C i l 3 + C e i g , C%£ = C e l 9 . ( C . 1 0 9 ) 

Here again we choose (G^13, G ]̂9) = (0,1), (1, 0) to obtain two independent solutions 

that we will denote by p,a. 

The second condition results in the coefficient set 

f r fT fir f r f r f r f r f r n 
°^2 ~ W3 - Ufe _ °<?io - U ^ 2 - W 1 3 - W 1 6 - W l 9 -

 U > 

C\7 = -Cf8, GJg = Cis, (C.110) 

which we denote by r, and the third results in 

ftw fi ftui /Til fiw fiw fiw n fOJ y_ f„„/3 fi 

W 2 - ut2> W 3 - W 7 - W 8 - ^ e l 0 - ^tx3 -
 u > G 4 ~ ~2~ t a ^ c W2, 

^ = -C?19 = ̂  tand9G G£2 =
 %- tan#G^ M2 tan#G G,2 S (C.lll) 

which we will refer to by ui. This UJ coefficient set corresponds to a profile representing 

three fermion eigenstates merged into a combined tower (see Table 3.6). 

Finally, the mass condition associated with the up-type fermion yields the 

coefficient set u, 

r™ - 1 to^/i nu _ r
 Sc3

Sci + M2ScxSci fu _ n 

°" - T2 Ua6aC'' - °3 S+S- + M|S+S5 ' °''-C'-

Cf = " - • " ' C?, = i tanlfcC? = -i tan«oC?1„ = IMlMilt^Ac , 
*12 l + cos2c9, £l3 G £l6 G ei9 2S+S- +M2S+S~ 

y Cl C3 ' 2 Cl C3 

1 S*+ M S~ S+ 

Ce7 = Cl = - ^ t a n 0 G ^ G ; i o = ~^Cfia + Mx £C?a, (C.112) 

which represents five combined fermions. 
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In the end we have our up-type fermion with piofile FuLR and four extra 
2 2 2 2 

fermions with profiles FrfL R, FP
3

L R, F3
L R and F3

L R The full profiles are defined by 

Eq (C 98), where a = u, p, a, r, UJ 

C.4 Vertices 

In the following we provide the relevant vertices for our calculations It should be 

noted that the final forms given are derived with respect to the 4D particle fields - and 

therefore will contain the profiles of the associated particles - but are not integrated 

over the fifth dimension The effective 4D couplings can be found by integrating these 

forms over the fifth dimension, while 5D couplings can be obtained by dropping the 

interacting particles' profiles 

C.4.1 4-particle interaction terms: W3LRW3LR H H 

For the interaction / / —> ZH we would like to determine all couplings of form (gauge 

boson)-^ ZH As the Z boson will arise from AjL R -> W^L R as in the SM -

and the Higgs will arise horn the fifth component of one of the SO(5)/SO(4) gauge 

bosons (Ag), we must consider all Lagrangian terms proportional to AA RALl
L RA^A^ 5 

Starting with the same Lagrangian as in Eq (3 8), we take only the term of FMRFNS 

involving a product of commutators, and let M,N = p,v and R, 5 = 5 

LAV = - ^ 9 l <T g55A;5Al5 = - L g\ rT A^Aa
vh (C 113) 

5Note that the metric factors prevent couplings of form A^AvAaA^ or A^A^A^A^ Therefore an 

Ac, cannot be the propagator in an interaction such as e+ e~ —> Z H 

133 



From an inspection of Eq (B 6-B 9), we can see that we must consider only the a = 3 

term, as it is the only one that contains terms with one A\ field and one Aj1 R field 

We find that 

L4v D - j ^ g} rfv A\A\ (W3^W^ - 2W3^W3R + W3RW3R) 

= ^7~z g\ rT [H5(x, z) + vfHiz)]2 (W^W^ - 2W3^W3R + W3RW3R) 

= g ^ 9l rT {WILW3A - 2W3^W3R + W3RW3R) 

x iH5ix,z)2 + 2H5ix,z)vfHiz)+v2fHiz)2) (C 114) 

