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1
Theoretical Background
and Motivation

The Standard Model of Particles is at present the best description of elementary particles
and fundamental interactions. This chapter describes the remarkable successes as well as
the shortcomings of the Standard Model. The first section summarizes the knowledge that
is available in particle physics at this point. Section 1.2 goes into the limitations of the
theory and the reasons why new physics models can be expected to come into play at LHC
energy scales. The last section describes a class of proposed extensions of the Standard
Model, the so-called Little Higgs Theories.

1.1 The Standard Model

The subject of particle physics has seen enormous progress in the second half of the twentieth
century with the development of the Standard Model [1,2,3]. Simultaneously, new particles
and phenomena were frequently observed in experiments, either providing input or in fact
confirming the ongoing construction of the theory. The Standard Model is a relativistic
quantum field theory that unifies electrodynamics and the two nuclear forces—the strong
and the weak force. It is based on the symmetry group SU(3)C×SU(2)I ×U(1)Y , where the
strong interactions are described by the SU(3)C group and the electroweak interactions by
SU(2)I ×U(1)Y . The subscripts C, I and Y indicate the conserved quantum numbers that
correspond to each symmetry, i.e. colour charge, weak isospin and hypercharge respectively.

Elementary particles are categorized into two classes of particles: bosons and fermions.
Bosons have integer spin and obey the Bose-Einstein statistics, whereas fermions have
half-integer spin and follow the Fermi-Dirac statistics. Each elementary particle has a
corresponding anti-particle, whose quantum numbers are opposite in sign. Hereafter, all
statements regarding particles hold just as well for the corresponding anti-particles, unless
specified otherwise.

The three fundamental forces that are incorporated in the Standard Model are mediated
by the twelve gauge bosons that are associated with the generators of the symmetry group:
eight colour charged gluons, three weak bosons and the photon.
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Theoretical Background and Motivation

The fermion sector of the Standard Model contains leptons and quarks, which are
generally arranged in three generations, as indicated in Table 1.1. All (known) stable matter
of which the universe is composed consists of fermions from the first generation. The charged
leptons are subject to electromagnetic and weak interactions, whereas the colour charged
quarks are in addition subject to the strong force. Neutrinos are merely subject to the weak
interaction and consequently very difficult to study in experiment. The electric charge1 Q of
quarks adopts fractional values, i.e. +2/3 for up-type quarks and -1/3 for down-type quarks,
yet they are only observed as the integer charge combinations of three quarks (baryons) or
a quark and an antiquark (mesons).

Generation

Q I II III

Quarks +2
3

up (u) charm (c) top (t)

−1
3

down (d) strange (s) bottom (b)

Leptons -1 electron (e) muon (µ) tau (τ)

0 electron neutrino (νe) muon neutrino (νµ) tau neutrino (ντ )

Table 1.1: The fermion sector of the Standard Model. The three mass generations (I,II and III)
are displayed in separate columns.

1.1.1 The Standard Model Lagrangian

The Standard Model Lagrangian is the result of the unification of electrodynamic, weak and
strong interactions. The description of the interactions follows from the SU(3)C ×SU(2)I ×
U(1)Y gauge symmetry, which is introduced in steps in the following.

QED

Quantum Electrodynamics (QED) is the relativistic quantum field theory based on the
symmetry group U(1) that describes electromagnetic interactions. The coupling of charged
fermion fields ψ to the photon field Aµ is described by the QED Lagrangian density, which
is given by

LQED = ψ̄(iγµDµ −m)ψ − 1

4
FµνF

µν . (1.1)

The covariant derivative Dµ and the field strength tensor Fµν are given by

Dµ = ∂µ − ieAµ (1.2)

F µν = ∂µAν − ∂νAµ (1.3)

1 The electric charge is given in units of the elementary charge, e, which is the charge carried by a
positron.
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1.1 The Standard Model

such that the Lagrangian is invariant under local U(1) gauge transformations. The γµ

are the Dirac matrices, which satisfy {γµ, γν} = 2gµν . The strength of the interaction is
characterized by the coupling α = e2/(4π).

Electroweak Theory

In addition to electromagnetic interactions, fermions are subject to weak interactions. Both
are manifestations of the unified electroweak theory, which is described by the gauge
symmetry SU(2)I × U(1)Y . The fermion fields are expressed by Dirac spinors which
can be decomposed into a left- and a right-handed component. The matrix operator
γ5 = iγ0γ1γ2γ3 has eigenvalues −1 for left-handed fermions and +1 for right-handed
fermions. Consequently, the left- and right handed projections are obtained by applying
the chirality operators

PL =
1 − γ5

2
PR =

1 + γ5

2
(1.4)

respectively. The left-handed fermion fields ψi =

(

νi

l−i

)

and

(

ui

d′i

)

of the ith generation

transform as doublets under the SU(2)I symmetry group. The conserved quantum number
under SU(2)I transformations is the third component of the weak isospin, I3, which is
equal to +1

2
for the upper component in each doublet and −1

2
for its isospin partner. The

right-handed fermion fields are invariant under SU(2)I . The violation of parity in weak
interactions is thus incorporated in the Standard Model.

