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Conventions

We use natural units
h=1, c=1 (0.0.1)

The charge on the electron will be denoted by —e where
e=+1.6x10"1C, (0.0.2)

The Minkowskii metric used here is of the form

10 0 O
, 0 -1 0 0
0 0 0 -1

This choice means that we will have to add a minus sign to the definition of the Euclidean action relative
to the definition of that used for the Minkowskii action.
We will define four vectors so that
K" = (ko, +k), K"K, =k} — K
PN:(p0a+ma P'up/.t:p%_ﬁg
Xt = (7—7 +£)7 XMX,u = 7—2 - -’Z'Q (004)
We define our zero of energy in the way normally encountered in relativistic systems, that is a particle

at rest has energy equal to its rest mass. Thus for a particle in vacuo, the dispersion relation — the
relationship between energy, w, and three-momenta k, for a physical, on-shell particle — is’

w = (k* +m?)!/? (0.0.5)

Indices, Subscripts and Superscripts

a,b,... Used for indices of generators (basis vectors) of Lie algebras, e.g. T¢
A,B,... Used for indices of unbroken generators, e.g. T4
t,7,... Used as indices in the group representation space,
e.g. group elements U;;, fields ¢;
Z,Y ... Used for indices of broken generators, e.g. T’ 12
«,3,... Spin indices running over 0, 1,2, 3 in four-dimensions,
e.g. fermion fields ¢, Dirac gamma matrices y*?
W, v, ... Lorentz indices running over 0, 1,2, 3 in four-dimensions

T Transpose of a matrix (MT);; := (M),
t  Hermitian conjugate of a matrix (M');; := ((M);;)*

1This form follows from Lorentz invariance but only when in vacuo. Physical particles do not have such form in many-body
problems, such as hot relativistic plasmas and condensed matter systems.
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Other Notation

z A general vector z
Z A general matrix Z
A¥(xz) An abelian gauge field
A A general element of a Lie algebra
b Often the number of broken generators, usually b = dim(G) — dim(H)
A A lie Algebra ( so {A} = A)
d Often the dimension of a representation, so indices ¢,7 =1,2,...,d
D# D¥  Covariant derivatives, see (6.1.27), (6.2.24) and (?7)
e A general abelian gauge coupling or, specifically for EM,
the magnitude of the charge on the electron = +1.6 x 107°C
g Sometimes a gauge field coupling constant e.g. in (6.1.27), (6.2.24) and (??),
or sometimes a general coupling constant as in g¢>,
or a generic element a group G,
or the dimension of a group G, g = dim(G)
A group, usually in this context a Lie Group
such as U(1) = SU(2),S50(3) =~ SU(2) (see chapter 3 or appendix B)
h  Sometimes the dimension of a group or subgroup H, h = dim(H)
H A subgroup, often the little or stability group (see section ?7)
or the Hamiltonian, e.g. see (?77?)
..] A Lagrangian density, here a functional of fields, see (3.1.1) and (2.1.20)
M,M?  Mass matrices see (?7?)
T% A generator of a Lie algebra (77)

Q

T4 An unbroken generator (??)
T"? A broken generator (?7?)
U A unitary matrix (??), and if real, it is then orthogonal (?7)
v For real Higgs field, the size of the field in the physical vacuum
For complex fields v/+/2 is the modulus of the vacuum field.

V =V(¢) Usually the potential energy for scalar fields
Whe = Whe(z) Non-abelian gauge boson field, a real function of space-time z = z#
WH  Lie algebra values non-abelian gauge boson field W# = T+
#(x),d(x) Real scalar field, a vector of real scalar fields
®(z), ®(xr) Complex scalar field, a vector of complex scalar fields
|¢dg| Field value at minimum energy
Y(x) =¢¥*(z) Fermion field, the spin index « will often be supressed
Y(z) =i (x)y Conjugate to fermion field
¥ (z) Vector of fermion fields (spin index supressed)
7%  The three Pauli matrices, see (B.2.4).



Glossary
Abbreviation | Meaning
QM | Quantum Mechanics. (Not the same as QFT, see section 77).
QFT | Quantum Field Theory. Not just a relativistic version of QMbut a
distinct theory, see section ?7)
EM | ElectroMagnetism. Classical unification of electric and magnetic forces
due to Maxwell, see section 77)
QED | Quantum Electro Dynamics, the QF Tgeneralisation of EM, see section
?7?)
SQED | Scalar Quantum Electro Dynamics, a toy model of QEDwhere the elec-
tron and positron are replaced by scalar particles, see section 77?)
QCD | Quantum Chromo Dynamics, the QFTbelieved to describe the strong
nuclear force, see section 7?7 and chapter 9)
EW | ElectroWeak theory, a.k.a. Glashow-Weinberg-Salam theory. The uni-
fied QFTof electromagnetic and weak forces, see section 7?7 and chapter
10.)
GR | General Relativity, the classical theory of gravity, see section 77)
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Preface

The aim of this book is to study the unification of our fundamental theories of nature. Inevitably, such a
book will always be a product of its time, and even then can never cover all the relevant current topics.
So the rather more modest objective is to cover the key ideas behind the standard model of particle
physics. This describes the interactions of all the elementary particles known today, plus the one which
is still missing in 2002, the Higgs particle. In this case, elementary means that our fundamental building
blocks (the quarks, leptons, gauge bosons and Higgs particles) are elementary on scales of ~ 10~ '¥fm and
larger, the limits of experiments in 2002. Some of these particles of the standard model could be composed
of smaller particles, but we have no compelling evidence of this and would not expect any direct evidence
until we could probe smaller distance scales.

In this case, elementary means on scales of ~ 107'8fm and above, the limits of experiments in 2003, the
particles of the standard model are fundamental and are not composed of any smaller particles.

From a theoretical point of view, the standard model, with a limited number of parameters, fits all the
known data. Over the last twenty years since t’Hooft and Veltman solved the last big theoretical problem,
gaps have been filled in our experimental (e.g. discovery of the top quark) and theoretical knowledge (e.g.
improved predictions from QCD). In particular the parameters of the standard model have been measured
more accurately, and some are now extremely precisely e.g. the mass of the Z boson is known to five
significant figures. However the standard model remains consistent with all experimental results. Even the
recent exciting discovery of neutrino masses can be included very naturally in the standard model. There
are periodic scares but the theoretical calculations and the experiments can both be extremely complicated
and it is a real triumph of particle physics that the standard model has survived these challenges for so
many years. This is somewhat of a Pyrrhic victory for theoreticians and experimentalists alike, but it does
suggest that the basic ideas behind the standard model are on firm ground and it is well worth studying
them in detail.

The history of the standard model is one of the unification of ideas that through much of the twentieth
century appeared to be disparate. Thus the real hope is that the theoretical methods underlying the
standard model can be successful in a further unification of our ideas, leading to a more fundamental,
hopefully, simpler, picture of the physical world. Indeed in many ways the standard model, while an
extremely successful description of particle physics at energy scales of around 100GeV and below, is very
unsatisfactory, leaving many big questions unanswered, e.g. why do all quarks and leptons come in threes,
differing only in their mass? So another objective of this book is to discuss in general terms the successful
principles behind the standard model in the hope these ideas may still be needed to gain deeper insights as
new data comes in. In this sense, the standard model is only acting for us an important illustration of the
techniques. Since we have not been successful in creating a sufficiently compelling yet more fundamental
theory, for instance as embodied in a GUT(Grand Unified Theory), and since we already know the answer
to standard model physics, I will try to convey the flavour of the true task ahead through toy models and
examples. So in chapter 11 I will present several simple exercises, in which the reader is asked to reconstruct
simple models from imaginary data, giving the reader a feeling of how one might proceed to find more
fundamental theories.

Another reason for emphasising the ideas behind the standard model of particle physics is because the
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xii Preface

same ideas have great relevance to condensed matter physics. Indeed many ideas emerged first in this
area. Certainly the advances in experimental techniques of condensed matter have meant that testing the
theoretical ideas of particle physics and cosmology in the lab has become more and more feasible. Given
the long time scales for experimental particle physics, the condensed matter world should appeal more and
more to particle physicists. However, for the sake of clarity, condensed matter is an area topic we will refer
to only in passing.

Finally, my aim is not to present these results in their full technical glory. Rather my objective is to
present them at the level appropriate for final year undergraduate physics students, or students starting a
research level degree, and in doing so keep the book to a manageable size. This has two consequences.

First, I have tried to limit the amount of background material needed. The part students seemed to be
most worried about is group theory but the aim is to provide all that one needs in context in the chapter
on symmetry, chapter 3, with a summary of the maths given in appendix B. The hope is that all one
needs is a familiarity with vectors, vector spaces and matrices to follow this book. In particular, I avoid a
detailed discussion of how to find and work with representations of Lie groups beyond the basic fundamental
representations. While such representation theory is essential for practical GUTs, it is not needed for the
standard model nor to understand the basic principles behind GUTs.

Likewise a basic understanding of Lagrangian mechanics and particle physics is required though brief
reviews in context will be given in sections A.1 and 77 respectively. Finally special relativity pervades almost
all that we do here and only a summary is given in appendix ?7.

The second consequence is that in striving to produce an introductory text, there are several important
areas not touched upon in any detail. As a theoretical work, the input from experiment is discussed only in
broad outline, and the true ingenuity of experimental physicists, the complexity and fascination of their work
will not come through here. Several important theoretical topics are also side lined. The most important
one is QFT— Quantum Field Theory. As it is the foundation of all theoretical work in this area, it may
seem strange to leave this to a brief summary in appendix A. However QFTcan be a lifetime’s study in
itself, and there are certainly no end of books on QFTat all levels. However, by the very depth of QFT, the
ideas of unification have to play second fiddle in basic QFTtexts. The objective in this book is to put the
focus on the ideas behind attempts to unify our view of the forces and matter of nature. I hope to show
that this can be done, in the first instance, without quantising field theory, and part of this introduction will
try to make the link between classical and quantum field theory (section 2.1). However, as I tackle ideas in
a different order and from a different perspective from basic texts on QFT, I also hope that this book will
provide illumination on both subjects for those working on QFTat the same time as this text.



Chapter 1

Basic Particle Physics

Before we start the real job of studying the role of symmetry in particle physics, we need to look at the
different types of fundamental particle we know of in the world, and their properties. In doing so we
will highlight some of the issues we would like to address when constructing a unified description of the
fundamental forces. This we do in this chapter. We will also need to look at field theory, the theoretical tool
used to describe the dynamics of all these particles, and that will be the subject of the following chapter.
We will then start on symmetry in chapter 3.

This chapter is designed to give a very brief introduction to the main features of particle physics as we
understand today. There are many books giving an in depth guide to the subject, for instance [15, 16, 17,
18, 19], and talks or lectures at graduate schools can provide good overviews too, for example [22]. The
Particle Data Group, [20, 21], not only presents the latest data but also provides a set of short articles on
many different aspects of particle physics. Basic quantum field texts may also have good descriptions of
particle physics but most will focus on the formalism of QFT(quantum field theory, see chapter 2), used to

describe the dynamics of particles.

1.1 The Forces of Nature

Feature/Force H EM Weak Strong Gravity
Particle Photon ~y wtw-,2° 8 gluons Graviton
Range Long Short < 1fm Short < 1fm Long
Mass my =0 My = 80.4GeV Mgluon = 0 Mgraviton = 0
m, = 91.2GeV
Associated Electric Weak Isospin and Colours Energy
Charge Types Weak Hypercharge
Charge Strength || a(0) ~ 1/137 aw ~« as(0) ~7? Very Weak
a(Mg) ~? aw (Mz) ~? as(Mz) ~0.12 Very Weak
Charge of Universe 0 broken 0 >0
Classical Theory Maxwell EM General
1877 Relativity 1917
Quantum 30’s Fermi Theory Yukawa Theory
Theories 40’s, 50’s QED V-A Theory
60’s,70’s Unified as EW QCD (none)
Future Unified as GUT
Unified as Theory of Everything

The concept of a force carrying particle is not very precise. At different distance or energy scales one
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2 Basic Particle Physics

may be able to find different pictures, or more technically effective field theories which can provide a
good description of the physics at different energy scales, e.g. Yukawa’s use of pions to model low energy
strong interactions. In this section we refer to the particles and forces needed to describe physics at the
highest energy scales available in 2003.

The range of a force refers to the range when investigating the fundamental interactions of particles, so
involving just a few test particles. This fundamental range is the connected with the mass of the particles
mediating the force, with range proportional to the inverse of the mass.

The range of the fundamental interactions should be distinguished from the effective range in real
materials or in the universe as a whole, as this involves interactions with many particles. Thus the effective
range of EMis usually lab scales, ~ 1m, because overall the universe is full of electrically charged particles,
though almost invariably they combine to give packets which are overall charge neutral. So while physical
processes can create local imbalances in charge over short distances, over long distances we must account
for the presence of these particles and effects like screening.’

The charges refer to the various conserved numbers associated with all matter, and not just the electric
charge?. We will discuss these in more detail below. Each force will only act between particles carrying
the relevant charges for that force. However note that the we have indicated that the total charge of the
universe for the weak force charges is described as broken. The precise meaning of this is one of the key
topics to be discussed in the Unification course, but in effect it means that today we can not associate a
definite weak charge to physical particles, and we can not use this charge in the way as electrical charge.

Finally we have noted the best classical theory followed by a list, in approximate historical order, of the
quantum theories.

1.2 Conserved Numbers

A precise link can be made between conserved quantities and symmetries. For certain types of symmetry
(continuous symmetries) the precise link is given by Noether’s theorem, again a major topic of this book,
covered in chapter 3. However, let us split the charges into two types, depending on whether they are linked
to space-time symmetries or particle symmetries.

Charges of Space-Time Symmetries

Associated with space-time symmetries and described by the Poincaré group, or its subgroup the Lorentz
group. Thus we imagine comparing the results of two experiments which are identical except the initial space-
time coordinates or velocities of the particles in each experiment are different. Perhaps all the particles in
one experiment are moving faster than in the other, or the positions in one experiment are the mirror image
of the positions in the second experiment. When the results are identical, or at least simply related, then
we have a space-time symmetry. These symmetries are intimately linked with unitarity — the fact that
probabilities for all possible outcomes in an experiment must add up to one. It is perhaps not immediately
obvious that these lead to the following conservation laws or charges

e FEnergy. Physical energies of all particles must be zero or a positive value relative to the energy of
having no particle. This includes anti-particles. Conservation of energy is related to time-translation
Sysmmetry.

Confusingly, it is usually convenient to use a mathematical label in a theory, also called energy, but
which can be negative. This is usually the zero-th component kg of an energy-momentum four-vector

!The discharges in electric storms are examples of EMcharge imbalances over some of the largest distances on earth, yet they
also show that such imbalances do not persist over time.
2In some articles, charge may refer specifically to electric charge but this will have to be deduced from the context.
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k, = (ko, k). The physical values might be kg = +v/k* + m? for particles and ko = —\/k* + m? for
anti-particle solutions even though their physical energy is also +v/k? 4+ m?2 and so positive.

Three-momentum conservation, related to space translation.
Angular momentum conservation comes from rotation symmetry.

Rest mass. Space-time symmetry tells us that every stable particle has a single rest mass value which
must be zero or positive but is otherwise unconstrained. When ever you see particles with special
values of mass, e.g. same mass as another particle, or a zero mass, then another symmetry principle is
at work. Corollary, without any further principles at work, expect particles to have different masses.
Patterns in masses will be a particular focus here.

Spin. A quantum effect since it appears in units of /2. Also intimately connected with space-time
symmetry as its existence can be seen in the representation theory of the Lorentz group. Major
distinctions: bosons have integer spin, fermions have half-integer spin. Spin zero particles are also
called scalar particles.