Therefore the relevant terms for WM
L R W,A R h$ interactions are 

Uv D j ^ gl rT v fniz) H5{x, z) {W? W^ - 2W3LW3R + W3RW3R) (C 115) 

Substituting Eqs (2 14-2 15), Eqs (3 14 3 15), and Eqs (C 117) into Eq 

(C 115), we find the following vertex between two 5D Higgs bosons H5 and two 5D 

photons, 

H5 H5 V„ V -7 -J— (sin2 6w-2 sin 9W cos 9H cos 9W + cos2 9W cos2 9H) (C 116) 
2 kz 

As the Higgs is neutral, we require that this vertex be zero This condition results in 

the following relationship between OH and the Weinberg angle 9W, 

COS9H = ta,n9w (C 117) 

This fixes J5M and X^ in terms of W3R and t7M With this relationship, both the 

H5 H5 A^ Z^ and H5 H5 A^ X11 couplings also vanish The former is fortunate, as the 

Z boson is known to be neutral, the latter tells us that the X boson is also neutral 

Note that if we had chosen A\ as our Higgs the relation between OH and 9W would be 

the same, the choice of either A\ or A\ simply change the relation by a minus sign, 

cos OH = — tan 0W 
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Applying this relation, we finally find 

T s 9s iw * ( \h t \( l 7 7 i V c o s 2 9 w cos29w 

(C 118) 

Decomposing the 5D fields into 4D fields with profiles, taking the functional derivative 

of each term, and multiplying by i, we obtain the Feynman rules for the relevant 4D 

vertices, 

ZAZA)E -7^9A rf v fH{zf fA{z) fA\z), ( C 119) 
Z K Z Q 

XAZ^H ^ ~ f | rT v fniz)2 f{
x\z) ff\z), (C 120) 

XAX^H - • if- * AvvfHizf f{
x\z) f£\z), (C 121) 

/. K z g 

where we have defined 

g \/cos 20w fnXnn\ 
gz = — and qx = — (C 122) 

cos 0W cos 9W 

(0) v(0) Note that if we integrate the Zp, Z^ H(x, z) vertex 

g\v_ lnkLx [L> dz_ 2 (0) 2 _ gjv_ fL' 2 _ g\v_ 

2 k <JL„rA^'^ = A^ld"ii^rA^-
(C 123) 

we obtain an effective 4D term that is the same as the corresponding SM term 

C.4.2 3-particle interaction: Three gauge bosons 

The interaction of three gauge bosons arise from the terms m the gauge Lagrangian, 

Eq (3 8), proportional to both a derivative of the gauge field and a commutation of 
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gauge fields, 

L*, = -95^gMNgRS [idMAR)A%s - idRAa
M)Aa

NS + A*MR{dNA%) - Aa
MRidsA%)] 

= - j t ^ ^ [V*K)Kp - idaA;)Alp] + fyr [id,At)Al, - (dsADAU] 

= -~V^ [rfiPvADAle - id.ADAl, + (c95^K5] 

= - f V ' [va0idpA°a)A:0 + idbA«)A%] , (C 124) 

where we have used the fact that Aa = —Aa
v The last step is attained by neglecting 

all fifth components other than the Higgs (a = 4), as they are either zero, or are 

Goldstone bosons that will be eaten to become longitudinal polarizations of the vector 

bosons 

Let us considei the fiist term of Eq (C 124), keeping only terms involving 

bosons with zero modes for the moment This leaves only the interaction between 

W^,Wf, and W^, 

FWILW2LW3L
 = —T—'A'^ff ApAa

a
L)AJp (C 125) 

= -jr-ri'l,,ria0eaLbLCL(dllAlL)Ac
l,A

b
p
L (C 126) 

K Z 

Making replacements6 A(x z) = { ci4pexp(—ipx)A(p, z) in the correspond

ing action, decomposing the 5D fields into KK modes, taking the functional 

derivative [11], and multiplying by i we obtain our Feynman rule for the vertex 

W^ikx)W^ik2)W
3L{k3), 

Wl^\px)W
2A{m)ip2)WlL{l\p3) -7 | | [rfA (p£ - pf) + rT {p"i - PX

2) 