The weak eigenstates of the quark fields are not identical to their mass eigenstates.
Instead, they are linear combinations parameterized by the CKM (Cabibbo-Kobayashi-
Maskawa) matrix Vij [4], such that d′i =

∑

j Vijdj. The coupling between fermions from
different generations is thus proportional to the (very small) off-diagonal elements of the
CKM matrix.

The gauge fields corresponding to the generators of the gauge symmetry are W i
µ for

SU(2)I and Bµ for U(1)Y . The respective coupling strengths are denoted g and g′ and the
field strength tensors are given by

W i
µν = ∂µW

i
ν − ∂νW

i
µ + gǫijkW

j
µW

k
ν (1.5)

Bµν = ∂µBν − ∂νBµ. (1.6)

Analogous to LQED, the interactions between the gauge fields and fermions are described
by the Lagrangian density

LEW = i
∑

f

ψ̄fγ
µDµψf − 1

4
W i

µνW
i µν − 1

4
BµνB

µν , (1.7)

which is invariant under local SU(2)I × U(1)Y gauge transformations when the covariant
derivative is given by

Dµ = ∂µ +
1

2
igτ iW i

µ − 1

2
ig′Y Bµ. (1.8)

The generators associated with the SU(2) symmetry group are the Pauli matrices τi and
the generator of the U(1)Y symmetry is the hypercharge Y , which is defined via

Q = Y + I3. (1.9)
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Theoretical Background and Motivation

Glashow, Weinberg and Salam proposed the unified description of the electromagnetic and
weak interactions by introducing the SU(2)I × U(1)Y electroweak theory. Initially, the
proposal failed because it predicts massless gauge fields associated to the generators of the
SU(2)I symmetry group, analogous to the photon in QED, which were not observed. Instead
there was evidence for the massive charged W and neutral Z bosons and a mechanism was
required for the weak bosons to acquire mass. The proposed solution involves spontaneous
symmetry breaking and is termed the Higgs mechanism, after one of the main contributors.

The Higgs Mechanism

The Higgs mechanism [5,6,7] provides the possibility to introduce mass terms for the gauge
bosons that are consistent with the symmetry of the Standard Model Lagrangian. To this

end, a complex scalar field doublet Φ =

(

ϕ1

ϕ2

)

is introduced as follows,

LHiggs = (DµΦ)†(DµΦ) − V (Φ)

V (Φ) = µ2|Φ|2 + λ|Φ|4, (1.10)

where the covariant derivative is given by (1.8) such that local SU(2)I ×U(1)Y invariance is
obeyed. The spontaneous symmetry breaking is accomplished by the unconventional choice
µ2 < 0 for the mass parameter. With the self-coupling λ > 0, the minimum of the scalar
potential V (Φ) is nonzero and degenerate:

|Φ0|2 = −µ
2

2λ
≡ 1

2
v2. (1.11)

The Higgs doublet Φ is reparameterized in order to describe variations around the minimum.
Without loss of generality, it is written in the unitary gauge as

Re(ϕ1) = Im(ϕ1) = Im(ϕ2) = 0

Re(ϕ2) =
1√
2

(v +H(x)) (1.12)

and the Lagrangian becomes

LHiggs =
1

8

[

g2(W 2
1 +W 2

2 ) + (−gW3 + g′Y Bµ)
2
]

(v +H(x))2

+
1

2
(∂µH)(∂µH) − µ2H2 − vλH3 − 1

4
λH4, (1.13)

i.e. mass terms appear for the vector fields and they couple to the massive real scalar field
H(x). The familiar bosons are identified as the mass eigenstates:

W±
µ =

1√
2

(

W 1
µ ∓W 2

µ

)

(1.14)

(

Aµ

Zµ

)

=

(

cos θW sin θW

− sin θW cos θW

)(

Bµ

W 3
µ

)

(1.15)
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1.1 The Standard Model

where

cos θW =
g

√

g2 + g′2
sin θW =

g′
√

g2 + g′2
. (1.16)

The observation that the photon field couples with the electromagnetic coupling strength
e leads to the relation

e = g sin θW = g′ cos θW . (1.17)

The mass terms corresponding to the eigenstates that follow from the Lagrangian are

mW =
1

2
gv (1.18)

mA = 0 (1.19)

mZ =
1

2
v
√

g2 + g′2 (1.20)

The value of v, the vacuum expectation value (vev), is determined to be v = 246 GeV
and the values for the W and Z boson masses that follow are consistent with experimental
data. The Higgs boson H itself, however, is yet to be observed. Therefore, the theory
remains to be verified, which is a major goal of the ATLAS experiment. The mass of the
Higgs boson, which is given by mH =

√
2λv, is not predicted by the Standard Model as

the quartic self-coupling of the Higgs λ remains a free parameter. There are experimental
bounds as well as theoretical constraints on the value of the Higgs mass though, which are
discussed in Section 1.2.1.

The Higgs mechanism provides the gauge bosons with their masses by breaking the
electroweak symmetry. The initial four degrees of freedom that are introduced as the Higgs
doublet result in three mass parameters and the Higgs field H . The Standard Model remains
invariant under SU(2)I × U(1)Y transformations, yet the ground state obeys the U(1)Q

symmetry only.