CPT. Three discrete space-time symmetries.
(i) C — Charge conjugation under which particles are switched with their anti-particles. Not a
space-time symmetry in the sense given above but see below.
(ii) P — Parity under which positions and momenta are reversed but spin is left unchanged.
(ili) T — Time reversal, where the time argument is reverse.
The key point is that the combined CPT is always a symmetry, a result ensured by unitarity. This
then means that particles are
— either their own anti-particle e.g. the photon, Z°, 70, fermions called Majorana spinors,
— or they have a distinct partner, their anti-particle e.g. e*, p*. In this case the anti-particle has

the same mass, lifetime, spin but carry the opposite electric charge.

Thus C-symmetry is not a space-time symmetry in the sense given above but a more careful study
shows we should extend our definition of space-time symmetries to include C.

Particle Quantum Numbers

Conserved quantities associated with internal symmetries, symmetries associated with the particles them-
selves rather than space-time. Again we imagine two experiments where the initial positions and velocities
of the particles are identical but we change the type of particle at each point. If the results are simply
related, again we have a symmetry. Note that all conserved quantities are usually called charges, with an
adjective to indicate which one. If no adjective is given with a charge, the context will tell you what type of
quantum number is referred to, or failing that it probably means electric charge. We will study these later
but examples are

e Flectric Charge. Exactly conserved. Universe has no net electric charge.

e Strangeness. Essentially the number of strange quarks minus the number of strange anti-quarks.

Conserved in strong interactions but not in weak interactions.

e Baryon number. Number of baryons (see below) minus the number of anti-baryons. Exactly conserved

in present proven theories. Net baryon number in the universe.



Basic Particle Physics

e Lepton number. Number of leptons (see below) minus the number of anti-leptons. Also exactly
conserved in present proven theories. Net lepton number in the universe.

1.3 The Particles

We can split the known fundamental particles into four distinct types. There are also some bound states of
these fundamental particles which we will often encounter.

e Leptons. From the greek meaning ‘light ones’, spin 1/2, no interactions with strong force (no colour
charge). Two types:

— e (electron), 1 (muon ) and 7 (tau ). Massive, m, = 0.5MeV < m, = 0.1GeV <« m, = 1.8GeV.
They all have the same electric charge -e. Their anti-particles are distinct particles with the
same mass but opposite electric charge. For the electron, this is called the positron, the only
anti-particle to be honoured with its own unique name.

— Ve, Vy, Vr (neutrinos ), one type each for each of e, u, 7 plus each has a distinct anti-particle. The
T neutrino was only found at Fermilab in 2000. There is now evidence for these having a non-
zero mass difference®, perhaps of the order 10~?eV. This means that at least one neutrino has a
non-zero mass.

Generation 1 e Ve u d
mass 0.5MeV < 3eV ~ 3MeV ~ TMeV
Generation 2 7 vy ¢ S
mass 0.1GeV | < 0.2MeV | ~ 1.2GeV | ~ 0.1GeV
Generation 3 T vy t b
mass 1.8GeV < 18eV 174GeV | ~ 4.2GeV
Electric Charges / e H -1 ‘ 0 ‘ +2/3 ‘ -1/3

Table 1.1: Basic properties of the fundamental Fermions. Each has an anti-particle of the same mass but
with all other charges of the same size but opposite sign.

e Quarks. Spin 1/2, interact via all forces especially the strong force, so carry electric charge and
colour. One of their most important properties is that quarks are never seen individually because of
a property of the strong force called confinement.

There are six types or flavour of quark and they are

— u (up), ¢ (charm), t (top) with electric charge +2/3 e
— d (down), s (strange), b (bottom) with electric charge -1/3 e.

Again, each quark has a distinct anti-particle, same mass, opposite charges. The flavour charge or
quantum number, that is the number of each type of quark minus the number of anti-quarks of that
flavour, is conserved in strong interactions, but not in interactions mediated by the weak interactions.
Since the latter are weaker, they happen on longer time scales and it can be a good approximation to
think of flavour conservation. Thus while free quarks are never observed, we can deduce the flavours
of quarks in any particle, by noting various approximate (short time) conservation laws in particle

3This comes from observations at SuperKamiokande obervatory in Japan, (200?) and SNO in Canada (200?4) of neutrino
mizing, a property similar to that seen with the quarks. The data in January 2002 is consistent with squares of the neutrino
masses differing by about 10™*eV? [21].
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interactions. These were some of the earliest conservation laws noted: isospin — linked to the number
of up and down quarks?, strangeness — conservation of minus the number of strange quarks, and
charm conservation — conservation of the number of charm quarks. With the development of the
quark model in the 60’s (see chapter 9 can these experimental laws were translated into the language
of quark flavours and their approximate conservation, to which we will return below.

However, even when the flavour of quarks changes in a weak interaction, the total number of quarks
minus anti-quarks is always conserved. This is the modern interpretation of baryon number con-
servation.

Each quark can also appear in one of three colours, a more complicated type of charge than familiar
electric charges of EMforces. Colours are the charges acted on by the gluons and are a strong force
phenomenon only. No other quark property varies with the colour, e.g. a quark with a given mass,
‘flavour’ and electric charge appears in three copies, which differ only in their colour. We also have no
experimental probe of colour due to the property of confinement since this means we can not create a
probe of a definite colour. We can easily create beams of positrons or electrons and use the different
results to make deductions about electric charges e.g. find the charges on the constituents of a nucleus.

This means that colour charges of individual quarks, while conserved, can not be deduced from particle
properties. The best we can do is to count the number of colours by seeing that some particles can
appear in several forms, differing by the colour charges of their constituent quarks.

Confinement also means that it is hard to specify the mass of an individual quark, and the definitions
above, let alone the numerical estimates are still a subject for debate (except for that of the very
heavy top quark). Confinement also ensures that quarks always appear in nature as the fundamental
constituents of bound states called Hadrons - quark bound states. The hadrons can be classified
by their quark constituents, i.e. by the flavour of the bound quarks, but they also contain significant
gluon components.

The nature of the strong interactions is such that there are only two types of hadrons seen today:’

— Mesons. The name comes from the fact that the first examples found (the lightest mesons)

had a mass in between the lightest leptons and baryons (see below), all that were known at the
time. Mesons are bound state of one quark and one anti-quark, so they are always bosons. The
number of mesons is not a conserved number.
Examples include the three pions, 77, 7%, 7, which are the lowest energy bound states of up
and down quark/anti-quark pairs. They have approximately the same mass m .+ = m,- =
140MeV,m o = 135MeV. They are the lightest hadrons by a long way® and accords with the
observation that the up and down quarks are very light. The 7+ and 7~ must have the same
mass as they are a particle/anti-particle pair. The fact that the 7° has almost the same mass
is an example of the approximate equality of up and down quark masses, and this leads one to
isospin symmetry. The pions differ in their electric charges of +e and 0. They all have spin zero
and so their low energy behaviour (F < my) can be described by scalar fields — the simplest
fields encountered in field theories.

— Baryons. The name comes from the fact that the first examples found (the lightest baryons) had
a mass greater than that of the leptons and mesons. Bound states of three quarks (or three anti-
quarks), and so they are always fermions. Baryon number is conserved in all tested theories, and

4The approximate equality in up and down quark masses leads to a more complicated type of symmetry so the conservation
law for the numbers of up and down quark than just conserving each number in same way as EMcharge conservation. See
section 777.

Perhaps more types exist as evidence in 2003 suggested.

5The next lightest are the kaons, which have a mass around 490MeV. They are bound states of an up or down quark with
an anti-strange quark.
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is equivalent to the conservation of total quark number, i.e. each quark carries a baryon number
of 1/3. This symmetry must be broken at higher energies as world is made of baryons only, there
are no anti-baryons in nature, a property known as baryon asymmetry. So assuming that we
didn’t start with any imbalance, the baryon asymmetry must have been created at some point
in the big bang in a process known as baryogenesis. This must have involved a process that
breaks baryon number but it probably happened at very high energies.

The lightest baryons are the p™ (proton) and n (neutron), collectively known as nucleons. The
proton and neutron are made from bound states of three up/down quarks in their lowest energy
configurations. They have approximately the same mass of m, = 938MeV,m,, = 940GeV, again
indicating that the up and down quarks must have almost identical masses.

e Gauge Bosons. Force carriers. Always spin 1, and intrinsically linked to gauge symmetry. This
symmetry ensures that they are massless in vacuo unless a symmetry breaking mechanism is
operating, see chapter 7. We have

— The photon . Massless and chargeless mediator of electromagnetic force.

— Wt W, Z°% Needed to describe weak forces. They can also interact directly with themselves
unlike photons. Both are massive with my = 80.4GeV,myz = 91.2GeV and this is explained
using the Higgs-Kibble mechanism. The fact that the W-bosons mediate the weak force yet carry
electric charges is an clue that these two forces might be interrelated

— Gluons. Eight of them, mediating the strong force, carry no electric or weak charges, just colour.
Also interact with themselves.

This leaves gravity which is thought of as being mediated by the graviton. However gravity does not
seem to fit into this pattern, part of the failure to quantise gravity. If it did it would be mediated by
the graviton which would carry spin two.

e Higgs. The ‘mass givers’. Always scalar particles, i.e. spin zero. Essential part of the same symmetry
breaking mechanism needed to give mass to gauge bosons. Higgs fields are also vital for understanding
masses of leptons and quarks. Required for the standard model but not yet detected. The simplest
model of the Higgs particle(s) fits all known data at 95% confidence level if 114GeV < mMypiggs <
250GeV."

In case one is sceptical about a model built around a fundamental particle of a type never observed
in particle physics, equivalents are well known in condensed matter physics. The same symmetry
breaking mechanism is responsible for superconductivity and superfluidity, e.g. the Cooper Pairs in
superconductivity are Higgs particles. Note that Cooper pairs are spin zero bound states of two
electrons and there is no reason why the Higgs of the standard model shouldn’t be a bound state
rather than a fundamental particle. However, such compositeness would have to be obvious only at
much higher energy scales, i.e. data today is consistent with a point-like Higgs particle on scales of
E ~ 100GeV, i.e. distances greater than 10~ '8m.

Generations

The fundamental fermions, the leptons and quarks, appear in threes, where the properties of each member
of the triplet are the same except for the mass, as shown in table 1.1. Thus we can group the fermions
in three generations, each one heavier than the last. In order of increasing mass, the three generations
consist of

TAt the time of writing, October 2004, these values are still shifting. For instance a reanalysis of the Fermilab Tevatron data
led to an improved value for the top quark mass. This in turn led to the the calculations of the upper bound on the Higgs mass
rising to this value in 2004.
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e The electron, its neutrino, the up and the down quarks, e, v, u, d, and their anti-particles,
e The muon, its neutrino, the charm and strange quarks, u,v,,c, s, and their anti-particles,
e The tau, its neutrino, the top and bottom quarks, 7, v;,t, b, and their anti-particles,

In fact there are weak force processes which lead to mixing between different generations. This means that
the number of particles in each generation is not strictly conserved but we will neglect this until section
10.8.8

1.4 Problems which Unification may solve

Over the last hundred years particle physics has thrown up several questions, including

e Why are the forces of nature linked to the symmetry group U(1) x SU(2) x SU(3). As we shall see
this is not a natural group to choose.

e Can one theory with one coupling constant describe the many coupling constants arising in particle
physics: o = €?/47m of QED, Fermi’s constant for the weak nuclear force G ~ €/My, as of QCD,
and Newton’s constant of gravity G?

e Can one theory with perhaps one mass scale describe the range of masses seen today? Why should
the electron have a mass of only 0.5MeV yet the Higgs, tau lepton and W/Z gauge bosons all have
masses which are about 10° times heavier? This is an example of the mass hierarchy problem.

e Can we describe patterns seen in particles; e.g. why do the 7%, 7° and 7~ particles have (nearly) equal
masses but different electric charges?

e The problem of generations: why are there three of every fermion which differ only in their mass?
e Why is electric charge always in units of e/37
e Why are we unable to quantise gravity in any simple manner?

Some of these questions have been answered over the years and many remain open. Successes though may
point the way to answer more of these questions in future.

Which ideas have been successful so far?

The foundation of particle physics is Quantum Field Theory, (QFT). It remarkably good for describing
the quantum effects of particles. QFTis not quantum mechanics, nor is it relativistic quantum mechanics
but we will leave a study of QFTfor other texts and just review the key points below in section ?7. The
primary aim of this book is to study the other important set of ideas used in unification, those of symmetry.
Its mathematical description using group theory will be reviewed in chapter 3. So let us start by reviewing
the history of the unification programme, to see what progress has been made.

The first example of unification was Maxwell’s unification of electric and magnetic phenomena into one
consistent classical theory. In the twentieth century it became obvious that quantum physics was needed
for further progress. The classical EM theory of Maxwell became QED — quantum electrodynamics —
developed through the forties. This theory can be tested to great accuracy, with the magnetic moment
measured and calculated to twelve significant figures and in complete agreement.

8This also makes it rather harder to say what exactly we mean when we talk about some of these fundamental particles but
we shall ignore this detail until section ?7.
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If EMprovided the impetus for the development of QFTand QED, it was investigations of the strong
force which stimulated the application of group theory and symmetry to particle physics. From the forties
onwards, reaching a climax in the sixties, a veritable zoo of particles with odd properties were found. Much
of this was understood though first flavour symmetries, the eight-fold way. the similarities between the pions
mentioned above are one example. The quark model followed on from this and led to the development of
QCD— quantum chromodynamics — our current QFTtheory of the strong interactions built around a
QFTwith SU(3) symmetry and the subject of chapter 9.

One of the greatest successes of the late sixties and seventies was to combine QEDin the larger theory
of EW — electroweak theory, and Glashow, Weinberg and Salam were awarded for their work on this.
EWdescribes both weak nuclear forces and EMin one theory. The EWexemplifies the types of unification
we are striving for, though in many ways it is not as good as we would like. Many fundamental parameters,
such as the masses of the fermions are still input parameters for EWand are not predicted. The idea of local
symmetry breaking, discussed in chapter 7, is central to the success of the electroweak (EW) theory as we
will show in chapter 10. Some predictions of this theory have been verified to several significant figures
in particle physics experiments such as those at CERN, Fermilab, DESY etc. Explaining the origin of the
masses of the force carrying particles, and finding the massive ones, the W+ and Z° was the crowning
success of this theory.

The current theory of the EM and weak forces, EW, and that of the strong forces, QCD, together
form what is called the standard model of particle physics. This has been incredibly successful. It was
essentially complete as a theory in the early seventies and it has survived rigourous experimental verification
over thirty years. We will therefore use the standard model as our ultimate example in this text. However, it
is also given as an exemplary model to show how our ideas of symmetry have led to a deeper understanding
of particle physics in the hope that the same ideas may lead to a deeper understanding in the future and
answer some of the questions listed above.



Chapter 2

Field Theory

The derivations in this book are based almost entirely on classical field theory. In many problems the
classical description gives a good qualitative account of what the full quantum theory predicts and indeed
the classical analysis often forms the starting point for the quantum analysis. Thus it is useful to sideline
the complications of QFTso we can concentrate in this book on the symmetry aspects. So in the first section
we give a brief description of classical field theory.

However the full theories are quantum so while we leave the details of QFTto other texts, we still need
an outline of — a recipe for — the link between our classical results and the full quantum field theory. We
will look at the link between this classical analysis and the quantum theory in section 2.2 below and make
some additional comments as we go.

2.1 Classical Field Theory

What is a field theory? How do we calculate the behaviour of classical fields? How does a field relate to
what we call particles. Let us try to answer these questions in this section starting with some examples.

Examples of Classical Fields

When we solve for the motion of a classical particle in classical mechanics, the answer is given as the position,
x as a function of time ¢, or simply written as x(¢). The classical particle is at one point in space at any
one time. Classical fields on the other hand are things which spread through large amounts of space, and
which can also vary in time. Thus to specify the field we must give its value (amplitude), say f, at every
point in space and at every time. They are functions of space and time, f(x,t¢). Familiar examples of fields
in the classical world are the electric E and magnetic B fields.