+ rfX (p£ - V%)\ li:\z) f2
{T\z) /&>(*), (C 127) 

3Here we use the convention that the momenta p are incoming 
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where we use the convention that all particle momenta are incoming This is the 

same vertex as found m the SM, except foi the piofiles, the factoi of {kz)~l and 

the replacement g —> g$ [11] The rotation from this basis to the physical basis, 

W^LW2LW3L —> W^W~Za, works the same as way as in the SM, except that now 

the profiles aie rotated with the 4D fields, as such, we find that in the physical basis 

W+(k+)W-(k.)Zx(q) ~71-^- cos2 9W^ [rT (fcA - kx_) + rfx ( F - q») p kz q 

W {? - K)] /$(*) f£l{z) ffiz) (C 128) 

If we consider all vertices in the first term of Eq (C 124) - not simply those 

corresponding to the SM - we find that the vertices will all have the same form as 

Eq (C 127), with the following replacements of the indices 

2 ( a i i f l , U ) -» 2 ( 1 ^ 2 ^ 3 * ) , ( U , i , 4 ) , (1L ,2,3), (2L ,3,1), 

(2L ,2,4), (3L ,1,2), (3L ,3,4), - ( W , 4 ) , (1«,2,3), 

(2R, 3, i ) , -(2R, 2,4), (3H ) i, 2), -(3R, 3,4) , (C 129) 

where outer factors (—,2) denote a difference of this overall factor m the vertex struc

ture In the physical basis, the coupling of three gauge bosons Gx, G2 and G3 will be 

given by Eq (C 127) with the coefficient replacement g —>• CG1G2G3 ~ where CG1G2G3 

IS a function of 9W proportional to g - and the profile replacement 

fi^ (z) / £ > (z) fSl (z) -> /£? (z) /&> (z) f® (z) (C 130) 

The specific coefficients GGlGaG3 for the couplings relevant to our purposes are 

Cz w+ wr —%gzcos ®w , Cz WR wR — —i Qz sin 9W , Cz A± AT = - gz cos 20w , 
L L /, 

f> — 9z f _ f _ _^_ fi _ 9x 
UZA*A4 — o ' XWRWR ~~ ®x Ly*A±A:f — 2 ®x ' ^XA3A* — 2 ' 

I 1 A n — -C l--
VIA^ A* " Wfi A= A* — 2 ' W^ A± A4 W^ A± A3 2 Cyvf A± A3 — CW£ A= A3 — ± 0 , Cwj A± A4 — CWT A± A3 — ± 0 (C 131) 
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If we now considei the second temi of Eq C 124), we find foui fuither couplings 

involving the Higgs boson of form A,x A^LL 

LA^RAaH = -f-zr}^idhAl)Al, 
2kz 

95 rT E [((9zA^)Al - idzAl)AaA) h5 
0=1 

{idzA
aR)Al - idzAl)AlR) h5] , (C 132) 

where we have kept only terms where A% = A4 As we are primarily interested in 

the couplings involving Z and X bosons, let's concentrate on the a = 3 term Trans

forming to the physical basis, we find that the couplings of the 4D field components 

are 

GAAa(m)H 
2kz 

cGAaH
9AfHiz) [ ( ^ M ) f{r\p,z) 

Am) 
dzfriP,z)\f^ip,z) p(«)/ (C 133) 

where G — Z,X, W±, a = + , —, 3 and the particular coefficients are 

CzA3H — gz > ^XA3ff ~ gx CW±ATH — ^wiA^H ~ 5 (C 134) 

It is worth noting that m the absence of particle mixing all of the corresponding 