The Higgs Mechanism builds upon the Goldstone theorem, which states that for every
generator of a spontaneously broken symmetry, a massless boson emerges. In the Standard
Model, the three would-be Goldstone bosons are absorbed by theW and Z bosons to acquire
their masses, while leaving the photon massless.

The Higgs field so introduced also allows for fermionic mass terms to be incorporated
by means of the Yukawa interaction, LYukawa, which couples fermions to the Higgs field.

QCD

Quantum Chromodynamics (QCD) is the quantum field theory that describes strong
interactions, i.e. the interactions between quarks and gluons. The QCD Lagrangian density
is given by

LQCD =
∑

q

ψ̄q,a (iγµ(Dµ)ab −mqδab)ψq,b −
1

4
GA

µνG
A µν . (1.21)
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Theoretical Background and Motivation

The ψq,a are the quark fields for flavor q and carry a color index a, which runs from 1 to
Nc = 3. The covariant derivative Dµ and the gluon field strength tensor GA

µν are given by

Dµ = ∂µ + igst
AAA

µ , (1.22)

GA
µν = ∂µAA

ν − ∂νAA
µ − gsf

ABCAB
µAC

ν , (1.23)

where AA
µ are the gluon fields with index A running from 1 to N2

c − 1 = 8. The 3 × 3
matrices tA are the generators of the SU(3) group and satisfy [tA, tB] = ifABCtC . The
strong coupling strength gs is usually replaced by αs = g2

s/(4π). The QCD Feynman rules
that follow from the Lagrangian are the quark and gluon propagators and the vertices qq̄g,
ggg and gggg.

The Standard Model

Altogether, the Standard Model interactions are completely described by the Lagrangian

LSM = Lfermion + Lgauge + LHiggs + LYukawa (1.24)

where LHiggs is given by (1.10) and

Lfermion = i
∑

f

ψ̄fγ
µDµψf (1.25)

Lgauge = −1

4
W i

µνW
i µν − 1

4
BµνB

µν − 1

4
GA

µνG
A µν (1.26)

LYukawa = −i
∑

f

λf ψ̄fΦψf (1.27)

The field strength tensors are given by (1.5), (1.6) and(1.23), while the covariant derivative
Dµ is given by

Dµ = ∂µ + igsT
AAA

µ + igtaW
a
µ + ig′Y Bµ.

The fermionic mass terms appear in LYukawa when expanding the Higgs field around the
vacuum expectation value. The Yukawa couplings λf determine the actual mass via mf =
1√
2
λfv and are free parameters of the theory.

1.1.2 The Top Quark

As the top quark plays a special role in the LHC era in many respects, some of its particular
properties are reviewed here.

The top quark was first observed in pp̄ collisions by the DØ and CDF detectors in
1995 [8,9]. The Tevatron data that have been accumulated since then result in the current
best combined result from direct measurements for its mass [10]:

mt = 171.3 ± 1.1 (stat.) ± 1.2 (syst.) GeV (1.28)

This makes the top quark by far the heaviest fermion in the Standard Model and is also
the reason why it had not been produced in previous accelerator experiments. In fact, the
top quark mass is five orders of magnitude larger than the masses of quarks in the first
generation, as illustrated in Figure 1.1.
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1.1 The Standard Model

Quark Flavour

u d c s t b

M
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210
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410
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Figure 1.1: Quark masses according to the
PDG [11] on a logarithmic scale.

Since its mass passes the threshold mt >
mW +mb, and other decay channels are strongly
suppressed by the corresponding entries of the
CKM matrix2, the top quark decays predom-
inantly into a W boson and a b quark. Due
to its large decay width and correspondingly
short lifetime of O(10−25 s) [10], this decay
actually occurs before the top quark is subject
to hadronization. Consequently, unlike other
quark flavours, no resonant states with top
quarks are observed and the top quark is only
detected through its decay products.

The existence and the mass of the top quark
were actually already predicted before it was
observed. With the discovery of the b-quark in
1977, the third generation of fermions required
its weak isospin partner to exist in order to be
complete3. The configuration of quantum numbers of leptons and quarks in each generation
ensures the cancellation of so-called triangle anomalies4 and the suppression of flavour
changing neutral currents, which are severely limited by experiment.

The prediction of the mass of the top quark is one of the remarkable manifestations of
the internal consistency of the Standard Model. The mass of the W boson, mW , can be
expressed in terms of the three best measured electroweak parameters: the electromagnetic
coupling constant α, the Fermi constantGF and the Z boson massmZ . Quantum corrections
to mW are dominated by the loop diagram depicted in Figure 1.2, where the large mass of
the top quark makes it contribute more than other fermion loops. Neglecting the mass of the
b quark, the size of this correction is proportional to the top mass squared and combined
measurements from the LEP experiments provided an indirect limit on the top mass of
mt = 180+14

−11 GeV [13].

b̄

t

Figure 1.2: The virtual top quark loop diagram that contributes to the mass of the W boson.