The best known example of a classical field theory is therefore that of classical electromagnetism. There
the physically observed evolution of electric and magnetic fields solutions satisfy Maxwell’s equations which
are

0B OF

where p is the electric charge density and j its current. It is possible to rewrite these equations in a manner
more appropriate for a relativistic problem

FFM =¥, 9, F" =0 (2.1.2)
9
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where
= (p,J) (2.1.3)
DA
Al = (¢7A)7 E:_E_v¢v B=VANA (214)
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2 w=\ B, —E. 0 K,

The components of the four-vector A* are the electrostatic potential and the vector potential. The F*¥ is
the field-strength tensor and F*" is its dual. In this form the field for EMis now the function A*(x,t)
and not the familiar electric and magnetic fields. This form is more useful for particle physicists as the space-
time transformation properties, in particular under general Lorentz transformations, are much simpler in
this form. The field A* is a four-vector, that is it transforms like a vector under Lorentz transformations.
For this reason it is often called a vector field. Such fields always correspond to particles with spin one
though this connection requires a study of the group theory behind the Lorentz transformations. These
fields also appear in what is called local symmetry or gauge symmetry, as we will see in chapter 6.
Thus they are also called gauge bosons. While EMprovides the best known example of classical fields, we
will see later that it is not the simplest example.

Having noted the link with spin, from the list of fundamental particles given in section 1.3, its clear most
of them are spin one-half fermions. The Dirac equation (see (8.1.1)) describes how such particles evolve,
at least when there are no interactions. The spin one-half property can again be linked with non-trivial
behaviour under Lorentz transformations.

However, many issues can be illustrated with the simplest examples of fields which are those representing
spin zero particles. These are called scalar fields as they remain unchanged under Lorentz transformations.
We will encounter two types of scalar field, real ¢(x) € R and complex ®(z) € C though the latter can
always be reexpressed as two real fields ® = (¢1 +i¢2)/(1/2). No fundamental scalar particles are yet known,
but the undiscovered Higgs particle of the EWmodel is such a particle. The pions, 71, 7% 7, are composite
scalar particles (made from two up/down quarks) and there are many other spin-zero mesons. In a non-
relativistic context, Cooper pairs, two electron bound states in superconductors, are also scalar particles.
Thus scalar fields can be useful in the real world. However their mathematical simplicity means that they
are the ubiquitous example in QFTtexts, and indeed many examples in this book will use them. They do
have one unique role that no other field can play and that is in symmetry breaking. The existence of
superconducting and superfluid states are examples of this phenomena and we are sure that it is responsible
for the mass of the W and Z° gauge bosons too. Symmetry breaking is only possible with a scalar field
(be it fundamental or otherwise) and one of the main goals of this book is to study this process. This is
another reason why scalar fields will be central to our discussion. A typical equation of motion would be

(@ +m?)(x) = —A($(x))’ (2.1.7)

where the left-hand side is the Klein-Gordon equation for a non-interacting scalar particle. Parameters
called coupling constants control the strength of interactions. Here A on the right hand side is a coupling
constant and this term describes interactions between the scalar particles.
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Principle of least action

A classical theory, say for a mass on a spring moving in d-dimensions with position (t) = (x1(t), z2(t), . .., z4(t)),
will be able to give the allowed motion of the mass as functions of time x(¢). To do this one needs equations

of motion, such as derived from Newton’s laws of motion, and boundary conditions, two in simple cases (say
(0) and x(0)). The equations of motion can also be derived from the principle of least action, where
the action S is given in terms of either a Hamiltonian H or a Lagrangian L

S::/dtH[p(t),:c(t)] :/dtL[:b(t),m(t)] (2.1.8)

Here p is the momentum, the conjugate variable to position x

pi(t) = dgit) (2.1.9)
For instance for a mass on a perfect spring we might have
LIs(0), 2(0)] = 5 @(0)) — S (@(0)’, Hp(), 2(0)] = 5 (1) + o (1)) (2.1.10)

Note that the Hamiltonian is the total energy, kinetic plus potential energy and it is easiest to define this.
The Lagrangian can then be defined through a Legendre transform as

Lz, ] = p.x — H[z, p] (2.1.11)

The principle of least action states that the possible classical behaviours, Z(t), are functions which
extremise the action. That is if we compare the action for Z(t) against a solution which is slightly different,
Z(t) + 0&(t), then the difference is not first order but second order in these small perturbations

§S = Sz +éz,x+ oz — Sz, %] = O(6%%), (2.1.12)
S os .

In the second form we are using functional differentiation not ordinary differentiation, as x; = x;(t) is a
function not a simple variable. Equation (2.1.13) is more normally seen written in terms of the Lagrangian

g@iL _ oL =0. (2.1.14)

ot 0x(t) 0x(t)
These are the Euler-Lagrange equations. They are the equations of motion or eom. Solutions of these
equations give all the possible classical behaviours for this system. So, for a classical theory, the equations
of motion contain all the physics. The equations are exactly those which are obtained using Newton’s
laws and principle of least action is an alternative or equivalent starting point to Newton’s laws. So if our
system described a mass on a spring, the equations of motion will be exactly those equations obtained from
Newton’s laws of motion,

i = —ko (2.1.15)

The behaviour of a classical system is always one solution to the equation of motion. There are many
different solutions, typically of different energies, momentum etc. The equation of motion are satisfied by
solutions z(t) which describe the possible behaviour of the system. Different initial conditions will select
which of these the system actually follows. Since it is classical, then these are deterministic equations, i.e.
once initial conditions are given, the behaviour is completely fixed!.

This principle of least action is also at the heart of the path integral approach to QFTpioneered by
Feynman. This emphasises the close link between classical and quantum analysis often (but not always)
present.

"We are leaving aside any practicabilities and any worries about classical chaos.
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Equations of Motion for Fields

Classical fields are functions of space and time. There may be d of them, f; (i = 1,2,...d), and assume they
take real values f;(x) € R. Their classical behaviour is usually given in terms of a Lagrangian density L,
which is simply related to the Lagrangian L and action S through

S:/dt L, L:/d3m£ (2.1.16)

The equations of motion are again defined uniquely by the condition that the action S defined as

S = /d4a: L(fi,0uf:) (2.1.17)
should be extremised. Consider a small (infinitesimal) variation 6 f;(x) from a classical solution f;(x) so
oL oL
0=65 = /d‘lxécz/d‘lx[ 5fi + v 0(0 ] 2.1.18

- /d% [(gz ~ O (3%%)) 0fi+ O <a(g§]p@,)5ﬁ>] (2.1.19)

where this is to be evaluated at f;(z) = f;(z). The last term gives a contribution only on the boundary but
we will assume such contributions are zero. Thus for action to be extremised for any and all variations 4 f;
we see that Py ar
—_— — — ] =0 Viel2,...,d 2.1.20
At (2:4:20)
These are again called the Euler-Lagrange field equations.
To make contact with the Hamiltonian, we define the canonical momentum 7;(x) as before via
oL
mi(x) = ——— (2.1.21)
A(fi(x))

Then the Lagrangian and Hamiltonian are related through the same Legendre transformation
H = ﬂ'zfz - ,C, H(fl,ﬂ'l) = /dSCC H (2122)

Again it is the Hamiltonian and not the Lagrangian which is related to the total energy of the system of
fields.

Particles and Degrees of Freedom

So far we have worked with a single generic field with many components f;(x). The discussion is so general
that in principle different components could be describing different types of particle. However, it is much
more natural to use a different symbol for every type of particle and so to work with a collection of different
fields, say A*(z)(pn = 0,1,2,3) for photons, ¥*(x)(a = 0,1,2,3) for a electrons/positrons, m;(x)(i = 1,2, 3)
for the three pions. In chapter 3 this split into different types of field will be done in a more precise definition
manner based on symmetry considerations.

However, as these examples show, we will still encounter fields representing one type of particle yet
which have several components. This is essential because sometimes what we call a single type of particle, a
photon, an electron and which we represent with a single field, actually comes in several variants, known as
degrees of freedom. There is one degree of freedom for every distinct way that a particle can transport
energy and momentum along any one given direction in space.
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In terms of the field theory each degree of freedom requires its own real field to describe it. Thus if a
scalar particle or field has d degrees of freedom, then we normally use a d-component real vector of space-
time variable functions, ¢;(z)(z = 1,2,...,d)?. For simple fields, the number of degrees of freedom is indeed
going to be the same as the number of independent real functions of space-time needed to describe the field.

The pions illustrate several of these points. Perhaps we tend to think of the three pions as distinct
particles, with different electric charges. We might be tempted to describe the presence of each type of pion
using its own real field. However all three have closely related properties, in particular the same mass (this
is relevant only if we ignore the small mass differences). It turns out to be advantageous to always use a
single field with several components to describe closely related particles. Thus in the case of pions we will
need a three-component real field to describe these three pions, one real field for each distinct way energy
and momentum can be transferred through the system. It is really a matter of choice whether we want to
think of the 71, 70, 7~ as separate particles, or as three degrees of freedom of a single pion particle. The
former is probably how pions are usually discussed while the latter reflects the way they are described in
QFT.

In relativistic contexts, it is always best to use a field that also describes both the modes of one particle
and the modes of the corresponding anti-particles. The pion example shows this as the ¢ /m_ particle/anti-
particle pair are described together in the three component field. The electron is usually described by the
same field as the positron, though we normally think of them as distinct particles. In this case each are
spin one-half particle with two distinct modes, spin up or down. Thus the electron field has four degrees of
freedom in relativistic QFT, and describes all the electron/positron modes.

In both the electron and pion examples, the number of degrees of freedom matched the number of
components in the field vector used to describe them. The photon illustrates one last problem. For a given
direction of travel (the direction of the Poynting vector and the direction of energy transfer) a photon in a
vacuum has two modes corresponding to the two possible independent polarisations of light. Thus a photon
in vacuo therefore has two degrees of freedom.? However, the relativistic field theory for the photon is given
in terms of a four-component real-field, A*, which has simple Lorentz transformation properties. As the
massless photon has only two physical modes (the two polarisations) this field has two redundant, that is
unphysical, components. One could, in principle, work with a simple two-component field for the photon
but the Lorentz transformation properties are much more complicated. In practice it is preferred to have
simple Lorentz properties but to complicate the relationship between the fields and the physical modes of
physical particles. In the case of electromagnetism, the inclusion of unphysical modes in the fields is the
issue of gauge invariance.

The grouping of the different physical modes in the system will be made precisely when we start to use
group theory to study symmetry in chapter 3. However, as we start to look at more advanced topics, we
will see that symmetry can be hidden and there may be ways of grouping particles together, describing
them with single fields, that don’t reflect their obvious properties but reflects deeper underlying truths.
The simple relationships outlined here become more complicated. However, the most important point is
that whatever way we choose to group the physical modes, there must always be one real function per
degree of freedom. Thus whenever we decide to change our mathematical representation of the physics,
when we choose to work in a second set of fields, we must always make sure that the new fields contain the
original real functions used for the degrees of freedom, no more, no less. Changing the way we describe the
problem mathematically must not alter the physical content. Likewise, while a change of field definitions
may highlight different aspects of the physics, it must never be more than a shuffling of the physical modes.

One final remark is to note that one can use a single complex function to represent two independent real
functions fi(x)+ifa(x). For instance the Klein-Gordon equation with mass parameter m can be an equation

2Note that it is common to be lazy and use x rather than z*, for example in the arguments of functions.
3Interestingly it can have one additional longitudinal polarisation in some materials and we will see that when symmetry is
‘broken’ the photon like fields - gauge fields, have mass and have three degrees of freedom.
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of motion for one real field representing a single particle of mass m, or it can be an equation of motion for
a complex field. In the latter case we are describing two scalar modes, both of mass m, and further that
these two modes indicate that there is a particl/anti-particle pair. We will look at this relationship more
precisely in chapter 4.

Vacuum energy of the unbroken theory

For unbroken symmetry, ¢ is function to use to describe the physics, rather than n(z) = ¢(z) + a or
n(z) = sh(¢(x)) or some other redefinition which has the same mathematical information. The fact that ¢
as given is a good choice is clear because its Lagrangian, (2.3.2), satisfies all the criteria set out above, e.g.
its a simple polynomial of the fields and derivatives, etc. etc. The classical Lagrangian in terms of ¢ (2.3.7)
can reflect the real quantum physics, meaning that a study of the classical theory can be a good guide to
essential aspects of the full QFT.

However, there is one last criterion, namely that ¢ = 0 be a lowest energy solution for the theory, so
that the field ¢ represents fluctuations around the lowest energy or vacuum energy solution. This is the
case of unbroken symmetry and in the case of (2.3.2) occurs if m? > 0, A\ > 0. It corresponds to having
a vacuum expectation value in the full QFTfor all components of the ¢ equal to zero (0|¢;(z)|0) = 0 (and
therefore constant in space and time). We call this the vacuum solution for ¢. If we rewrote the Lagrangian
density of a Hamiltonian density (the latter is roughly kinetic plus potential energy, the former is just the
difference) it is then clear that zero field is also the lowest energy value classically too provided m? > 0, A > 0.
It therefore makes sense to think of ¢ being small and representing small quantum fluctuations about this
vacuum solution. Then, provided ) is small, terms O(¢3) or O(¢?*) etc are going to be very small and won’t
alter the qualitative picture given by the larger O(¢2) terms, provided the coupling constant ) is small
too.

Spin models and field theories

Another useful analogy starts with quantum spin models of the type often discussed in quantum mechanics
courses. A typical example, used as a simple model of ferromagnetism in iron and other materials, considers
the spin of a single electron at each lattice site of a material. Classically the spin at lattice point a might
be represented as a vector S(a) of fixed length |S| = 1/2 but free to point in any direction in space. Each
electron a interacts with its nearest neighbours, b € nn,, with the potential energy proportional to vector
product of the spins, so that the Hamiltonian takes the form

H=Y > ¢SS, j=12...d (2.1.23)

a bEnng

One can consider variations of this model. Perhaps the spin is confined in one direction d = 1 so only one
component Sp is involved. This model is the Ising model. Perhaps we add some simple quantum mechanics
and allow the size of the spin vector to vary, say S = |S|,|S|—1,...,—|S|. Finally we could let the spins
take continuous values S; € R — a continuous spin model. In this case the theory becomes equivalent to
a theory of a scalar field theory ¢;(a) = S;(a) on a Euclidean space-time lattice, a common approximation
used in practical QFTcalculations.

However, one should be every careful with this spin/field analogy. In this case it is not obvious what
the particle side of the picture should be — the scalar field represents a spin zero particle in QFTyet we
started with objects in our spin models of higher spins than that. The length of the scalar field vector
¢ is not to be thought of as a physical spin as in the original model with S. Following on from this we
see that the spins S are limited to live in at most the three-dimensional space of our physical experience.
However, in the ‘continuous spin’ version, the field ¢ need not be pointing in any direction of real space.
For instance we could have many scalar fields, many scalar particles, each field component with a value at
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each space-time point for each scalar particle, just as the density of particles varies from point to point. In
this case the index of the fields, d, runs over the number of scalar particles not the space-time dimension.
These fields live in a different space, called the internal space. At each space-time point we have a new
label or coordinate but this has nothing to do with the space (or space-time) of the model. The axes of
the internal space are labelled by different types of particle, e.g. we would need a seven dimensional space
to describe a system of pions, protons, neutrons and their anti-particles. As we will see, we tend to split
these internal spaces up into subspaces, each for the particles of closely related properties. For instance we
might focus on the three-dimensional subspace needed for the three pions. These three scalar fields would
be better represented as three components of a scalar field vector ¢ living in a three dimensional internal
space.

2.2  From Classical to Quantum Theory

In a quantum system, the classical solution for a field is only one of the most probable values for a field but
as such it can still play a central role in QFT. Further the quantum expectation value of the classical eom
is also satisfied in QFTeven though many field configurations other than the classical field configurations
contribute. It is therefore worthwhile studying the classical eom and their solutions as many results will
remain true in the full QFTand as such they often form a starting point for a study in the full QFT.

The Lagrangian density £ by itself gives us a complete description of a classical theory of the dynamics
of fields ¢, e.g. we can derive classical equations of motion from it. From this view point it is not obvious
why we should associate the d fields ¢;(x), which are just some real functions of space-time variables x, with
particles — point like objects characterised by certain definite numbers such as energy, momentum, charge
etc. In fact this link is only possible if we look at the full QFT. Only QFTcan show us why m is related to
the mass of some particle, A a measure of the strength of interactions between particles.