4D effective couplings of this form will be zero if the relevant Z, X or W boson is a 

zero mode, as the profiles will integrate to zero 

9G 95 f , 1 

Jdz—jHVZ) [V 

"~2k 
~~L2 

2 J J dZJTzfH{z) [ ( ^ W ) ) fA
m\mA,z) - (dzfA

m)(mAtzj) fg\mG) 

fA
m\mA, Lx) - fA

m\mA, LQ) 
2k 9G 95 , (o), x 

= 0, (C 135) 
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by the Dirichelet boundary conditions on the coset bosons. Here we have used the 

fact that fG \z) is constant in z and required that the particles be on-shell. The 

fact that these couplings are zero provides a second reason - beyond the lack of 

fermion anti-fermion couplings - why the propagator in e+e~ —>• ZA H cannot be 

an Aa boson. However, note that these zero-mode 3-particle couplings reappear after 

mixing because the zero-mode gauge boson profiles are no longer flat. 

C.4.3 3-particle interaction: Fermion-fermion-boson 

By applying integration by parts to the derivative in the second term in Eq. (3.12), 

we find that the spin-connection contribution from Eq.(3.13) cancels out, while the 

derivative and boson terms double. Therefore the relevant terms for the coupling of 

two fermions to a Z or X gauge boson are 

$17, (T3LW3L + f3RW'3'^ * L + l f i 7 , (T3LW3L + T3RW3R^) VR 

ATT^rr [^LIUQB-L^LU^ + ^RIUQB-L^RUP] , (C.136) 
[K Z) 

where we have kept only the 3L,R terms, and g'l = g"— is the 5D gauge coupling of 

( 7 ( 1 ) B - L ) and defined 

fZL,R = A JZL,RA-I ( f3L,R = B TARB~I _ (C.137) 

The 5 and 10 representations of the relevant generators are defined in Appendix B; 

the basis transformation matrices A and B are defined in Appendix C.3. 

We can relate QB-L to the hypercharge Y and the weak generator T3R by 

requiring that the coupling of the hypercharge boson B^ to fermions match that 

of the SM, g' Y ^L,Rj^B^L,R, where g' = c7tant9w. In our model B^ is a mix of 

L ffG D 55 
(k.A 

if"7 
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Ufj, and W3R, therefore the corresponding term arises from the second two terms of 

Eq. (C.136), 

#5 

(kz) 
rT^L,Rlu f3RW3R+g^QB-LU,] *L,R (C.138) 

rfAXV 

D ( f c ^ * L ' * 7 " 
g5f

3R cos9H + g^QB-Lsin9H B^L,R (C.139) 

If we consider the zero-modes, the 5D components will integrate to 1 (as shown in 

Eq.(C144)). We therefore require that 

Y = ~ f3R cos0H + ^ QB-L sin9H = f 3R + QB-L • (C.140) 
9 9 

where we have made use of g = tan 0H9"• 

By making use of these relations as we substitute Eqs. (2.14-2.15) into 

Eq.(C.136) - and neglecting the photon fields - the vertex terms become 

Lfff D -^~ 9j ^L,R (f3^ - Q sin2 9W) AZ^L,R 

a n, f(Q-f3A sin2 9W - T3R COS2 9W \ 

+ -tTAi ~ *L>R ~ " TA3 YX^L,R , (C.141) 
(kzf g \ cos 29W J 

where Q = Y + T3L - the electromagnetic charge in units of e, not to be confused with 

QB-L ~ is defined by requiring that the photon-fermion vertex be Qe. Note that if we 

take ty, ty to be specific fermions, rather than full fermion vectors, then T3L<R denotes 

the scalar element of the generator matrix that selects the appropriate fermions from 

the fermion spinors. Although the vertices of the right- and left-handed fermions have 

the same mathematical form, the element of T3L-R corresponding to each will not in 

general be the same; as such the right- and left-handed couplings will not have the 

same values, despite having the same form. 