At the LHC, the top quark is important for two main reasons. Firstly, top quark physics
can be regarded as the final stepping stone within the Standard Model before entering the
realm of discoveries. As such and thanks to the large production rate at LHC energies,

2 More precisely, assuming three generations and unitarity, measurements of Vts and Vtd provide a 90%
confidence level interval of 0.9990 < |Vtb| < 0.9992 [12].

3 Similarly, Glashow, Iliopoulos and Maiani predicted the existence of the charm quark in 1970 as the
partner of the strange quark.

4 In addition, the existence of exactly three colour charges is required for the cancellation to hold.
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Theoretical Background and Motivation

it provides an environment to test and understand the performance of the detector and
reconstruction algorithms in a challenging (i.e. busy), yet familiar event topology. An
important example is the performance of the reconstruction of missing transverse energy,
which is the subject of Chapter 6. Secondly, the top quark plays a key role in the searches
for physics beyond the standard model. Since top quarks will be produced copiously at
the LHC compared to the Tevatron rate, more precise measurements of its properties can
be achieved. Any deviations of these properties from Standard Model predictions reveal
the interference of new physics. The cross section for single top production, for example,
is directly proportional to Vtb and a precise measurement will reveal information about
the unitarity of the CKM matrix. In addition, a precise measurement of mt enhances the
strength of the constraint on the Higgs boson mass. Moreover, the top quark is a possible
decay product of heavy new particles as introduced in many models to describe physics
beyond the Standard Model. Such channels are severely suppressed within the Standard
Model and therefore very suitable to reveal the physics beyond. The discovery potential of
such a decay channel, W ′ → tb, is investigated in Chapter 7. Finally, Standard Model top
quark events are the main background to signals expected by many proposed models and
need to be understood in detail.

1.2 Beyond the Standard Model

The Standard Model successfully describes all aspects of fundamental particles from atomic
scales down to the shortest length scales probed in experiment so far. In fact, its predictions
have been verified by experiments with extraordinary precision in the last decades. So why
look for physics beyond the Standard Model? The following are some of the most important
indications that the Standard Model is unable to describe physics at ever smaller length
scales:

◦ In the Standard Model, the neutrino is described as a massless particle, yet
experimental evidence exists for a finite -albeit small- mass [14].

◦ The Standard Model successfully describes all matter as we know it on earth, but it
does not account for the remaining 96 % of matter and energy in the universe (cf.
Figure 1.3). The nature of this dark matter and dark energy is postulated to explain
the energy density of the universe [15].

◦ It does not include a description for the gravitational force, which becomes significant
at small length scales quantified by the Planck scale MPlanck ∼ 1019 GeV. Thus far,
no satisfactory description in terms of a quantum field theory has been constructed.

◦ Evolution of the dependence of the three Standard Model couplings on the renormal-
ization scale indicates that at some energy scale ΛGUT ∼ 1015 GeV their strengths
become of comparable size. In the Standard Model the running couplings nearly cross
in one point, but not exactly, which supports the idea that the Standard Model may
be the low-energy manifestation of some Grand Unification Theory in which the three
forces are unified and described by one coupling strength. This would be accomplished
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1.2 Beyond the Standard Model

Figure 1.3: Estimated composi-
tion of baryonic mat-
ter, dark matter and
dark energy in the
universe.

(4.6 %)
Matter(72.3 %)

Dark Energy

(23.1 %)
Dark Matter

by a symmetry group which contains SU(3)C × SU(2)I × U(1)Y as a subgroup and
is spontaneously broken to that subgroup below ΛGUT.

◦ Due to divergent loop contributions to the Higgs mass, the tree level mass parameter
needs to be finely tuned in order to generate a value of the Higgs mass consistent with
its upper bound. This hierarchy problem or fine-tuning problem is of a more aesthetic
nature and is further discussed below.

1.2.1 The Hierarchy Problem

Being a free parameter of the Standard Model, the mass of the Higgs boson is not predicted
by the theory. However, direct searches by the LEP experiments have resulted in a lower
bound of 114.4 GeV at 95% confidence level [16]. More recently, CDF and DØ excluded the
mass range between 158 GeV and 175 GeV with 95% confidence level [17]. Assuming that
the Standard Model is the complete description, precision measurements of electroweak
parameters set an indirect upper bound of 285 GeV at 95% confidence level [10].

Although its exact value is yet to be determined, the relative size of quantum corrections
to the mass of the Higgs boson can be calculated from the Standard Model Lagrangian.
The coupling of each fermion to the Higgs boson is proportional to its mass and thus the
one-loop top quark contribution is by far the largest fermionic contribution. The Feynman
diagrams of the main contributions are depicted in Figure 1.4: the one-loop contributions
from the top quark, the gauge bosons and the Higgs boson itself. The size of the loop
corrections depends on the cut-off of the loop momentum, Λ, the scale up to which the
Standard Model is assumed to be valid, as follows [18]

m2
H = (m2

H)0 + δm2
H

= (m2
H)0 +

3Λ2

64π2

[

−8λ2
t + 3g2 + g′2 + 8λ+ . . .

]

where λt is the top quark Yukawa coupling and (m2
H)0 is the bare Higgs mass squared. Using
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Theoretical Background and Motivation

t W, Z
H

Figure 1.4: The three most significant quadratically divergent contributions to the Higgs mass
in the Standard Model.