However there is a good rationale for studying in this book the classical field theories rather than the
full QFT. What we are implicitly assuming in this course is that the full quantum solution, fq(z), is of the
form

fa(z) = falz) + i f(z) (2.2.1)

where the classical field, fci(z), is the solution to the classical equations of motion, and §f(x) is a small
quantum correction, i.e ~ O(h). If this is true then when we study classical field theory and its symmetries
we will get a good qualitative picture of the physics of the full quantum theory as the quantum effects
generate only ‘small’ changes. Of course this is merely hope at this stage. The full quantum theory must
be studied to see if its valid, or at least classical predictions compared against experimental data. In both
cases it is known that there are many problems where this classical approximation does at least give use a
good overview and its a genuinely useful tool.

At the same time there are several situations where the classical picture is misleading and the quantum
solution may not always be obtained by a small-order (O(h)) correction to the classical solution. These
include

e Bound states — such as the mesons and baryons in QCD(quantum chromodynamics), the theory of
strong nuclear forces. Their existence can not be checked directly from the classical analysis, e.g. we
can not calculate their masses. However, the symmetry in classical theory is preserved in the quantum
theory and from this we can predict some of the properties of the bound states, such as their conserved
charges.

e Phase transitions, where thermal fluctuations balance quantum fluctuations.

e Anomalies, where quantum effects destroy classical symmetry.
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The last point is particularly important. Symmetry is at the core of what we are doing in this book, and
there is no way in the classical theory to see if the quantum theory has all the symmetry of the classical
theory. Luckily, it is relatively simple in QFTto see if anomalies are present or not.

We will need to draw on quantum theory for a few aspects. The most important is to make a connection
between particles and fields; e.g.

pions 7 «— 7(x), photons vy «—— A*(x) (2.2.2)

One way of thinking of particle/field duality is to imagine that peaks in a field can be thought of as
corresponding to the positions of a particles. This follows, assuming that the zero field value is the lowest
energy state, because a peak in a field represents at least a localised lump of energy, one property at least
of what we call a particle.

The propagation of quanta (packets of conserved quantities) is described in QFT by propagators. A
free propagator, i.e. no interactions, is a solution to the equations of motion of the quadratic part of the
Lagrangian. The quadratic requirement implies no terms of three or more fields. The full solution to QFT
is usually built on top of the free non-interacting theory and its solutions, so we shall focus on the quadratic
part of the Lagrangian.

Degrees of Freedom

Another better way of saying that a field has a N independent ways of moving energy in any given direction
is to say it represents N particles. To make the link with particles, one really needs to turn to QFTand in
particular talk about how many different types of annihilation and creation operators are needed to build
the quantum version of the field. A field made up of N independent real fields require N distinct types of
annihilation/creation operator pairs a;(k), &;r(k:), 1=1,2,...,N where k is the momentum label. Distinct
here means that for a given energy and momentum, there are different operators, and we distinguish them
with the label i. We do not count here the fact that there are different operators for each momentum k,
afterall the same particle can move at different momenta. More precisely, distinct annihilation and creation
operators in QF Tmeans they commute with each other, even for the same momentum k,

a3 (k). af (k)] o< 6;50°(k — K'). (2.2.3)

Thus this field represents d distinct particles which can run around at any momentum k.

There are many different ways mathematically of rewriting the field ¢(x) but we will always need d-
independent real functions to describe it fully. It can be quite hard to check that an given redefinition
does indeed allow you to describe all possible values of ¢(x). For instance trying to use the d fields
ni(z) := exp(¢i(z)@?) will be confusing and complicated. Any appropriate redefinition can not change the
physics, but it can help reveal (usually it will just obscure) the true physics. However, we will almost always
work with appropriate and simple field definitions and such field redefinitions will not be a concern. An
exception is the use of the unitary gauge in chapter 7.

Vacuum energy of the unbroken theory

For unbroken symmetry, ¢ is function to use to describe the physics, rather than n(x) = ¢(z) + a or
n(x) = sh(¢(x)) or some other redefinition which has the same mathematical information. The fact that ¢
as given is a good choice is clear because its Lagrangian, (2.3.2), satisfies all the criteria set out above, e.g.
its a simple polynomial of the fields and derivatives, etc. etc. The classical Lagrangian in terms of ¢ (2.3.7)
can reflect the real quantum physics, meaning that a study of the classical theory can be a good guide to
essential aspects of the full QFT.



2.3. TYPICAL LAGRANGIANS IN PARTICLE PHYSICS 17

However, there is one last criterion, namely that ¢ = 0 be a lowest energy solution for the theory, so
that the field ¢ represents fluctuations around the lowest energy or vacuum energy solution. This is the
case of unbroken symmetry and in the case of (2.3.2) occurs if m? > 0,\ > 0. It corresponds to having
a vacuum expectation value in the full QFTfor all components of the ¢ equal to zero (0|¢;(z)|0) = 0 (and
therefore constant in space and time). We call this the vacuum solution for ¢. If we rewrote the Lagrangian
density of a Hamiltonian density (the latter is roughly kinetic plus potential energy, the former is just the
difference) it is then clear that zero field is also the lowest energy value classically too provided m? > 0, A > 0.
It therefore makes sense to think of ¢ being small and representing small quantum fluctuations about this
vacuum solution. Then, provided ) is small, terms O(¢3) or O(¢*) etc are going to be very small and won’t
alter the qualitative picture given by the larger O(qb2) terms, provided the coupling constant ) is small
too.

2.3 Typical Lagrangians in Particle Physics

The form of the Lagrangian needed to describe relativistic particles are very specific, the form specified
by symmetries such as space-time symmetries, and by quantum ideas such as renormalisability. Different
parts are related to different types of physical properties of the particles being described. As a result the
same terms appear again and again and are referred to using standard terminology. This we will outline
below as a full understanding requires a proper QFTtreatment. We will also focus only on scalar fields in
3+1 dimensions. Similar ideas apply to other fields in four-dimensions, and we will note these as these are
introduced in later sections, gauge fields in section 6 and fermions in section 8. Generalisations to other
dimensions or to non-relativistic theories are also straight forward.

Fields of Particles of similar properties

When particles have the same spin and mass and they interact at relatives strengths which are simple
multiples of each other, then there is some deeper relationship between the particles. For instance the
three pions are all scalar particles of essentially the same mass, their EMcharges are +1,0 and —1 so their
EMinteractions are closely related, and one finds that their strong and weak interactions are closely related.
When particles have such similar properties, there is a symmetry relating these particles and there is a
mathematical group associated with this theory. A major part of this book is to see how to express these
similarities between particles in terms of Lagrangians and fields. At this stage, all we need to note is that
when particles share common features in this way, it will turn out to be extremely convenient to put the
fields associated with all the particles into a single vector of fields. For instance, for the pions we might
define a three component field
@1(.%)
P(z) = Dax) (2.3.1)
P3(x)

where ®!(z) could be the field describing the 7% particle, ®?(x) might be for the 7° and the 7~ is linked
to the third component ®3(z).

Free and Interacting parts

The first division and most important division of any Lagrangian is into free and interacting terms. The
free field part of any Lagrangian is that part made up of terms which are at most quadratic in the fields,
O(F?). The remaining cubic and higher terms are called interaction terms. We will see one reason for



18 Field Theory

these names in a moment. In this case then we have

L= 20.0).0%9) —smi? — A (2:32)
2 2 ~—

Free field terms Interaction term

The e.o.m. (equation of motion) is*

"0 +mp +4Xg® =0 (2.3.3)

The terms of two or less fields in the Lagrangian appear as linear terms in the eom. These represent prop-
agating wave solutions. Since one can add two solutions to a linear equation to get another solution, these
represent waves that pass through each other without noticing other solutions. They are non-interacting
terms and represent what we would identify as an isolated partilce or wave in a detector. Terms which
have more than two fields in the Lagrangian are interactions as these lead to non-linear terms in the eom.
Such non-linear terms mean that the sum of two solutions to the linear parts, i.e. non-interacting proagating
waves, are no longer guaranteed to be a solution. That is the non-linear terms distrupt the solutions to the
linear part, i.e. the non-linearity is an interaction.
The naming is clearer in Fourier space where the equation of motion becomes

(B —m®)o(k) = 4 ¢(k1)d(k2)p(k — kr — ka) (2.3.4)
k1,k2
p(k) = / d*z e*p(x) (2.3.5)

We see that it is only the term proportional to lambda which mixes the different energies and three-momenta.
In a particle language such mixing is caused by the scalar particles interacting. The term with coefficient A
controls the mixing or interactions of the different components of the fields, hence the name.

There are other divisions of the Lagrangian which will be encountered, namely

1
£ 7 00T 19 (2.3.6)
SN—— B
Kinetic Terms Potential
1
V(@) = gm'¢" + Ao (2.3.7)
Mass term Quartic interaction term

These are discussed below.

2.3.1 Free Fields

The terms which are no more than quadratic in the fields are called the free field terms. These describe
the propagation of particles (i.e. lumps of conserved measurable quantities such as energy, momentum, spin,
charges) without any interactions. This can be seen in the classical theory from the eom in fourier space
(2.3.4). For each k, the free field eom (\ = 0) is satisfied only is k? = m?. Thus each ¢(k) describes some
sort of amplitude of a wave of momentum k and energy \/(kz +m?).

More importantly for QFT, with zero interactions one can build on these classical solutions QFT (Quan-
tum Field Theory) exactly in any dimensions if these are the only terms present. With interactions present,

4 EFS 2.3.1: Derive the eom of (2.3.3) for the single real self-interacting scalar field ¢ of (2.3.2).
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there are virtually no exactly solvable QFT theories®. As a result, free theories play a central role in all

QFTapproximate solutions to the physically interacting theories.
First let us split the free part of the Lagrangian into two more pieces

1 1

Lo = 5(0u0).(0"0) = 5m?¢’ (2:38)
| —— ——
Kinetic Terms Mass terms

Note that a subscript 0 is often (but not always) used to denote the free part of the Lagrangian®.

Kinetic vs. Potential Terms

The %@Lqﬁ.@“qb derivative terms are the kinetic terms as no propagation of energy, momentum, charge
etc. occurs without these terms. They have two derivatives and are quadratic in the fields. The remaining
terms, with no derivatives only in simple cases, are called the potential terms.

The naming is best understood by looking at the Hamiltonian density H defined to be

I

= I, ——-LC 2.3.9
H T (2.3.9)
II; := % (2.3.10)
O
in terms of the canonical momenta II;. For our O(N) example we have
1 1
H = JILIL 4+ Ve Vo + V(g.9) , (2.3.11)
2 2 ——

Potential

The Hamiltonian is the total energy, kinetic plus potential energy. The derivative terms are the kinetic
energy terms, e.g. the (V¢)? is the momentum squared term which in the non-relativistic limit would be
the usual kinetic term p?/2m = —(ihV)2/2m. The rest, here V, must be the potential energy terms.

Mass Terms

The quadratic term with no derivatives %m2¢2 is the mass term. If there are only kinetic and mass terms

for the fields ¢ in the Lagrangian density, then and only then may one interpret m as the mass of the particle
described by the real field ¢(z). This m is a classical mass and in the full quantum theory, the value of the
physical mass will be different as the mass gets renormalised in the quantum theory.

Free Field Solutions

The free field case, when all interaction terms are zero (A = 0 in (2.3.2)), is exactly solvable in any number
of space-time dimensions. In the case of our scalar field example here, the equation of motion we obtain for
the free field is called the Klein-Gordon equation

O9,p(x) + m*¢(z) =0  Klein-Gordon equation (2.3.12)

In fact we can always solve the free field case exactly, both in quantum and classical theories and for any
fields (in flat space-time). For this mathematical reason, almost all analytic solutions for field theories,

®Some special examples exist in 1+1 dimensions where conformal symmetry plays a vital role in allowing one to solve these
theories.
5When discussing renormalisation in QFT, it is used to denote ‘bare’ (usually infinite) quantities.
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classical or quantum, are built around free field solutions. The solutions are best seen by working with the
Fourier transform of the fields ¢(k), which gives for the free part

(k'k, —m*)p;(k) = 0 = ¢ (k) ~ exp{Fiwt} exp{+ik.x} (2.3.13)

where

ko = tw, w=|VE>+m?2. (2.3.14)

Boundary conditions decide precisely what combinations of these exponentials form the solution. This tells
us several things. First the free field solution ¢(x) is a combination of packets of definite energy w and
three-momentum k. Therefore it makes sense to represent (approximate) particles seen in detectors by free
fields carrying the same energy and momentum as the particles. From this analogy it is also clear from
(2.3.14) that m is then to be linked with the mass of the particle represented by these classical fields, since
(2.3.14) is the standard energy momentum relationship for a relativistic particle..

2.3.2 Interacting theories

When we have A # 0 we have an interacting theory, not just a free theory. The interactions spoil the simple
free field solution. One must resort to other techniques to find a solution. For small A, perturbation theory
can be used to produce approximate solutions giving ¢ as a power series in A. For large A non-perturbative
methods” must be used, such as straight numerical approximations.

To make sense, we want the coupling constant )\ to be positive so that the potential energy density
is bounded below, it has an absolute minimum. Thinking of ¢;(x) as small (quantum fluctuations) then,
provided ) is small, cubic, quartic and higher® terms - O(¢?) or O(¢*), are going to be very small and won’t
alter the qualitative picture given by the larger quadratic O(¢?) terms, provided the coupling constant \

is small too. The terms O(¢?) or higher are usually called the interaction terms®.

2.3.3 Other terms no higher than Quadratic

Initially, the Lagrangians will be of the form given in (2.3.2). However, other terms will be encountered,
both in symmetry breaking and when sources are introduced. It is important to know how to deal with
terms which are linear or quadratic as they spoil the interpretation of the m coefficient as a mass. Terms
which are cubic or higher will invariably be treated as interactions.

Linear Terms

There must be no linear term in the fields if one is to interpret the quadratic terms in the way suggested
above, namely propagation and mass terms for particles. If you have them, get rid of them.

The QF Tremains completely solvable with such linear terms. For instance an appropriate redefinition of
the fields using a constant shift, g?)($) = ¢(x)+v for some appropriate constant v, can always be found which
removes linear terms, but it will change the coefficients of the other terms both quadratic (mass) and any
the interactions too. This will be used in symmetry breaking where v will be linked to the vacuum state
(lowest energy state) changing from that which is empty of real particles (though full of virtual particles in
the quantum theory) to one full of real particles.

"In field theory, “perturbation theory” invariably means expansions in these coupling constants coefficients X\. Most analytic
“non-perturbative solutions” are also perturbation series but in some other parameter.

81n four space-time dimensions, a renormalisable (finite) gquantum theory will not have anything higher than quadratic field
terms. Even though we are studying classical theories here, we will tend to stick to this limitation.

9More advanced considerations - renormalisation, or going beyond weak coupling perturbation theory (A > 1) - leads to a
weakening of this simple division of what is an ‘interaction’ and what is a ’free’ term. It is usually only involves adding quadratic
or linear field terms to the interaction part, the cubic and quartic terms stay in the interaction part almost always.
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Another area where such linear terms are encountered will be in the full quantum theory. There one
will soon encounter a term like j(x).¢(x) term, where j(x) are N external sources. I will mention it in
this section as it is strictly less than quadratic and it does not alter the solubility of the quadratic QFTas
mentioned above. However this linear j¢ term is best thought of as representing an interaction between
particles described by the ¢ field and external ‘classical’ sources j. Something like the three different
components of a magnetic field applied by experimentalists, say to bend charged particles, but this specific
example requires a more sophisticated term to be added.