For right-handed SM particles, T3h = 0. Therefore the fermion coupling to 

Z bosons in Eq. (C.141) matches that of the Standard Model in both the left- and 
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right-handed cases, as desired 

A*' = n%i f A1" {f- ~ Q^A*z<*"m 

+ TAA **"' (-Q ""2 »-) V^*SfM> (C 142) 
[K z) g 

Furthermore, note that for left-handed particles T3' = T3R, in this case the left-

handed X coupling reduces to the same form as the Z coupling, but with opposite sign 

and an inverse factor of cos2#w This coirespondence between the Z and X fermion 

couplings also holds m the case of right-handed up-type fermions The correspondence 

is notable as the XZH vertex of the Higgsstrahlung interaction brings an extra factor 

of g2, which cancels the extra cosine factor and results in Z and X Higgsstrahlung 

coupling constants of equal but opposite magnitude 

Because AT3L RA"1, BTXO
L RB~1 and the matrix form of Q are all diagonal, Z 

and X can only couple a given fermion / to its own anti-fermion / However, the 

gauge boson A3 can couple diffeient feimions of the same charge This will become 

relevant once the electroweak symmetry is broken because both the X and Z become 

a superposition of states that includes the A3^ allowing KK decays to jxf2 The 

Lagrangian term corresponding to the coupling of a fermion anti-fermion pair to A3^ 

is simply given by 

LffG ^ TT^I rT *L 1,T3A3^L (C 143) 95 „pv ,ti „, T ^ / | 3 , 

ikz) 

All of the possible couplings of Z, X or A3 bosons to fermions are summarized in 

Table C 1 
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Boson 

Z, X 

Z, X 

Z, X 

Z, X 

Z, X 

Z, X 

Z, X 

Z, X 

Z, X 

4 s 

4 
4 
4 
A3 

AiX 

A3 

Lepton pair 

KXKX, K2^2, ^ 3 ^ 3 

mm, mm, mm 

mm, mm, mm 

lih, U2, hh 

mm, mm, N3N3, N^ 

K3K3 

L3L3 

K'aK'3 

L& 

mK N3m + cc 

^73^3, N'3T]3 + c c 

£3L3, l3L3 + c c 

« 3 # 3 , K3K3 + c c 

mm, mm + cc 

mm, mm + cc 

Quark pair 

X1X1, X2X2, X3X3 

titx, t2t2, t3t3 

titx, t2t2, t3t3 

M i , b2b2, 6363 

M i , M 2 , T3T3, T3T3 

^A^Z 

B3B3 

^3^3 

B'iB3 

t3T3, f3t3 + c c 

hT3, f̂ 3 + cc 

b3B'3, b3B3 + c c 

X3S3, X3S3 + c.c 

M l , ^ 2 + CC 

txtx, I2t2 + c c 

Qe, Qq 

1 5 
± ' 3 

0 2 
u , 3 

0,1 

-1,-1 

0 ?-
u , 3 

Li 

-1,-1 

1,1 

-1,-1 

0 2-
w, 3 

o , l 

-1,-1 

1 5 

0 2-
u , 3 

0 2-
w, 3 

fih 

1 
2 

1 
2 

1 
2 

1 
2 

0 

1 

-1 

0 

0 

0 

0 

0 

0 

0 

0 

f3R 

1 
2 

1 
2 

1 
2 

1 
2 

0 

0 

0 

1 

-1 

0 

0 

0 

0 

0 

0 

j>3 

0 

0 

0 

0 

0 

0 

0 

0 

0 

V2i 
4 

V2i 
4 

I 

2 

I 

2 

1 
2 

1 
2 

Table C.l: Possible couplings of Z, X or A^ bosons to lepton anti-lepton pairs. The 

L,R subscripts have been suppressed. Refer to Eqs. (3.23-3.28) for the multiplet 

structure. 

142 



C.5 T h e Rela t ion Between g and g§ 

The relation between the 5D gauge coupling g5 and the familiar SM gauge coupling g 

can be determined by comparing effective 4D MCHM couplings to those of the SM 

It should be noted that particle mixing will alter the profiles used in the derivation 

below, and therefore cause a shift m the relationship between g and #5 However, as 

zero modes are not substantially altered by mixing this shift will be quite small 

C.5.1 From the four gauge boson vertex 

To determine the relation between the 4D SM gauge coupling g and our 5D coupling 

constant g5, consider a vertex of four gauge bosons Proceeding similarly to Eq 

(C 17), and neglecting all brane-restricted contributions to the Lagrangian, we must 

obtain g2 when all z dependent contributions and the g2 factor are integrated over z 