(1.18), (1.20), m2
H = 2λv2 and m2

t = λ2
tv

2/2, this is expressed in terms of mass parameters
as

δm2
H =

3Λ2

16π2v2

[

−4m2
t + 2m2

W +m2
Z +m2

H + . . .
]

. (1.29)

If the Standard Model is valid all the way up to the Planck scale, Λ ≈ MPlanck ∼
O(1019) GeV, each of the terms in δm2

H is extremely large with respect to (m2
H)0. In order

for mH to be in the expected range, i.e. of the order of a few hundred GeV, the quantum
correction terms need to be balanced with enormous precision with respect to the bare Higgs
mass. In principle, if the cut-off scale were drastically lowered, the correction terms would
be of the same order of magnitude as the Higgs mass. However, precision electroweak data
agree extremely well with the Standard Model and suggest Λ & 10 TeV. Even if physics
beyond the Standard Model starts taking effect at say Λ ≈ 10 TeV, a fine-tuning of one
part in a hundred is required:

m2
H ≈ (m2

H)0 − [100 − 10 − 5 − 30] (200 GeV)2

This is the little hierarchy problem and Figure 1.5 graphically displays the degree of fine-
tuning that is required for the Higgs boson mass to be in the expected range.

2
Hm ≈

bare

t

W,Z H

Figure 1.5: The required fine-tuning for a
O(200 GeV) Higgs mass in the
Standard Model when the cut-
off scale is about 10 TeV.

The concept naturalness refers to the property of physics at macroscopic scales to
follow from a microscopic theory instead of the other way around. It is generally believed
undesirable for a microscopic theory to contain free parameters that need careful adjustment
for macroscopic properties to follow. As such, the required fine-tuning of the Higgs mass is
considered unnatural and even a ‘problem’.
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1.3 Little Higgs Theories

Although the hierarchy problem is no rigorous evidence or proof for the necessity of an
extension of the Standard Model, it has served as an inspiration for several proposed models
and in particular the properties of new particles that are introduced in those models. The
idea is that a cancellation takes place naturally as a consequence of some symmetry, which
is broken down at low energy scales making the cancellation appear coincidental in the
Standard Model.

The fine-tuning argument can be turned around to provide a cut-off scale that
corresponds to an acceptable amount of fine-tuning, say 10 %, which would be the case when
Λ ≈ 1 TeV. The new physics models that take over at energies above Λ would have to be
realized in a delicate way in order not to affect the electroweak observables significantly. The
most popular examples are super-symmetric (SUSY) models, in which each particle in the
Standard Model obtains a super-symmetric partner that follows the opposite spin-statistics.
Each loop diagram in Figure 1.4 is therefore accompanied by a similar diagram with a
relative minus-sign and cancellations ensure a naturally small Higgs mass. In their minimal
version, SUSY models require an additional 105 parameters with respect to the Standard
Model, which is generally considered a high price to pay. More recently, an alternative class
of models has been developed in which the desired cancellation of corrections to the Higgs
mass is accomplished by new particles with the same spin-statistics: Little Higgs Theories.
The next section covers the general idea and the resulting particle phenomenology relevant
for the LHC experiments. Whether the argument of naturalness is stringent enough to
be interpreted as a guideline for the development of physics models beyond the Standard
Model will only become clear once the LHC data are fully investigated.

1.3 Little Higgs Theories

G

f

SU(2)I × U(1)Y

v

U(1)Q

sc
al

e

Figure 1.6: Schematic representation of the
two stages of symmetry breaking
in Little Higgs theories.

In Little Higgs theories, the electroweak gauge
group is embedded in a larger group structure.
Two stages of symmetry breaking are present,
one being the familiar electroweak symmetry
breaking described by the Higgs Mechanism
(cf. Section 1.1.1) and another taking place at
a higher energy scale f and introducing the
Higgs boson as a pseudo-Goldstone boson. A
pseudo-Goldstone boson is the equivalent of the
Goldstone boson in case the broken symmetry
is broken both explicitly and spontaneously.
The bosons that result from such symmetry
breaking are not exactly massless, although
they typically remain relatively light since
they acquire their mass through radiative
corrections. The idea to account for the
lightness of the Higgs boson by interpreting it
as a pseudo-Goldstone boson first arose some thirty years ago. However, despite numerous
attempts, no satisfactory realization of this idea was constructed until 2001 [19]. The
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Theoretical Background and Motivation

breakthrough was the incorporation of a collective symmetry breaking mechanism, which
will be explained shortly. The idea revived and many such models, named Little Higgs
Theories, have been developed since.