Note though that a j.¢ term will usually be encountered where it is to be thought of as unphysical,
added only for mathematical convenience and has no physical meaning. Clearly in this case one only gets
sensible physics if 7 = 0. The mathematical trick is to take derivatives with respect to the components of
the current j;(z) (functional derivatives technically) and then to set 7 = 0. It allows one to generate useful
quantities in a mathematically concise way, i.e. its a trick to summarise all QFTas a generating functional
Z[§]19. This is just the same idea as generating functions in mathematics, simple functions of a ‘dummy’
variable whose multiple derivatives with respect to the dummy variable, followed by setting the dummy
variable to zero, generate series of well known functions e.g. Bessel’s functions.

Quadratic mixing terms

There must also be no mizring of different field components in one quadratic term if one is to interpret the
mass and kinetic terms as those describing the propagation of real physical particles of mass m. So no
¢i(z)¢;(x) (i # j) terms if the propagation terms are to be interpreted as I have said above.

Should you encounter such mixing terms, then a redefinition of fields through a linear unitary transfor-
mation between the fields will always remove such terms but again this will change any cubic and quartic
interactions, usually making them more complicated.

2.3.4 Other restrictions on Lagrangians

When constructing a classical Lagrangian to be used for QFT, it is common to restrict the choice of terms
further, reflecting deeper ideas from the quantum physics.

Real Lagrangian

Actions and Lagrangians ought to be real. If they are not the simple probabilistic interpretation of the
action S though exp{—(i/h)S}, e.g. in the path integral, fails in QFT. It indicates an instability in the QFT.

Renormalisability

In QFTthe famous ultra-violet infinities, which plague all these theories, can be removed systematically
in perturbation theory to leave finite answers for physical quantities provided that all coupling constants
(constant coefficients of terms in the Lagrangian) have positive or no dimensions, [M]®,n > 0,}! in natural
units. The scalar field has natural units of M%2-1 in d space-time dimensions'?

Thus in d = 4 dimensions, one is allowed a g¢? type term in scalar field theories by this argument, but
a g¢% term is not allowed.!?

0Usually its called Z but not always!

1 Af indicates some appropriate mass scale.

12 EFS 2.3.2: By assuming that the kinetic term is always of the same form, prove that the scalar field has natural units of
M%2?=1 in d space-time dimensions. Hence deduce that form of the mass term is always m2¢? for a scalar field in any dimension.
Why is 1 + 1 dimensional space-time special?

13 EFS 2.3.3: Which is the largest power of scalar fields allowed in any term in (a) d = 3, (b) d = 6 dimensions if the theory
is to be renormalisable?
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By default, you should always try to construct a Lagrangian which is renormalisable, or at least high-
light the fact that your Lagrangian is not renormalisable. Non-renormalisable theories may can give good
descriptions of low energy processes and, while not fundamental, they have many practical applications.

Locality

A key requirement in most QFT, is that the physics is local. That is physics at one space-time point is only
effected by information in the neighbourhood that point. This is equivalent to demanding that each term is
a polynomial of finite order in derivatives. Thus the kinetic term is a second order polynomial in derivatives
O*, but a term like In[M* + (9#¢)(9,¢)] is not (think of the expansion of the logarithm, it has terms of an
infinite number of derivatives requiring information from an infinite distance from one point if we are to
calculate them. A term like [(0*)(0,¢)]? is allowed by this rule!?.

Example 1 Single real scalar field
#(x) € R describes a single scalar (spin zero) particle which is its own anti-particle such as the 7%. In 3+1
dimensions the most general renormalisable Lagrangian density for ¢ € R is

£ = 5(0p0()) (@ 0(a)) — gmP*(w) - 0'(@) = Lo = §0'(e) (21

We can make the following points:

(i) L is real if ¢(x), m?, A € R. If we do not limit our variables to be real then we would have a complex
action and it would represent an unstable theory;

(ii) The first two terms are the terms quadratic in the fields. They form free part of the Lagrangian, L.
By themselves they would give the Klein-Gordon equation of motion.

(iii) The first component is called the kinetic term, even though it contains both d) and V¢ expressions.

Compare to the classical case where kinetic energy is only linked to time derivatives, e.g. %miﬁ.

Without this term, the quanta do not propagate.

(iv) The m coefficient is the mass of the scalar particle, provided the quadratic terms have the standard
form given in (2.3.15)

(v) Three or more fields per term are covered in the interaction terms. Here X is a coupling constant, a
measure of interaction strength, (cross-section oc \?).

(vi) For the interaction term A you will see in the texts, variously: A, % or even %, as in our real case,
(2.3.15). The precise term used is not important as long as one is consistent within the problem.

(vii) renormalisability can remove all the infinities of quantum field theory, provided all coefficients have
units [M]", n > 0. This implies there are no g¢® terms in equation (2.3.15).

(viii) g¢? is allowed by these rules; however, we choose to leave it out for reasons of

e symmetry: ¢ «—— —¢;

e simplicity

(ix) L is a Lorentz scalar;

MEFS 2.3.4: Is this term ever renormalisable?
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(x) this describes one degree of freedom: one distinct particle mode. What this means in quantum field
theory is that ¢ is described with one pair of annihilation/creation operators

i al (2.3.16)
That is, this particle is its own anti-particle;

(xi) if we wish to interpret m in equation (2.3.15) as mass, the first two terms must be quadratic, i.e. free.
Thus no linear terms, such as v(¢(x))!, are allowed. Removal of linear terms is quite easy using a
change of variables such as

$(x) =0 +c (2.3.17)
where c is chosen so that there are no (77(3”))1 terms;

(xii) this Lagrangian is local (in space-time), i.e. the behaviour of the field at #* depends upon its value
throughout a small neighbourhood of x#. Thus ¢(z) is only affected by field values an infinitesimal
distance away from z#, and therefore only finite powers of 9, are allowed.

We note that without this assumption, one can run into severe problems with, for example, special
relativity and quantum gravity.

|

In practice, we will always want to reduce our problem to the quadratic form in (2.3.15). In fact, every
formula can be written in this form. However, it is quite common to use complex fields to describe a problem.

Example 2 Complex Scalar Field

We could write )

V2

and analyse ¢1, ¢2 € R as above. However, it is common to work with ® (for example, ® can be an eigenstate
of charge where the ¢; € R can not). We therefore need to obtain the canonical form

() (¢1(x) + iga(z)) € C (2.3.18)

A 2
£ = (0,0() (9"8(x)) - m*®!(0)0(x) - (@T(xyp(x)) (2.3.19)
where the third term is chosen to give U(1) symmetry (that is, it gives a phase invariance). Once again,
we note that the first two terms must be quadratic for m to be interpretable as a mass. This prohibits

mathematically viable things like (@T)2 + ((IJ)Q, which are real scalars, but not particularly useful fields.

(1) The particle content of one ®(z) field is two particles of equal mass m, thus giving rise to two degrees
of freedom. These are a particle/anti-particle pair, e.g. 7+ and 7.1
In quantum field theory, two pairs of annihilation/creation operators, at, & and BT, b are needed to
describe the quantum field d: a pair for each distinct particle, e.g.:

[&,aq — ifi [13, BT} — ik [a, ZST] =0 (2.3.20)

2) The factors of L or -, et cetera, come from standard required normalisation of commutation relations
2R q

in quantum field theory.

15Contrast this to the case before, where the particle is its own anti-particle.



24 Field Theory
The relationship between real and complex scalar fields will be investigated in more detail and looking at

the symmetry aspects in section ?77. O

Example 3 Several components
Consider ¢(x), equivalently ¢;(x),i=1,...,d; c.f.

P*(x) Dirac spinor a
A*(z) EM gauge field'® pu=

So to find the mass of such fields we must reduce £ to the form!”

d
L= % (9u()) (9"(x)) - % Y midi(a)e;(z) + O (6%) (2.3.22)
j=1

where the O (qbg) terms represent interactions. We usually work with

L= % (0u9) (0"¢p) — %(,‘Z)(:I:)(I\/IZ)gb(m) + interactions (2.3.23)

Here the constant matrix M? is real and can be chosen to be symmetric, so that (M*)T = (M?).
From some basic results of quadratic forms we know there exists an orthogonal matrix O which diagonalises
M, i.e.

0-0T=1 0 (M?) 0T = diag (\1,...) (2.3.24)

where the \; are eigenvalues of M2.
Thus, if we define n(z) such that

n(z) = 0¢(x) (2.3.25)
i.e. a linear redefinition of ¢, then the Lagrangian becomes
1 " 1 . .
L= 5 (Oum) (0M'n) — i“j)‘j”j”j + interactions (2.3.26)

where the eigenvalues of M? are (mass)? parameters for the n; fields. Now, all quadratic mixing terms, e.g.
¢1¢2, are gone in the n(x) variables.
Special case M? = m?1, so that %mqu - ¢ gives rise to O(d) symmetry.

16This has four components but two redundancies due to the polarisations of the two underlying fields. This is not important
here, but may arise in quantum field theory.

"Note that since the vector space of all @(z) is, in essence, an artifice, the use of up and down indices on ¢;(z) is not
necessary; although, it does become necessary when working with the group representation. The metric on the d-dimensional
vector space of ¢ is simply

g" = diag (+1,...,+1) (2.3.21)



Chapter 3

Symmetry

3.1 Symmetry and Groups in Classical Field Theory

Suppose that we have a set of d real fields, f = (fi(x), fa(z), f3(x), ..., fa(z)) whose dynamics is described
by some Lagrangian density L[{f;}]. If we denote the possible solutions to the equations of motion by
capitals, F' = (Fi(z), Fa(z), F5(z), ..., Fi(z)) then these satisfy the equations of motion

o QLN oc

m 20, 1,) - af, 0 (3.1.1)

There are many such solutions possible, the set S = { F'}, which leads us to a definition of a symmetry for
a classical field theory. A symmetry is a transformation, which always links any solution, say F', to another
equally good solution, say F’, which has similar properties. For example a frictionless ball rolling along a
flat line has an equation of motion of d?f/dt?> = 0 where f is the position of the ball'. The solutions have
the ball moving at constant velocity v and its position is given by F'(t) = vt. In this case, one symmetry is
multiplying by —1 as F'(t) = —F(t) = —vt is also a perfectly good solution to the same equation of motion.
Both solutions have the same energy and speed but opposite velocities. This reflects the important property
of our system which says reflecting the line about an origin gives us back the same problem, left and right
are equivalent.

On the other hand we wish the symmetry transformation F' < F” to be reversible. Consider multiplying
F by zero. This again gives another solution, that of a stationary ball, but it has no special relation to the
rolling ball solution. So this transformation tells us nothing about the special properties of our system and
we do not want to call this a symmetry transformation.

Since a classically, only solutions to the equations of motion are relevant to physical problems, we could
define a symmetry to be a reversible transformation between solutions to the equations of motion. However,
in quantum theory, all field configurations have some contribution, not just those which are solutions to the
classical equations of motion, are important?.

So the appropriate definition of the symmetry for our purposes is given in terms of the action and the
Lagrangian rather than the equation of motion and its solutions:

Definition 1 A symmetry transformation U is reversible and leaves the action invariant,

- / o U: S — S

'Though f(t) is the position of an object rather than the size of some field, the mathematics is identical.
2Those configurations ‘closest’ (in some sense) to the classical solutions are though usually the most important in the quantum
theory.
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Note this definition allows us to consider two types of changes in the solutions. We can change the form
of the fields but leave the space-time arguments unchanged, f(x) — f’(x), and these are called internal
symmetries. We could also consider space-time transformations which relate fields at different space-time
points, say f(z) — f(2'). For instance, for our rolling ball problem if F(¢) is a solution then F(t + ¢)
is also a solution, it does not matter when we start our experiment or the precise setting of the clock at
the start of the experiment. This translation in time is a symmetry. However, such transformations tell
us more about the symmetry of space-time rather than the fields and particles. This is an important and
interesting subject, which can be tackled with many of the same tools such as group theory. The nature
of the symmetry of space-time is fundamentally different from symmetries which do change the form of the
fields® and so we will only consider the internal symmetries.

If we are not altering the space-time arguments, then since the action S is just the space-time integral
of the Lagrangian, we can express our definition of internal symmetry as follows

Definition 2 An internal symmetry transformation U leaves the Lagrangian invariant, and relates values
of transformed fields only to the values of the original fields at the same space-time point

, U : S — S
L[{fi}] = LI{f{}] where @)} — (@) = U (i) (3.1.3)
Note though that we do allow the transformation U to be either a constant or to vary from space-time point
to space-time point, U = U(x). So it always the field at point x to a the old field value at the same point z
(no space-time symmetries here) but the change may be different at each space time-point.

For our example of a frictionless ball in one dimension, the Lagrangian is £ = (df /dt)? which is indeed
invariant under f(t) — f'(t) = —f(t) where the new field f’ at each time is related to the old field at the
same time. There is also a simple time-reversal symmetry where we relate a position f(t) to a field f(—t)
but thats a change in the argument of the field and these are what we are not considering here. Also note
that again that irreversible transformations such as f — 0f = 0 can relate different solutions but they are
not useful to us and are again excluded by the reversibility demand.

From this form, it is obvious from the Euler-Lagrange equations that the equation of motion for L[{ f;}]
and L[{f/}] must contain the same physics, i.e. the set of all possible solutions, {F'} and {F'} must be the
same set S and the transformation, U must relate each of the solutions F' to another unique (but not always
different) solution. For the rolling ball and its symmetry under multiplication by —1, any moving solution is
related to the solution moving with the opposite velocity, while the stationary solution is related to itself. In
both cases, the transformation linked one solution to one and only one other solution*. What this means is
that we can always undo the symmetry transformation and move from the complete set of solutions {F'} to
{F'} = {F}, the same set but shuffled. This reverse transformation is then also a symmetry transformation
and is denoted by U~!.

A final simplifying limitation we are going to make, but one rarely relaxed, is that we limit ourselves to
linear transformations only. That is we will always consider transformations of the form

F'=Uf. & fl(x) =Uj)fi(z) i,j=1,...d (3.1.4)

Thus the maps U can always be represented in terms of matrices U and it makes sense now to think of the
d fields as components of a d-component vector f. We will try to use mid-latin alphabet letters, 7, ,..., to
denote the components of such field vectors throughout this book, and U for the matrices representing these
symmetries.

3The relevant symmetry groups are non-compact for space-time symmetries and compact for internal symmetries.
4The symmetry transformations are one to one and onto maps from the set of solutions S onto itself.
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Using this matrix notation, we can check that internal symmetries do indeed give us the same equation
of motion in the transformed fields. Suppose U is an internal symmetry for a Lagrangian of fields f;(z) then
the equation of motion is given in (3.1.1) but it can also be written as

o QLULN LS
"0 (8ufi) fi

Using the fact that we have a linear transformation (3.1.4) and restricting to space-time constant transfor-
mations U we have that

=0 (3.1.5)

o 9L OL[S]
0 = Uljaua(aﬂfg) Ui o (3.1.6)
B : OL[f"] _6£[f’]
= 0 = U 8“6(8#;) o (3.1.7)

Since this must be true for any symmetry transformation U then we see that the term in the square bracket
must itself be zero. We do indeed have the same equation of motion of (3.1.1) and we have merely relabelled
the fields. It is often useful to think of symmetry transformations as a relabelling of the fields, exactly in
the same way that in many physics problems we can change our spatial coordinates from one orthogonal set
of aces to another, say (z,y,2) — (2/,y, 2’), without any problem. however, in the spatial coordinate case,
changing to a set of rotating coordinates, is non-trivial, and in the same way, we can not simply allow our
internal transformations to become space-time dependent. How to include this effect, and why it is relevant
is the subject of chapter 6. Equally, changing from cartesian to spherical coordinates is a non-trivial and
non-linear transformation and to do it one must use Jacobians etc. and in the context of field theories
it is equally complicated. We will almost always restrict ourselves to the linear transformations encoded
by matrices (3.1.4) but the use of the unitary gauge in chapter 7 is one point where we are breaking this
limitation.

Symmetry transformations and the group axioms

The next step is to note that the set G of all possible invertible linear symmetry transformations® for any
given theory, the set of invertible matrices G = {U}, obey the four axioms required for them to form a
faithful representation of a group. Let us derive these four axioms in our context of classical fields and
Lagrangians, but also refer to the appendix B on group theory for a brief summary of groups.