Therefore we require that 

, 2 _ r A 925fA0), M4_05 [ k 1 f^ ^ 1 _ k9l 
9 = lLo

 dZkz[fc{z)] ~k _ln(kLx 

If brane terms were included the relation would have form 

dz~ = -jfAr (C 144) 
Lo z ln(fcLi) 

92 kgi guV g1R 

where #uv and SIR are possible contributions from the UV and IR brane terms [3], 

which are zero in our case 

C.5.2 From a ffA^ vertex 

The coupling constant relation can also be derived by considering a vertex where a 

fermion and anti-fermion couple to a gauge boson Specifically, let's consider W£ —> 
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e~ UL AS before, the 4D constant g must be equal to the integral of all the 5D 

components Using Eq (C 39), Eq (C 25) and noting that both fermions have the 

same associated parameter c as they arc part of the same 5C7(2)L doublet, we have 

g = g5 i X dz y/qkz ff (z) / <0) (z) f$> (z) (C 146) 
Lo 

"f̂ feonph r̂* < C 1 4 7 > 
kjl-2c) 2c ^ _ rLi 

\kLxy-2<-l V\nikLx)JL0 
95nT*:' ,h % r r r V r dzz~** (C148) 

* jd^^lkc ^ - ̂  V in4) ^ 1 4 9 > 

=^V« (C150) 

whrch is the same relation as found before 
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Appendix D 

Gauge Boson Decay Wid ths 

To account for the physical widths of the KK resonances in the cross section, we will 

need the total decay rate of each propagating boson. In the following formulae, all 

constant and 5D integral factors of the couplings will be simply expressed as overall 

couplings G, as when full particle mixing is implemented the couplings constants and 

5D integrals can no longer be separated. The appropriate couplings can be found in 

Appendix C.4. 

D.l Boson decay to fermion final states 

The decay rate in the center-of-mass frame for a gauge boson G = Z, X of mass MG 

to two fermions of mass mx and 777,2 is given by 

A 2 ( M G , m 1 , m 2 ) t,rh2 , rR2\ ofM2 2 ^ l°ff ~ A8^ A/AS [AGff + GGff)P{MG,mx,m2) A8?x MG 

12 MGmxm2C^ffCSff\ (D.l 
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r(") where Mz is the mass of the Z KK mode m question, GGr, are the appropriate 

overall left- and right-handed couplings including 5D integral factors - and 

A(x,y,z) = x2 + y2 + z2 — 2xy — 2xz — 2y z , 

Pix,y,z) = 2x2 — y2 — z2 — xy — xz -\-2y z 

(D2) 

(D3) 

In the case where both fermions are zero modes and their masses may be 

neglected (mi = 7712 = 0), this reduces to 

p _ MG \(rL2 
1 GffO — ~^r— ! 1 U 247T Git CGH)} (D4) 

Note that for quarks these formulae will be multiplied by three to account for the 

different colours 

D.2 Gauge boson decay to a Higgs final state 

The decay-rate m the center-of-mass frame of a gauge boson KK mode Gx = Z, X of 

order n and mass Mx to a second gauge boson KK mode G2 = Z,X of order 777, and 

mass M2 and a Higgs boson is given by 

'M[n)2 + M2
(m)2 - M2

H 
1A 

4 8 T T M [ ' 

r(n,m) _ ^GiG2H \A]\An)2 A/f(m)2 M2 ^ 1 GiG2H - — — ( ^ 3 X^M1 , M2 , MH) 2 + 
4M1

( n ) 2M2
( m ) 2 

(D5) 

where MH IS the mass of the Higgs boson, X(x,y,z) is defined m Eq (D 2), and 

CGIG2H is the appropriate coupling constant of the two gauge bosons to the Higgs 

Here n cannot be smaller than m, this is kmematically forbidden 
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D.3 Gauge boson decay to two other gauge bosons 

The decay rate in the center-of-mass frame of a gauge boson Gx of order n and mass 