The general idea5 is to assume some global symmetry G, which is broken via a vacuum
expectation value f ≈ 1 TeV. A number of Goldstone bosons are generated in the process,
amongst which the Higgs boson. The global symmetry G contains a gauged subgroup
G1 ×G2 × . . . and the corresponding gauge bosons absorb some of the available Goldstone
bosons to acquire masses of order f . The global symmetry is merely approximate due to the
presence of small gauge terms that break the global symmetry explicitly. The subgroups
G1 ×G2 × . . . are embedded in the global symmetry in such a way that the corresponding
gauge couplings only break the global symmetry collectively, i.e. only when the combination
is nonzero, the Higgs ceases to be an exact Goldstone boson. Consequently, any non-
vanishing contribution to the Higgs mass must necessarily be proportional to a product
of two coupling constants. In practice, this means that one-loop diagrams, which contain
only one of the gauge couplings, are automatically absent. The cancellation is accomplished
by the new gauge bosons that acquired masses when the global symmetry was spontaneously
broken. Their couplings are related to the Standard Model couplings as a consequence of
the global symmetry structure. Diagrams containing more than one coupling do contribute
to the Higgs mass, yet at two-loop level only and their contribution is suppressed.

In a similar manner, the collective symmetry breaking approach makes it possible to
introduce Yukawa terms in the Lagrangian that prevent the existence of the one-loop
contribution from the top quark. The cancellation is realized by a new coloured fermion
t′ that emerges in the process. The self-contribution from the Higgs boson is evaded in a
similar way.

In summary, in Little Higgs theories the Higgs boson is a pseudo-Goldstone boson
and thus protected from quadratically divergent contributions by an approximate global
symmetry. Or, in other words, Little Higgs theories accomplish the cancellation of
quadratically divergent contributions to the Higgs mass by introducing new heavy particles
that are related to the Standard Model particles thanks to a collective symmetry breaking
mechanism. The number of additional particles depends on the specific model, although it
generally includes a heavy top quark t′, heavy charged and neutral gauge bosons W ′ and
Z ′ and some additional Higgs fields. In contrast to SUSY models, there is no need for each
and every particle in the Standard Model to obtain a partner. In fact, Little Higgs model
are the smallest proposed extension of the Standard Model in which the the Higgs mass is
stabilized, which is an attractive property.

Although the quadratically divergent contributions to the Higgs boson mass are
naturally cancelled in Little Higgs models, a less severe logarithmic divergence remains.
The little hierarchy problem is solved, yet the regular hierarchy problem remains. At the
scale ΛS ∼ 4πf ≈ 10 TeV additional contributions from a more complete theory need to
become apparent. There are many candidates for such an ultraviolet completion, which are
not studied here.

5 A more elaborate introduction is found in the reviews [20, 21].
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1.3 Little Higgs Theories

1.3.1 Littlest Higgs Model

A good many Little Higgs models have been proposed in the last decade, of which the
Littlest Higgs Model [22] is the minimal version. The global symmetry G in this model is
SU(5), which contains two copies of the electroweak symmetry group, i.e. G ⊃ G1 ×G2 =
[SU(2)×U(1)]1× [SU(2)×U(1)]2. Consequently, the covariant derivative in the Lagrangian
contains two copies of the U(1) generators, B1µ and B2µ, with gauge couplings g′1 and g′2
as well as two copies of the SU(2) generators, W a

1µ and W a
2µ, with gauge couplings g1

and g2. At the scale f the global symmetry SU(5) is spontaneously broken down to its
subgroup SO(5). Simultaneously, the gauge symmetry [SU(2) × U(1)]2 is broken into its
subgroup SU(2)I×U(1)Y , which is identified as the Standard Model gauge group. The global
symmetry breaking results in (52 − 1)− 5(5− 1)/2 = 14 Goldstone bosons as prescribed by
Goldstone’s Theorem, which are parameterized by a 5 × 5 field Σ. Four of the Goldstone
bosons are absorbed by the new gauge bosons, providing them with masses of order f . This
occurs in perfect analogy with the Higgs mechanism in Standard Model as described in
Section 1.1.1. The remaining ten Goldstone fields form a complex doublet h and a complex
triplet ϕ. The mass eigenstates of the gauge bosons are found by expanding the Lagrangian
around the vacuum expectation value Σ0 in the usual way. The result is given by [23]

W a
µ = sW a

1µ + cW a
2µ W ′a

µ = −cW a
1µ + sW a

2µ

Bµ = s′B1µ + c′B2µ B′
µ = −c′B1µ + s′B2µ (1.30)

where the mixing angles ψ and ψ′ are introduced via

s = sinψ =
g2

√

g2
1 + g2

2

s′ = sinψ′ =
g′22

√

g′21 + g′22
. (1.31)

The Wµ and Bµ eigenstates remain massless at this point and will acquire their masses
from electroweak symmetry breaking in the usual way. In identifying them as the Standard
Model gauge bosons, their gauge couplings constrain the gauge couplings of the new gauge
bosons by the following relations:

g = g1s = g2c g′ = g′1s
′ = g′2c

′. (1.32)

The mass terms for the orthogonal states are

m2
W ′ =

f 2

4
(g2

1 + g2
2) m2

Z′ =
f 2

4

1

5
(g′21 + g′22 ) (1.33)

It can be shown [23] that the one-loop contributions of these new heavy gauge bosons to the
Higgs mass are exactly equal to the contributions from the Standard Model gauge bosons,
yet opposite in sign. This is a consequence of the relations in (1.32).