Proposition 3.1
The set of all possible invertible matrices, {U}, encoding the invertible linear symmetries of a classical field
theory, form a representation group, G under matrix multiplication.

Its convenient to distinguish the different matrices of the group representation, G = {U}, by labelling the
g-th element as U(g). We drop any explicit reference to the space-time point in the transformation (3.1.4)
as we are not making space-time transformations here, only field transformations®. We then find that the
symmetry transformations satisfy the group axioms as follows:

Closure Consider two symmetries U(g1),U(g2). We can transform any fields f, into another set of fields f’
such that the Lagrangian is invariant

L[f] = L[f = U(g1) f] (3.1.8)

5We will tend not to add the adjectives invertible and linear from now on. They should be taken to be implicit.

51f we want to make a different field transformation at each space time point, we can make the label g a function g(z). This
does not effect our arguments. The labels are elements of a faithful representation of the group. See the appendix B for
more details.
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However if we have another symmetry U(g2) we can also do this to the perfectly good f fields so

L[f' = LIf" = U(g) f'] (3.1.9)

However combining these two results we see that

LIf] = LIf" = U(g1)f] = LIf" = U(g2)U(91) f] (3.1.10)

This means though that we have a single map, U(g2)U(g1), from f to f” which leaves the Lagrangian
invariant. This map is therefore another symmetry, say U(gs) = U(g2)U(g1) where the usual matrix
multiplication is being used here. Hence the product of two matrices of symmetries must by definition
produce another matrix of symmetry, i.e. closure

U(gs) :==U(g2)U(g1) € G ¥ U(g2),U(q1) € G (3.1.11)

ssociativity Matrices under multiplication obey the associativity property, so the symmetry matrices of G auto-
matically have this property

U(g3) (U(g2)U(g1)) = (U(g3)U(g2)) U(g1) ¥ U(gs),U(g2),U(g1) € G (3.1.12)

Identity The identity matrix 1 is a symmetry (if a trivial one) and so is always in G. It represents what is
called the identity element of the group, usually labelled e. This element has the property that the
transformation leaves the field unchanged:

Ule):=1, f/=Ul)f=1f=f =U(e)eqG (3.1.13)

Inverse The inverse matrix [U(g)]~! of any of our symmetry transformations U(g) € G always exists as we
demanded a reversible transformation for our symmetries. The inverse of the matrix is this reverse
transformation. It is always a symmetry element in its own right, since U™! takes us from fields { 11}
to fields {f;} which leave the Lagrangian invariant. Thus this reverse transformation U~! is also in
our set of all symmetries G

f=l@lf =y "ea (3.1.14)

These four properties of symmetry transformations of classical fields are the axioms of a group.

One very important thing to note is that the elements of a group do not in general commute, i.e. the
order of the group elements is important, U(g1)U(g2) # U(g2)U(g1) for at least some group elements in most
groups. However there are special groups called abelian groups where this is true for all the elements of
the group

Definition 3 A group is abelian if and only iff all elements commute

U(g1)U(g2) = U(g2)U(g1) V U(g2),U(g1) € G (3.1.15)

We will see later that there are important physical differences in models with abelian symmetries as compared
to those containing non-abelian symmetries. For instance photons carry no electric charge because they are
linked to an abelian symmetry. On the other hand gluons interact with themselves directly and so unlike
the photon they do carry some type of charge (colour), and this is related to the properties of physics with
non-abelian symmetry.

Let us look at this using the simplest examples of a group encountered in field theory is as follows
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Example 4 Single real scalar field
¢(x) € R with a Lagrangian density of

L[] = % (0") (Ousp) — %mW - %cﬁ“ (3.1.16)

Note that while we want to eliminate linear terms in the field to interpret m as a mass parameter, there
was nothing in principle to stop us including a g¢? term is included. However, with only even powers of ¢
we have

$(x) — ¢(x) = —¢(x) = L[¢]=L[¢] (3.1.17)

so —1 = U(g) is a symmetry. Trivially we have also have +1 = U(e) is another symmetry.

These two one-by-one matrices {+1, —1} form what is called a faithful representation (see below) of a
group of just two elements (see question 3.1), often denoted Zy. In fact it is the only group of two elements,
in the sense discussed in the appendix.

Also note that this symmetry is present only if there are even powers of ¢ in the Lagrangian. This is a
clear indication that there is a strong limitation on the type of physical dynamics allowed mathematically
or seen experimentally and the terms allowed in the Lagrangian used to describe the physics. ]

Another important piece of terminology is as follows:

Definition 4 Two sets of matrices, {U®")(g)} and {U®)(g)}, form two representations of the same group
if they reproduce the same pattern of multiplication i.e.

U (g)UD(go) = UM (g3) & UD(g)UP(go) =UP(g3) V1,92 € G (3.1.18)

The real point for us here is that each group has infinitely many representations, and we will encounter
several different representations of the same group, even in the same model. If you like there is some abstract
group element, labelled by g1, which we can encounter in real problems in many forms such as two different
matrices UV (g1) and U (g;). As long as these two matrices are different for at least one element, for at
least one label g, then we have different representations. Because of this, we have been sloppy and switched
in (3.1.18) to a definition of the set G as the set of possible labels rather than any one set of unitary matrices
as we were doing above.

There are some important types of representation which we will encounter.

Definition 5 A faithful representation is one where every matrix is different

U(g1) # U(g2) if g1 # g2, Vg1,92 € G (3.1.19)

As this definition implies, there are representations where some of the matrices for different labels are the
same:

Definition 6 A unfaithful representation is one where the same matrix element represents more than
one group element
E|g1,g2 € G s.t U(gl) 7& U(gg) (3.1.20)

We invariably define groups using some type of representation and they must be defined using a faithful
representation’. Thus when we used a single field in example 4, we created a faithful representation.

Only when we have many fields do unfaithful representations have a role to play, and in our case there
is only one which will appear

"Otherwise we would not have all the information on the whole structure of the group and then we could not use it as a
definition
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Definition 7 The trivial representation is one where all the matrices are simply the number 1
utrivialgy — 1 vge @ (3.1.21)
It is possible to construct groups by combining other known groups. In particular

Definition 8 A representation of a product group P = G x H can be constructed as follows. Suppose
that the dy x dy matrices G form a representation of G while dj, x d;, matrices H represent the group H. the
group P is represented by the set of (dydp,) x (dgydp,) matrices P, constructed for every combination of G and
H matrices as follows

GuH GiH ... G H
GuH  GaoH ... GigH

p_ ' S ' (3.1.22)
GajgH GaoH ... GaaH

where G;H indicates a dj, x dj, sized block equal to the matrix H with every entry multiplied by the same
i, j-th element of G.

Thus there are as many matrices representing P as the product of the number of matrices needed for G
and H, i.e. the dimension of P is dim P = dim G x dim H. The dimension of this representation of P is
(dgdn) x (dgdp).

If a group can not be written as a product of two smaller groups it is called a simple group. All groups
can be expressed as a product of simple groups.

One important use of such product groups is in reverse. That is many groups can be thought of
as products of smaller groups. However one eventually can write a group as a product of groups. The
properties of these product groups can be deduced from the properties of the smaller groups.

It is easy to spot product groups from the following property. All elements of a product group can
be split into two parts belonging to subgroups of distinct elements except for the identity. That is any
elementp € P = G x H can be written as p = gh where g € G,h € H,GN H = {e}. In terms of our matrix
elements we see that

P = GH (3.1.23)
Gl Gl ... Gig,l
Go1l Gl ... Gl

G = 2! 2 - s (3.1.24)
Ga,11 Gapol ... Ggyq,l
1H OH ... OH H O ..O0
OH 1H ... OH 0 H ... O

H = S N e (3.1.25)
OH OH ... 1H 0 0 ... H

We saw in example 4 a group of two elements but this is an example of just one of the two major types
of group:

Definition 9 A group of a finite number of elements is called a finite group.
A group with an infinite number of elements is an infinite group

The group found above in example 4 has two elements so Zs is a finite group. Symmetries given by finite
groups have interesting physical properties, e.g. defects in phase transitions leading to such phenomena as
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domain walls. The C', P and T transformations, when they are symmetries of space-time in a problem, are
all discrete groups too. However we will not focus on these groups or their physical implications.

Not all the properties of finite groups are shared by infinite groups so these must be considered separately.
We shall be focusing on one special type of infinite group, known as continuous groups or Lie Groups.
These are groups of an infinite number of elements groups where the group elements, here labelled g1, g2
etc. so far, can be labelled by continuous parameters. For example, the simplest Lie group is defined by the
set of phases

exp{if},0 e R,—mr <0< (3.1.26)

called U(1) (it is the group of one-by-one unitary matrices, see question 3.11 for details).
There is one final distinction to be made

Definition 10  If the matrices representing the Lie group elements are always finite, i.e. |U;;(g)] <
o Vi,j=12,...,d, g € G, then the group is called a compact group. Otherwise the group is non-
compact

The symmetries of space-time are often non-compact Lie groups, while we will focus on the symmetries of
particles which are compact Lie groups.

Symmetry transformations and group irreducible representations

The compact Lie groups we are interested in for particle symmetries have a number of remarkable properties.
We will state in our context without proof those we need. See the comments in the appendix B for references
to more detailed texts.

Lemma 3.2
For compact groups, there exists am invertible matrix B which can create a unitary representation,
{U(g)} from any given representation {U(g)} as follows

U:=BUB™! 0'(g)U(g) =1 (3.1.27)

In general representations are not unitary, i.e. UT(g)U(g) need not be the unit matrix, but this lemma tells
us there is always a transformation which gives us another representation of the same group, one where the
matrices are all unitary. It is convenient to use a unitary representation for several reasons but it implies
that we must have taken new linear combinations f;(z) of our original fields f;(x) where

f=Bf (3.1.28)
since the transformation (3.1.4) becomes
f =B 'UBf < f :=UFf (3.1.29)

From now on we will assume that we have made these transformations and our fields transform under unitary
symmetry matrices.
For the next definition we first need a definition.

Definition 11 A block diagonal matrix is of the form

U(g) = 0 U .. UV (g oud(g®... (3.1.30)
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That is we divide the matrix into blocks given by the first d; rows, the next dy rows, etc, and the first d
columns, the next ds columns, etc. Each block along the diagonal is square, first d; X d1, the second dy X da
and so on. These are the only non-zero blocks, all others contain only zeros. The @& notation is a convenient
shorthand. Pure diagonal matrices are special cases of block diagonal matrices where all the blocks are
one-by-one, dy =dy = ... = 1.

This allows us to state the next lemma

Lemma 3.3

There are only two types of representation:

(A) An irreducible representation is one where there is no

(B) For reducible representations there is a transformation matrix B which can take any representation
{U(g)} and gives a new unitary representation {U(g) := BU(g)B™'} where all the matrices are block
diagonal, with the smallest possible blocks. Further these blocks are always irreducible representations,
though they need not all be distinct irreducible representations.

It is always the case that one matrix can be made pure diagonal, the most extreme form of block diagonal
form, but the point of this lemma is that all the matrices of a reducible representation, for all labels g, can
be made block diagonal (usually not pure diagonal) with the same matrix B. Further, once we know the
irreducible representations, then we can construct any representation, or put another way, we can always
express a representation in terms of the irreducible representations making up its block diagonal form.
The group theory problem has been reduced to knowing the different irreducible representations of a given
group. It turns out that the physics of a problem is reflected in both the symmetry group and in the choice
of representations so to solve general problems one does have to know the machinery devoted to finding and
using irreducible representations. However, in the rest of this book, we will be able to develop all the key
ideas without requiring any more than an understanding of the simplest matrix algebra.

Fields, Particle Properties and Irreducible Representations

From the point of view of the fields, this change to a block diagonal representation {U(g)} means we are
switching to new linear combinations f;(z) of our original fields f;(z) using (3.1.28) and just as before each
set of field is equally good, has the same physical information encoded. However with the new fields f the
different components of these new fields f are not completely mixed by the symmetry transformations U.
The first d; components mixed only with each other through the matrices UM, The next dy components
mix only with each themselves through the matrices U® and so on.

F=0f = f(l)/ _ U(l)f(l) (3.1.31)
FO =02 (3.1.32)
(3.1.33)
etc. where B B
Bj! Jai+1
PR I DR O U (3.1.34)
fa, Jar+ds

and so forth. We say that each of these smaller vectors of fields, the J_c(l), ]_°(2), ... are multiplets and that
each multiplet ]"(P) “lies in the irreducible representation UP” Tt is only the fields in these multiplets that
are related by symmetry so only fields in multiplets can have similar properties as demanded by symmetry.

From now on, we will assume that we have always made the transformations to find these unitary block
diagonal representations. We will not need to know the technology needed to find these transformations.
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Thus we will always start with our fields of similar properties arranged in these small multiplets. Finding out
what properties the particles of one multiplet have in common is the goal of the rest of the book. Typically
it will be equal masses and simple relations between the interaction strengths. There will also be prescribed
relationships between the conserved quantum numbers of the particles.

3.2 Global and Local Symmetries
A global symmetry is one where the fields are altered by the same amount at every space-time point: i.e.
fi(x) — fi(x) = Ujr(g) fu(z) Ve g k=1,...,d (3.2.1)

where U(g) is the d x d matrix representing the abstract element g of the symmetry group G and it is inde-
pendent of x. Thus, for a global theory the same matriz is used for every point in space-time. Equivalently,
global symmetries satisfy

0uU(g) =0 Global Symmetry (3.2.2)

We will study the consequences of such symmetries in the next couple of chapters.
In some circumstances though, we can find theories where we can change the fields by a different group
element at every space-time point, i.e. we choose some g(x), D;;(x)

0,U(g) # 0 Local Symmetry (3.2.3)

Such theories are more complicated as we will see that they require more fields to be present. However,
these fields are the spin-one “gauge bosons”, the force carrying particles of

QED, and the weak and strong nuclear forces. So such theories are common in the physical world. We will
study them starting from chapter 6. Note that when we have a local symmetry, it includes as a special case
a global symmetry. It makes sense therefore to restrict our studies first to the global symmetry case, as
results apply to the local symmetry case with one major exception, namely in the local case identification
of the physical particles becomes more complicated.
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3.3 Questions

The finite group 2,

Consider the set {a,b} with a multiplication law where ab = ba = a,a® = b and b?> = b. Check that this
set with this law forms satisfies all the axioms of a group. This means you must identify the identity and
the inverse elements a~',b~!, and they must be in the set. This is the group Zs. What is the order of this
group?

By contrast, consider the same set but with the multiplication rule ab = ba = a,a? = b and b*> = a. Show
that this does not give a group.

The finite group 7,

Consider two distinct elements e, and a which satisfy a multiplication rule such that ™ = e and eg =
ge =gV g € G. Show that these rules generate a set G of only n distinct elements i.e. the set of distinct
products of e and a in any number and in any combination contains only n distinct combinations.

Show that this set forms a group. It is known as Z,, or C), and is called the cyclic group.

The finite groups of order four

There are two distinct groups of order four. One is Z; as defined in the previous question.

For the second consider three distinct elements e, a and b which satisfy a multiplication rule such that
a’?=b>=e,ab="ba and eg = ge = g V g € G. Show that these rules generate a set of only four distinct
elements i.e. the set of distinct products of e, a,b in any number and in any combination contains only four
distinct combinations.

Show that this set forms a group.

Show that this group is a product group and identify this group.

10 -1 V3
D(e) = (0 1) : D(a) = } <\/§ : ) (3.3.1)

form a representation of Z5. Is this representation reducible or irreducible? If it is reducible determine the
one-dimensional representations which form the direct sum of this representation.

Verify that the matrices

A matrix representation {D(g)} (g € G) of the group G satisfies
(abstract group) c=a*b = D(c) =D(a).D(b) (matrix representation), V a.b.c € G. (3.3.1)

Show that a set of matrices {D(g) = SD(g)S™'}, where S is any matrix with an inverse, is also a represen-
tation of the same group G.