Mx to two other gauge bosons G2, G3 of orders m, / and masses M2, M3 respectively, 

is given by 

r%'™'% = CGiG2G3 X 1 f A/r(n)2 A/r(m)2 A/f(l)2 G ^ =
 A^*AnAXl K " ) 2 ' M^m)2' M" ) 2) NiM[n\M^\ Mf), (D.6) 

where CG1G2G3 is the appropriate coupling coefficient and 

(x4 x4 v4 v4 z4 z4 

Nix, y,z) = - 8(x2 +y2 + z2) + 2[-- + — + ^- + *- + — + _ 
\yz zL x* zz xA y 

1 ( x6 y6 z6 \ 9fy2z2 x2 z2 y2 x2\ 
4 \yz zz xl zl yl xz J 2 \ xA yz zl J 

It it is useful to know that when y = z, Nix, y, z) reduces to 

Nix,y,y) = -l2y-17 x + A~ + ^-4. (D.8) 

147 



Appendix E 

Analytic integrals for ECA 

cross-section calculations 

E.l Performing the integrations in the 5D cou

pling factor ZG[C, q] 

To perform the integrals, we must first substitute in Eqs. (C.144), (C.42), (C.39), 

(C.25) and (C.7), obtaining 

ZG(c,g)=Coef(p) / 1dzz1*2c[CGJa(pz) + DGYa(Pz)] 

x I" dz'z'2[AGJaipz!) + BGYaipz')} 
JLQ 

+ Coef(p) / l dzz^2c [AGJaipz) + BGYaipz)} 
•ILQ 

J A2 x / dz'z,2[CGJaipz') + DGYa(pz')}, (E.l) 
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^ c s k^ l T 2 c ln(fcLi) , „ s 

where Coef (p) = TT - — - ——- ., r ., 0
 v

 9
 7 (E.2) 

W A G £ > G - B G C G ( f c L j ) 1 ^ - ! ( f c L i ) 2 - l V ; 

where the minus applies to the cases with left-handed fermions and the plus applies 

to the cases with right-handed fermions, as the former have positive c values while 

the latter have negative c values. Coefficients A, B, C, and D with Z subscripts are 

defined by Neumann-Neumann boundary conditions, while those with X subscripts 

are defined by Dirichlet-Neumann boundary conditions. 

The integrals over z' can easily be solved using the basic properties of Bessel 

functions, 

f z2 f z2 

dz z2 Jxiq z) = — J2iq z) , dz z2 Yxiq z) = — F2(g z) . (E.3) 
j y J H 

The integration over z is complicated both by the variable c - which is not necessarily 

an integer or fraction - and the multiplication of Bessel functions in the integrand. 

Terms that involve only one Bessel function can be solved using the Meijer G function 

MGias; bs; cs; ds; z) and the first Lommel function Lxia, b, z). For certain values of c 

- those for which 1 ^ 2c is an integer these functions simplify to yield results in 

terms of the Bessel functions and the Struve function H„iz). These special functions 

are defined in Appendix A and are incorporated as commands in programs such as 

Mathematica and Maple. 

The single-Bessel integrals are given in general by 

f dzz^2cJxizq) = q-1±2cz[ilT2c)Jxiqz)LxiT2c,0,qz) 

-J0(qz)Lx(lT2c,l,qz)], (E.4) 

j dzz^2cYxizq) =2^2cq-2±2cMG ( l ; ±c; 1/2 ^ c, 3/2 =p c; 0, - c , 1/4z2q2) . (E.5) 
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The integrals involving two Bessel functions cannot always be integrated ana

lytically. Those involving combinations of Jvix) Ym(x) and Yn(x) Ymix) must be per

formed numerically. However, the integral involving two Bessel functions of the first 

kind can be expressed in terms of the generalized hypergeometric function F(as; bs,z), 

/

3 5^P2C 

dz z^2cJx(zq)J2izq) = ^ * ^ ( 5 / 2 , 5/2 T c; 3, 4, 7/2 T c; - * V ) . (E.6) 
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