In the Littlest Higgs model, two Yukawa terms for the top quark are introduced with
couplings λ1 and λ2. The mass eigenstates are found by expanding these terms around the
vacuum expectation value Σ0. One eigenstate is identified as the Standard Model top quark,
which remains massless at this level, and the other is the quark t′ with

m2
t′ = (λ2

1 + λ2
2)f

2. (1.34)
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Theoretical Background and Motivation

The couplings are constrained by the Standard Model Yukawa coupling for the top quark,

λt =
√

2
λ1λ2

√

λ2
1 + λ2

2

, (1.35)

which ensures the cancellation of the one-loop contribution from the Standard Model top
quark to the Higgs mass.

Being protected by the global symmetry, no potential is present for the Higgs field at
tree level. Instead, a potential for the fields h and ϕ of the form (1.10) is automatically
generated by the one-loop and higher order gauge and Yukawa interactions. For µ2 < 0, this
potential triggers electroweak symmetry breaking. By minimizing the potential, expressions
for the respective vacuum expectation values, 〈h0〉 ≡ v/

√
2 and 〈ϕ0〉 ≡ v′ ∼ f , are found.

Fluctuations around the respective vacuum expectation values yield the mass eigenstates.
Three of the Goldstone bosons are absorbed by the Wµ and Bµ fields to become massive,
leaving the Higgs field H as a pseudo-Goldstone boson. In addition, the complex triplet
picks up mass terms of order f for the fields Φ0, Φ+ and Φ++:

m2
Φ =

(

a(g2
1 + g′22 + g2

2 + g′22 ) − a′λ2
1

)

f 2, (1.36)

where the parameters a and a′ depend on the matching conditions to physics above the
scale ΛS.

In the Littlest Higgs model a number of new parameters are introduced, of which each pair
of gauge couplings is fixed as a combination by the requirement to reproduce the Standard
Model. A possible representation of the remaining five free parameters is listed in Table 1.2.

Parameter Description

f SU(5)/SO(5) symmetry breaking vev
ψ SU(2)1 × SU(2)2 mixing angle
ψ′ U(1)1 × U(1)2 mixing angle

λ1 (or λ2) top sector Yukawa coupling
v′ vev for triplet Φ

Table 1.2: The free parameters of the Littlest Higgs model.

As a consequence of mixing with the newly introduced states, the mass terms for the
Standard Model particles that emerge in the electroweak symmetry breaking process are
affected by correction terms of order v2/f 2. The Littlest Higgs Model is therefore disfavoured
by precision electroweak data, which imply f > 4 TeV at 95% c.l. [24]. Such a high value
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1.3 Little Higgs Theories

of f would reintroduce fine-tuning at the percent level, which was the original motivation
for the model to be constructed!

Various modifications or extensions of the Littlest Higgs model have been proposed
in which the constraints from precision electroweak data can be avoided. The resulting
particle spectrum for the LHC is usually similar to that in the Littlest Higgs model, which
nevertheless serves as a benchmark description.

1.3.2 Twin Higgs Model

Even more recently, the Twin Higgs mechanism was proposed as a solution to the little
hierarchy problem. Again, the Higgs boson is introduced as a pseudo-Goldstone boson of
a spontaneously broken global symmetry. In this mechanism, the Higgs mass is protected
from quadratically divergent contributions by an additional discrete symmetry. The discrete
symmetry plays the role of the collective symmetry breaking mechanism that did the trick in
Section 1.3.1. The Twin Higgs mechanism can be realized by two different types of discrete
symmetry: mirror symmetry and left-right symmetry. In the first scenario, a complete copy
of the Standard Model is introduced. The mirror particles only couple to the Standard
Model particle via Higgs particles. At the LHC, these mirror particles would thus lead to
invisible decays, which would be an interesting challenge - to put it mildly. Here, however,
we focus on the more minimal scenario of left-right symmetric models.

In the left-right Twin Higgs (LRTH) model [25], the global symmetry is U(4) × U(4),
which contains the gauged subgroup SU(2)L×SU(2)R×U(1)B−L

6. The discrete symmetry
is realized as the left-right symmetry, which implies an extension of the electroweak
sector in which right-handed fermions couple to new gauge bosons. The gauge couplings
corresponding to SU(2)L and SU(2)R are equal:

gL = gR. (1.37)

Two Higgs fields are introduced,

H =

(

HL

HR

)

Ĥ =

(

ĤL

ĤR

)

, (1.38)

where the subscripts of the doublet components indicate that they transform under either
SU(2)L or SU(2)R. Each of the Higgs fields acquires a non-zero vacuum expectation value,

〈H〉 =









0
0
0
f1









〈Ĥ〉 =









0
0
0
f2









, (1.39)

such that the global symmetry U(4) × U(4) breaks down to U(3) × U(3) and fourteen
(= 2(42 − 32)) Goldstone bosons appear. Simultaneously, the subgroup SU(2)R × U(1)B−L

breaks down to the Standard Model subgroup U(1)Y . Three of the fourteen Goldstone

6 Here B and L are the baryon number and lepton number.
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bosons are absorbed by the new gauge bosons to become massive, which gives rise to the
usual Z ′ and W ′± bosons. The mass term for the latter is given by [26]:

m2
W ′ =

1

2
g2

[

f 2
2 + f 2

1

(

1 − v2

2f 2
1

)]

. (1.40)

By setting f2 ≫ f1, the Z ′ and W ′ masses are large enough to be consistent with lower
bounds from direct searches. Amongst the remaining Goldstone bosons are the Standard
Model Higgs doublet HL and some additional Higgs fields.