Show that the matrices {D”(g) := D(g) ® D’(g)} (g € G) are a representation of a group G if they are
formed by a direct sum of two representations of G, {D(g)} and {D’(g)}.

The fundamental or defining representation of the group O(2) is given by the set of orthogonal real two-
by-two matrices {U} where

cos(f)  sin(6)
—sin(6) cos(0)

_(+1 0 _(+1 0
2o (50) (B 0). 022

UUTZJI, Uj€eR, U = Z:t( >, —r<f<m, (3.3.1)
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(i) Show these matrices form a group.

Show that this group is equivalent to a representation of the product group Zs x SO(2), i.e. every
group element can be split into two mutually commuting parts, one part is a representation of Zs
and the other a representation of elements of SO(2). Show that the SO(2) part is a one-dimensional
compact Lie group.

(ii) Show that the generator of the Lie Algebra is

T:ﬂ:<0 @ (3.3.3)

—i
Hint: Expand U up to O(f) and compare with U = exp{ie®T*}.
(iii) Show that this representation is not reducible over the real numbers but it is reducible over

the reals. That is show that the unitary matrices that make the U block diagonal are complex, not

pure real. In this case diagonalisation is equivalent to making U a diagonal matrix®. How is this

related to the reality or complexity of the eigenvectors of U?

)3.9. Consider the theory
1 1
Lop) = 5(%@)@”@) - V(§¢i¢i) (3.3.1)

where V(z) can be any function®.
Show that Loy is invariant under a global O(2) transformation, i.e. Lo2)[@] = Lo(2)[¢'] where ¢’ = U
using U of (3.3.2).

3.10. The O(N) Lie group and Lie Algebra

(i) Consider the number of independent real parameters needed to specify all elements of the group, O(N),
the group of real orthogonal N x N matrices. Prove that the dimension of O(N) is N(N —1)/2.

(ii) Show that the determinant of such matrices is £1 and so deduce that the group SO(N) also has
dimension N(N —1)/2.

(iii) Show that O(N) is a compact Lie group.

(iv) By thinking of simple explicit examples of allowable matrices M € O(N), or otherwise, prove that the
Lie groups O(h) for 0 < h < N are all sub-groups of O(N). You will need to prove they form a group,
closure being crucial, as well as the fact that O(h) is a subset of O(N).

3.11. U(1), the group of phase factors matrices
The simplest Lie group is U(1) and is defined by the set of phases
exp{if},0 e R,—m <0< (3.3.1)

Show this satisfies the four group axioms.

3.12. U(N), the group of unitary matrices

8See my handout for undergraduate groups course on matrices if you need to revise properties of matrices.
9In four-space time dimensions for a well behaved renormalisable QFT, V can only be a quadratic polynomial at most since
here V(¢?) is then a quartic in the fields.
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Show that the set of all d x d unitary matrices, {U}, forms a representation of a group. The group
is called U(NN) and it is defined using this representation where the dimension of the representation
d=N.

What is the dimension of this group?
Show that the determinant of U can be written as exp{if} where 6 is some real number.

Show that all d x d unitary matrices can be written as the product of two pieces, U = Uy.Ug where
Ug is a d X d unitary matrix with determinant one and Uy is a product of the unit d x d matrix 1 and
the determinant of U.

Show that the set of all Ug form a representation of a group. Is it an irreducible representation? They
are the defining representation of the group SU(N). What is the dimension of the group SU(N)?

Show the set of all possible {Uy } also form a group and deduce it is a representation of U(1). Is it
irreducible?

Show that [Uy,Ug] = 0 always. Thus deduce that U(N) ~ U(1) x SU(N).

Consider N = d = 2. Write down the generators of the U(1) and SU(2) parts of the group in this
2-dimensional representation (you need not derive the SU(2) generators, look them up). What are
their commutation relations?



Chapter 4

Global Symmetry and Conserved Charges

4.1 Noether’s theorem and its consequences

Theorem 4.1 Noether’s Theorem
Any continuous global symmetry transformation implies the existence of a conserved current for every
generator (T*) of the associated Lie algebra.

We will only study this theorem in the context of internal particle symmetries of classical field theory. .
The theorem works for any continuous symmetry transformation, including space-time symmetries but the
derivation must be improved to cover these cases. It can also be generalised to QFT subject to one or two
provisos which we will mention at the end of the chapter.

Proof
Consider!
L{fi(x)}] filz) eR i=1,...,d (4.1.1)
The equations of motion are
0 _oc ok =0 (4.1.2)

O (0ufi)  Of;
Suppose
fi(z) — fi(z) = Uy f;(x) (4.1.3)

is a continuous (global) symmetry, where U is finite-dimensional and unitary, i.e. UUT = 1. By a theorem
of Lie groups, the set of all such U’s is a representation of a compact Lie group, G. Thus, by another Lie
group theorem, we can always write

U = exp {ie*T} a=1,...,dim(G) (4.1.4)

where € € R and T* are generators of Lie algebras.
Note: The T* are always fixed, i.e. independent of z*, so, by (4.1.4), we conclude that a symmetry is global
if and only if

Oue® =0 (4.1.5)

For a small variation of f, i.e. for f +— f' = f + & f, the variation of L is

oL oL
= o, '5fi+m5(aufi) (4.1.6)

!The case of complex fields is left as an exercise to the student.
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A quick check shows here that ¢ (0, f) = 0, (0f). Then for solutions to the equations of motion we can
replace the variation of L with respect to the field with a term involving the variation of L with respect to
the derivative of the field. This then gives

oL oL
oL

This we recognise of the form of a conserved four-current 9, J* = 0.
If we now use (4.1.4) for the symmetry transformation we see that infinitesimal transformations in the
field are of the form

Sf=f—Ff=00+ie"T) f - f+0(?) (4.1.9)

Thus, to first order,
of =ie®Tf (4.1.10)

Substituting into (4.1.8) we arrive at a form
i£%9),J" = 0 (4.1.11)

Given that the £* are arbitrary, we conclude that there are as many conserved currents as their are inde-
pendent generators of continuous symmetries

oL

9, J** =0 JH=i———TLF; 4.1.12
2] Za (8;LF@) 5 ] ( )

This is Noether’s theorem.
O

Remarks
e The above equation tells us that the J#* are conserved currents with total charge

Q" = /d% JO(x, 1) (4.1.13)

where 0;Q® = 0 by conservation.

e There are as many charges as the group ¢g has dimensions, e.g. in EM, J#* = (p,7), where p is the
density, and j is the 3-current.

e N.B. Normalisation does not alter conservation, so if d,c = 0 then JH = ¢Jne is also conserved, i.e.
8ujua = 0. For most particle charges, e.g. strangeness, isospin, baryon number, we tend to work in
integer units. This means we tend to work with J#® of (11.2.13) scaled to remove factors of /3 etc.
that can appear in normalised generator definitions.

e In the eom, the current which appears, J', is scaled by a coupling constant, e.g. J' = eJra s that
J counts physical electromagnetic charge in EM and this appears in Maxwell’s equations.

e We can also add a constant to our definition of the current, i.e. choose the zero charge state. In the
quantum picture, this can be an infinite constant.
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Quantum picture

Conserved charges in a quantum theory satisfy
[Q“,ﬁ] =0 (4.1.14)

where H is the Hamiltonian. (unless normalisation exists), where @“ is the same as ()., but quantised
properly. We find that, in U(1) symmetries,

0 o /d3k (a;an —Eﬁn) (4.1.15)
i.e. the number of particles less the number of anti-particles, or a similar form.

Lie Algebras

First note that the quickest way to check normalisation and orthogonality is to exploit these properties in
the T given. Basically note that if A, B € A then

A= a,T% B=> 3T = (AB)=Tr{AB}= %Zaaﬂa = %aﬂ (4.1.16)

The familiar notation on the RHS of a traditional dot or scalar product between two d dimensional vectors
a = (a,as,...) etc., reminds us that the Lie algebra elements, matrices like A, are indeed elements of a
vector space.

4.2 Abelian charges

Let us look at the simplest scalar theory with a conserved charge.

L= 3 (0400 + 5 (Oun) =V (6 + ) (121)

where for the purposes of this proof, the potential V' can be an arbitrary form?. This Lagrangian depends
only on the ‘lengths’ ¢2 + ¢3. This suggests we define a two-dimensional real scalar field ¢

= <2;> (4.2.2)

as we can then write the Lagrangian purely in terms of scalar dot products of this filed vector ¢:

£= 5 (0,00 (06 ~ V(9 ) i=1,2 (4.2.3)

Clearly as rotation about the origin in the two dimensional internal space, that with field coordinates ¢1, ¢o,
leaves the ’lengths’ of the field vectors invariant, i.e. |@| = v/¢1P1 + d2¢2 is constant. L is clearly unchanged
under such a transformation if its the same at all space-time points, i.e. global, as the derivative terms don’t
effect the issue.

*The typical form in four-dimensions would be V(z) = im’z + §2*.
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- )

The easiest way to see this is to define the transformed fields ¢’ through
¢ =Ud, Uij €R uut =1 9,U =0 (4.2.4)

That is U is an orthogonal matrix which is a rotates in two-dimensions and which can also include a reflection.
The properties given are necessary and sufficient to ensure that

L[#]=L[g] (4.2.5)

Thus we say this theory has an O(2) symmetry as orthogonal 2 x 2 matrices form the two-dimensional
representation of this group. While 2 x 2 matrices are just one representation of the group, it is the
most obvious one, giving its name to the abstract group and because it is the defining or fundamental
representation of O(2). We also say the fields lie in a two-dimensional representation.

To extract the charges for this case, we either follow the derivation of Noether’s current using this explicit
form for the Lagrangian, or we can just use the formula (11.2.13). Top do the latter we need to know the
generators and this is going to throw up a general problem when assigning definite charges to fields or
particles.

4.2.1 Charge Eigenstates of O(2) model

We need to find the generators of this representation. The form of a general two-dimensional orthogonal

matrix is
cosf sind
U=2s- <— sinf  cos 9) (4.2.:6)
where
1 0
—T<f<m Z, =1 Z_ = <0 _1> (4.2.7)

Note that the group comes in two parts. The first Z factor is described by a discrete label. It distinguishes
proper and improper rotations. It has no role to play in the conserved currents but it is not without
physical significance. We defined Z by demanding that the second part is made of proper rotations, those
with determinant +!. These form the subgroup SO(2) and this is a simple Lie group.

To calculate the Noether current we need the generator T¢

w
de

=iT® (4.2.8)

eb=0

There is only one continuous parameter, § = %, hence a = 1 and dim(G) = 1. We find

T = @ y) (4.2.9)

oL
a@@—zawi (4.2.10)
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Hence we find the Noether current for O(2) global scalar theory:

T — i (9" ) (Q

7

Oi> 0; = B2b"n (4.2.11)
5]

This is not a good form to identify fields/particles of definite charge — the charge eigenstate. For
instance, the charge density J° is a mixture of terms, each a mixture of ¢; and ¢,. If we were to substitute
the classical fields with two free quantum fields

: &’k T —ikx |~ ike ~
b N/ka [aj(k)e k —I—a;f.(k:)e+k] [aj,aﬂ =0j1 (4.2.12)
in (4.2.11) then we would find?

O~ / Bz IO~ F (a}a%a;al) (4.2.13)

This is not a function of the number operators, a}aj, for either of the real scalar fields ¢; and ¢s.

The problem is that the T® here is not diagonal and this ensures that ¢; and ¢- fields are mixed in the
current, preventing us from assigning to them definite charges. Since the generators T* are always Hermitian
matrices, T* = (T%)" we can always find a matrix V which does this where

VTev—l = vToVT = T = diag (q1, . . .) (4.2.14)
Returning to the current we see that
oc 17
JHY =g [] T%¢ 4.2.15
5(0,9) 219
oc 17 —a
= i|aa—] . (VITV). 4.2.16
[5am) (V)0 (4:2:10)
This suggests that we need to work in terms of a new field vector ¢ where
d=Vo, & =TV (4.2.17)

Though the original fields are real so o' = @', Vis unitary V (V™! = VT) but in general complex. Thus the
new field vector ¢ is also complex. Using this we have

= [(Vagf@)TVl

— where we need the row vector in the partial derivative for the transpose.
To simplify matters, suppose that we have the usual simple kinetic term? so that

a

T .9 (4.2.18)

oL
Since 9,V =0 to give
oL \'. ., ;
(a(am)) vl = 9,(Vo) (4.2.20)
- (auq’sT) (4.2.21)

3See Question Sheet 1, question 5, equation (12).
1e.g. O(N) case on Handout 2, or O(2) case above.
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Thus

Jre = (0,6) T (4.2.22)
so here ¢, is not mixed with ¢,. In QFT
~ d3k N

for O(2), since there are only two fields, where we have

" d*k 1 —ikx At ikx
P~ | <Aje +Aje ) (4.2.24)

So, for a d-dimensional representation

d
=i 4 (0ue;)" 5 (4.2.25)
7j=1

i.e. there is no mizing. Here the ¢; are the eigenvalues of T%, and are essentially the definite charges assigned
to the j* field.
To identify the charge eigenstates of charge Q¢

(i) Diagonalise the generator: T = VTV ™1,

1 se to choose new fields ¢ = so the ¢; fie components have definite charge q; — the j
ii) Use U h fields ¢ Vo he ¢; field h defi h i he jth
eigenvalue of T where
(Ta)ij = q]‘(sij (4.2.26)

Note that this works for non-Abelian symmetries where one can specify an normalisation for the genera-
tors without any problems. The different ‘normalisations’ allowed for the generators of abelian symmetries
which correspond to the different physical charges and representations may require extra care . However
the basic principles regarding diagonalisation of the generators apply in this case too.

The simplest and one of the most important examples is provided with the O(2) scalar model, and its
relationship with the U(1) scalar field, i.e. real vs. complex representations of a simple complex scalar fields.
Following the steps above we find that two real scalar fields with an O(2) symmetry can be rewritten as
follows. The generator of the symmetry of the real fields (11.2.6) can be diagonalised as follows

T1:<(1) _01> = V.Tiv! (4.2.27)

vV = ;2@ i) (4.2.28)

Note that the eigenvalues of the T matrix are real but its eigenvectors are not. Thus we have to use complex
combinations of real fields when working with this diagonalised basis, and the new vector ¢ is a complex

doublet ) 5 5
1+ 102
P=Vo= NG ( ib1 + o ) (4.2.29)

Of course we can not start from two real fields and end up with two independent complex components of
¢ and indeed we see that ¢; = (—ig,)*. We could write our O(2) Lagrangian (4.2.1) in this new complex
doublet

L= 9) 0,6 - V(3'p) (1230)
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noting that we have to upgrade the transposes of vectors to full hermitian conjugates. The Noether current
would then be diagonal in this field basis

T o (0,1) b1 — (002) T s + (hc) (4.2.31)

This clearly shows that the particles represented by the first field component ¢, have charge +1 relative
to a -1 charge of particles of the second ¢, field. These complex combinations are then called charge
eigenstates. Generally we would expect to be able to measure particles of definite mass, mass eigenstates,
and particles of definite charge. The fields which describe them must have no quadratic mixing terms in their
Lagrangians for the first to be true, and no mixing terms in the Noether currents for the second. Thus while
the real fields are mass eigenstates, they are not charge eigenstates so if we observes two scalar particles of
equal mass and opposite charge, we should relate the physical particles directly to the two components of
the complex doublet which are both mass and charge eigenstates®.

However, while the general principle of diagonalising the generators and rotating the fields to find the
mass and charge eigenstates, the normal physical observable fields, the simple O(2) field is also illustrating
another common idea. In this case we saw we had to take complex field combinations for the charge
eigenstates. However, by exploiting the relationship between 51 and 52, we can represent everything in
terms of a single complex field and its complex conjugate

o = (¢1+z¢2) Pf = 7(@51—2@) (4.2.32)
-¢ = (z@) (4.2.33)
L = (0").(0,0) - V(20'®) (4.2.34)
J o« (9,8) @ — (9,0) ot (4.2.35)

Note that the factors of 2 and /2 in the relationships between standard definitions of real and complex
fields come from the demand that V was unitary. This in turn has led to factors of two difference between
the standard mass and kinetic of standard real and complex field Lagrangians (4.2.1) and (4.2.30).