The top quark sector is accounted for by introducing a pair of quarks with Yukawa
couplings λL = λR to the Higgs components HL and HR. A mass mixing term with
coefficient M is included as well since it is allowed by gauge invariance. After the Higgs
components take their vacuum expectation values, the mass eigenstates are identified as
the Standard Model top quark and the t′, which will cancel the one-loop contribution of the
top quark to the Higgs mass as usual. In principle, similar Yukawa terms could be added
for the other Higgs field Ĥ. This would generate a large top quark mass though because of
the choice f2 ≫ f1. This is avoided by introducing a parity under which Ĥ is odd and all
other fields are even. Yukawa terms in which Ĥ is involved are odd under this parity and
therefore forbidden, whereas the gauge coupling terms are quadratic in Ĥ and therefore
allowed. The lightest particle that is odd under this parity is automatically a dark matter
candidate.

The gauge and Yukawa terms explicitly break the global symmetry and generate
a potential for the Higgs fields. The cancellation of leading quadratically divergent
contributions to the Higgs mass from gauge loops is ensured by the relation in (1.37).
The contribution from the top quark is under control because it couples to the field H ,
which acquires the smaller vev f1, and not to the field Ĥ because of the newly introduced
parity conservation.

The potential for the remaining Goldstone fields triggers the breaking of electroweak
symmetry SU(2)L × U(1)Y → U(1)Q when the doublet HL acquires the vev (0, v/

√
2).

Three more Goldstone bosons are absorbed by the Standard Model bosons W and Z to
become massive, such that eight remain. They are parameterized by: a neutral field ϕ0 and
a pair of charged fields ϕ± for SU(2)R, the Standard Model Higgs and the SU(2)L doublet
ĤL. The latter contains the neutral field ĥ0

2 which is stable and qualifies as a dark matter
candidate.

1.3.3 The W ′ Boson

Being motivated by the required cancellation of the three diagrams in Figure 1.4, all Little
Higgs theories introduce

◦ A new heavy fermion t′ with Q = 2/3;

◦ New heavy gauge bosons W ′ and Z ′ that couple to fermions and Higgs doublets;

◦ New Higgs fields
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1.3 Little Higgs Theories

at the very least. The masses of the new particles are expected to be O(TeV) and they
generally provide promising signatures at the LHC.

Studies presented here focus on the discovery potential of the W ′ boson through its
decay into third generation quarks, i.e. W ′+ → tb̄ and W ′− → t̄b. The coupling of the W ′

boson to fermions is assumed to be equivalent to that of the Standard Model W boson.
The mass of the W ′ boson and its production cross section at the LHC are strongly
model-dependent. Apart from the many possible realizations of the gauge group G, the
phenomenology depends on the parameters within each model. Moreover, apart from Little
Higgs theories, other proposed extensions of the Standard Model introduce a heavy charged
vector boson as well. Therefore, the analysis in Chapter 7 is based on a model-independent
search for a mass peak. The Littlest Higgs Model and the LRTH Model serve as benchmark
models to illustrate the procedure. Constraints on the mass of the W ′ boson do exist, both
from experimental and theoretical considerations. The lower bound follows from direct
searches at Tevatron experiments [27]7:

mW ′ > 731 GeV at 95% confidence level. (1.41)

An upper bound on mW ′ follows from the naturalness constraint that none of the one-loop
corrections exceed the Higgs mass by more than a factor of 10 [22]:

mW ′ ≤ 6 TeV
( mH

200 GeV

)2

. (1.42)

One of the distinguishing features between the Littlest Higgs Model and the LRTH Model
is the mass hierarchy. As a consequence of the introduced parity in the LRTH Model, the
mass of the t′ quark is smaller than the masses of the new gauge bosons W ′ and Z ′, which
is not the case in the Littlest Higgs Model. Therefore, the decay channel W ′ → t′b, which
is suppressed in the Littlest Higgs Model, has a large branching ratio in the LRTH Model.
The branching ratio of the decay channel of interest, W ′ → tb, is thus reduced in the LRTH
Model with respect to the Littlest Higgs Model and the experimental challenge is bigger.

Another difference in the particle phenomenology of the models arises under the likely
assumption that the mass of the right-handed neutrino in the LRTH Model is larger than
mW ′. The leptonic decay channel W ′ → lν is absent, whereas its branching ratio is large in
the Littlest Higgs Model. In a realization of the LRTH model in which mW ′ > 1250 GeV,
an additional distinctive feature that opens up is the cascade decay W ′ → t′b → ϕ±bb →
tbbb → lνbbbb [26].

Chapter 7 introduces a method to isolate the W ′ → tb signal at the LHC with the
ATLAS detector and quantifies the discovery potential for the two benchmark models
discussed here.

7 Under particular assumptions on the underlying model, more severe limits are obtained, which vary
up to mW ′ > 1000 GeV.
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