What has been illustrated for the simple O(2) or U(1) example is the idea that a group representation
may not be reducible when it is limited to transforming real vectors, but it can become so if we alow it to
act on complex fields. Note that the diagonal generator 7! produces a diagonal two-by-two matrix for group
elements, showing that in terms of the complex doublet ¢, the doublet O(2) representation is reducible. Of
course we have no more and no less information in the single complex field than we had with two real fields
we started from. In this case thought one representation displays the physics in a more obvious way, the
complex ® field and its conjugate are mass and charge eigenstates.

4.3 Charges in Non-Abelian groups

To find charge eigenstates, we must find one V, giving rise to one set of fields ¢ = V¢, which diagonalise
the T%. However, we cannot diagonalise all the T® with one matrix V. The maximum number of T® which
can be diagonalised simultaneously is the rank of the group G, r = r(G), and these diagonal generators
form a Cartan sub-algebra:

{C} c{T*} a=1,...,dim(G) a=1,...,r (4.3.1)

5There are two important cases where despite the symmetry of the problem, the physical particles may not be simply be
given by the mass and charge eigenstates. First is the case of symmetry breaking, to be discussed in chapter 5. The second
is where we can not diagonalise both the mass matrix and the symmetry generators at the same time. This leads to particle
oscillations such as are seen in the kaons and recently in the neutrinos. The meaning of ‘particle’ then becomes confused and
can only really be tackled within QFT, see for example [?].
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and _
[C‘i, Cb] —0 ab=1,. .. .r (4.3.2)

These can be diagonalised simultaneously.
The {C‘_l} generate a sub-algebra, and subgroup, of G. Let’s assume we put the C® into diagonal form

C" using V as above: )
C* =vcav! a=1,...,r (4.3.3)

We see that in a complex representation
ez‘eafrﬁ P,

d P — 6z’saC b — eiEaCQQ P,

—=a

. 0C2. . _ —a - —a D
i.e. each component transforms as e?%ii for a given @ and C*, c.f. & — ¢?9®. So, Cj; (which is not to be

interpreted as a summation over the repeated index ), is the a™® charge of the j*" field and we say that the
field, or particle, ®; is a charge eigenstate, with charges Ejl-j and C?j (again, noting that the double j is a
label, and not an implicit summation).

Example 5 U(3) 2 U(1) x SU(3) flavour symmetry: u < d < s quark (approximate) symmetry.

An approximate global symmetry between the three lightest quarks (of QCD) is a global U(1) and
a global SU(3). That is if the three lightest quark flavours (up, down, strange) were massless (they are
approximately) and if you ignored the other (weaker) interactions, they have the same properties under the
strong forces. Put more simply, for massless QCD with no other forces present, there are no processes which
change the flavours of the quarks. Thus I would expect the number of up, down and strange quarks to be
conserved separately.

Thinking of the u, d and s quarks as scalars,

P,
b=\ Py (4.3.4)
P
we would be working with a theory of the type
L=®0°® - V(| (4.3.5)

The internal symmetries are unchanged by writing this using fermion fields (bosonic/fermionic nature of
particles is linked to the space-time symmetry).

Let us look at this in the language of generators of the global symmetry. The maximum number of
generators which can be diagonalised at any one time (the dimension of the Cartan subalgebra) is the
number of conserved charges that EVERY particle carries. U(1) has one generator and this can always be
chosen diagonal (it commutes with everything so its always part of the CSA). For reasons to be mentioned

below its chosen to be Cazl

(L o0
~lo1o0|=1° (4.3.6)
001

The U(1) symmetry is just baryon number and is an exact symmetry as far as we know. Each quark has
baryon number 1/3 rather than 1 because we found quarks after Baryons!
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SU(3) has dimension 8 and rank 2 so there are then two approximately conserved numbers for the
SU(3) symmetry. Traditionally for the three-dimensional representation (we have three quarks) we use the
Gell-Mann matrices in which the diagonal matrices are chosen to be:

(v 00 ., 1 ([t 00
¢ =—1(0 -1 0|=T C""=——1|01 0 |=T18 (4.3.7)
v2\o 0 o 2V3 g o —2

T3 gives you isospin component of the quarks, which is proportional to the number of up quarks minus the
number of down quarks. 78 is then proportional to the number of up plus down minus twice the number of
strange. This is an odd combination which has no special name. We thus have

Particle H 370 ‘ V2T3 ‘ 2/3T8

U +1 +1 +1
d +1 -1 +1
s +1 0 -2

In this basis these three conserved numbers seem a bit strange. However any linear combination of
the conserved numbers will also be conserved. It corresponds to working in a different basis in the Lie
Group/Algebra. Then you can quickly show that the three conserved numbers are equivalent to conserving
the number of each quark flavour individually, i.e. we can work with a basis in which we choose

5 ) 100

T4 =T+ —T3=10 0 0 (4.3.8)
2 V2 000
5 ) 000

T4 ="70—- —_T3=[0 1 0 (4.3.9)
2 V2 000
000

T8 = STO—\/gTSZ 00 0 (4.3.10)
V2 00 1

Thus when we talk about an up quark we are rally also saying it has plus one up charge under the 7"
generator but also zero charge under the 7% and T generators and that we are discussing this in a basis
where the diagonal generators were chosen to be T%, T T*. That a strong force theory which approximately
conserves quark flavours® can be represented by an U(3) globally symmetric theory of the type (4.3.5). We
can choose to talk about quark flavours, using the 7%, T, T* basis. Thus an up quark would have charges
u = 1,d = s = 0. One the other hand the standard Gell-Mann basis the up quark would be characterised
by a baryon number 1/3, isospin (7%) +1/2 and a T® charge of 1/[2+/(3)].

In fact one would more normally encounter a third basis of Baryon number Isospin and Strangeness,
T9, 73, 7% and this is what is given in the particle data book. Why? Historical reasons. Its much less
sensible than the other two bases given here!

5This is appropriate for massless quarks in part because we can ignore mass differences between the quarks if we are looking
at higher mass scale problems i.e. the quark masses and hence their differences are small. In practice the global flavour
symmetry discussed here is broken in part by the generation of mass for the quarks using Electroweak Higgs physics. That
mixes flavours, and allows quark flavour not to be conserved. As this is a weaker force, in some circumstances this is a good
approximation. However the fact it is approximate does indicate that the idea that there are quantum states which are pure up
with (approximate) charges u=1,d=0,s=0, and which is what we mean by an up quark, is fundamentally flawed. Such states
do not really exist exactly but they are a very useful and reasonable approximation in many circumstances.
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Overall however we look at it though, there are three observable charges and six irrelevant Noether
currents (that is, we cannot see them).

g
Trivial Representation
u=1 & T"=0 & d =9 (4.3.11)
(This makes sense only if the other fields in £ change non-trivially.) Thus
’ u=1 & particles/fields ® have zero charge. (4.3.12)

Abelian Symmetry U(1)

Here we encounter problems because the generators cannot be normalised relative to one another. There is

nothing like Tr {T“Tb} = %5“1’ since, if we impose this on ® — eT® and choose T' = -, we would miss

4 V2’
the possibility that another field was invariant under n — e*9Ty.
See examples in questions 1 and 2. The interactions force the relationship between phase factors. So

here, Ty, = %, T,=2> %, and we have charges ¢ = +1 and n = +2, under this U(1) symmetry.

e We can only get extra factors of 2 with Abelian.
e Non-Abelian sets diagonal.

e Only ask free fields questions.



Chapter 5

Breaking (Global Symmetry

If a theory has a continuous symmetry, then we see that this is related to certain patterns in particle
properties, e.g. equal masses, coupling constants, patterns in charges. However, is the link between symmetry
of a Lagrangian density £ and particle properties always so simple, always true?

The answer is no! For example, the hydrogen atom in QM shows approximate rotational symmetry. The
ground state and all other s-wave (I = 0) solutions are rotationally symmetric. However, most excited states,
such as the I = 1 p-wave solutions are not. One might speculate that the lowest energy states always show
full symmetry. However this statement is not generally true and this is the subject of symmetry breaking
in QFT. A counter-example to this second statement is a ferromagnet.

Example 6 Symmetry breaking and ferromagnetism.
Consider a lattice in space, each site labelled by n, each with a spin which can point in any direction.
These spins are given by a d-dimensional vector S(z,,) at each site x,,. The QMHamiltonian is

H= > > > dSi(an) - Si(zn,) (5.0.1)
directions p sites n i=1

where x,,, is the position of the site next to site n in the p’th direction. If we have one-dimension and
|S| = 1/2 we have the Ising model. If we rotate the vector of real spins by the same amount at every
lattice site n, which is done using a d-dimensional orthogonal matrix U, then we see this is a symmetry

H[S] = H[U.S] U € O(d) (5.0.2)
In terms of the physics there are two regimes:

e T'> T, at high temperatures there is no net magnetisation as all spins are randomly aligned as there
is no special direction for the spins picked out by the Hamiltonian H. Equivalently, all directions are
equivalent in the problem, we have O(d) rotational symmetry;

o T' < T, all spins line up to give a net magnetisation.

Thus at temperatures below a critical temperature T, the system settles into a state, and so the lowest
energy state, which picks a direction. Yet all directions in the d-dimensional spin space are equal hence the
O(d) symmetry in the theory. O

This is an example of symmetry breaking — where a ground state does not show the full symmetry
seen in the dynamics, as specified by a Lagrangian £ or Hamiltonian H.!
There are three types of symmetry breaking.

In QFTinitial developments assume that like the high temperature Ising model <O )¢’ 0> =0=¢,.

47
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(i) Ezplicit symmetry breaking
L =L+ Loman (5.0.3)

L1 has a big symmetry by itself but Lgnan reduces this to a smaller symmetry (e.g. fewer generators)
but this part has small coefficients. Thus the dynamics tends to show the consequences of the big
symmetry with some small deviations due to the Lgpa. This is only a useful approximation scheme.
E.g. u, d quarks have nearly the same mass so

Lesman = Am(tu — dd) L1 =m(au+dd) = plyp, b= (Z) (5.0.4)

where u = u®(z), d = d*(z), are space-time fermions (i.e. they are fermionic fields similar to those
which satisfy Dirac’s equation, see ¢*(z) in chapter 8.). The £, has a U(2) ~ U(1) x SU(2) flavour
symmetry in strong interactions. For instance the three pions are bound states of different combinations
of u and d quarks and they all have approximately the same mass. However, Lgp, reduces the exact
symmetry to the smaller U(1) x U(1) symmetry, under which each fermion field is transformed by
a phase independent of the phase of the other field. With this term, we’d expect small deviations
from the predictions made using the big U(2) symmetry of order Am/m. This small mass differences
between the pions will in part be of this order.

(ii) Dynamical symmetry breaking

Here non-perturbative effects break symmetry seen in the Lagrangian £; e.g. chiral symmetry breaking
in simple QCD models such as the Nambu-Jona-Lasinio model.

(iii) Spontaneous symmetry breaking (SSB)

The shape of the classical potential terms suggests the ground state is not zero and is not invariant
under all symmetries of L.

5.1 Spontaneous symmetry breaking

How do we find the classical ground state — the lowest energy state? Let us work with a simple field theory
of a d-dimensional vector of scalar fields ¢; ¢ = 1,...,d where the Lagrangian is

L= % (9u60)% — V(60) (5.1.1)

First we have to find what field configurations minimise the kinetic energy terms, in \8M<b,~(w)|2, in L.
However, £ is not total energy but the difference between the kinetic and potential energy. Thus, the lowest
energy state is best considered using the Hamiltonian, which is the total energy, i.e. (here m; = ¢;),

H = (m)? + (Vi)® + V() (5.1.2)

The derivative terms — the kinetic terms — are positive semi-definite in the Hamiltonian. Hence the lowest
possible energy in the classical theory comes from a solution where the field is space-time independent, i.e.
we demand that the ground state solution, ¢, is fixed by

Oupy =0 (5.1.3)

This consideration applies to all fields?.

20f course most materials at zero temperature are found crystal form. Such a lowest energy solution is not invariant under
space-time does not respect.
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Having found the minimum of the kinetic terms, all that remains is to find the minimum of the potential
terms V(¢;) i.e.

ov

—0 (5.1.4)
9%i | 5= g,

For definiteness let us consider a specific model with a global O(d) symmetry, i.e. where the potential is
a function of |¢| only,

L— %(am)(au@) ~V(e)) i=1,....d (5.1.5)

For instance a typical choice would be

1
V(z) = §m2x2 + Azt (5.1.6)

There are then two cases to consider?, a) m? > 0 and b) m? < 0

(a) m?> >0, A\>0

In this case m is simply the mass of the d scalar particles. More generally the mass is related to the curvature
of the potential near the vacuum solution i.e. the second derivative 92V// 0¢;i¢j|g,- For the case of d = 2 we
observe that the potential is approximately quadratic near the origin but for large |¢| the |¢|* interaction
dominates

\%
higer eneey——|——
oscillations.> -, 0,
o U

rotational symmetry = field symmetry

In general, we note
e the system exhibits rotational symmetry, which is equivalent to O(d) field symmetry of L.
e the ground state is ¢g = 0.

(b) m2 <0, A>0

In the d = 2 case, we note that, since |¢p|* < |¢|? near the origin, then the potential has negative curvature
in a neighbourhood about the origin, but turns up again for large || where the |¢p|* interaction dominates.

3X > 0 is necessary or the theory will not be stable.
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Generalising to dimension d,

e ¢, = 0 is now a maximum and an unstable solution which is related to the fact that m? < 0, i.e.
Vm?2 € Im (5.1.7)

m is imaginary and thus cannot be interpreted as the mass of a stable particle.
In fact, in general, imaginary mass terms imply that we are we looking at either unstable solutions
or perturbations about such solutions. since exp{=+iwt} = exp{*xt} where K = /—m?2 — k* € R for

e The minimum of V is then at
ov

0=— =m?¢; +4\g; |p|? (5.1.8)
O
which gives either the previous solution, ¢; = 0, a local maximum now, or a true minimum at
2
2 m
=—— 5.1.9
o = - (5.1.9)

l.e.

v=|¢| = \/—Zf eR (5.1.10)

Since it is only the modulus that has been constrained, we observe that

(5.1.11)

are all possible minimum energy ¢ values, where eg is any unit vector. That is, we can choose
eo = (1,0,...)T. Here, U is an O(d) symmetry matrix, where UUT = 1.

e Remark The rotational symmetry is simply the rotations of in the d-dimensional internal space of
the fields, an O(d) symmetry. Furthermore, m? < 0 = ¢ = 0 is unstable to small fluctuations, while
for small fluctuations around ¢,,;, = Ug,, ¢, = Uey is stable.

e We can see that there are many equally good vacua, all related by symmetric transformations U. So,
if ¢p is a vacuum, then Ug, is also a good vacuum where

L[U¢o] = L[] (5.1.12)

In general, Ug, # ¢, for some U € G. In fact for the O(d) case only the rotations about the axis
through e = Ueg leave ¢ invariant.

e An actual vacuum state in a real physical realisation of this theory picks one ¢,,;, since ('bmin = 0;¢p = 0.
We cannot choose a different ¢,y at different @ or ¢. (As temperature decreases with increasing time
in the early universe, particles cannot all “line up” with each other.)

e Note here that the fluctuations about any vacuum satisfy

a) Considering the radial components (i.e. ¢ = ¢ = Pradial, L = %(qﬁr — Gmin)? + (..):
0*V
957 >0 (5.1.13)
d)r @=¢min

implying a positive mass.
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b) Angular fluctuation (¢ = ¢yp)
o?V

— =0 5.1.14

if and only if the mass is zero.
The zero mass of fluctuations in the directions of symmetry transformations

¢min - U¢min = d)min + 6¢min (5115)

must be the only flat direction in potential energy. Because of the continuous nature of the
symmetry, this occurs if and only if the mass is zero.

The Vacuum Expectation Value in QFT

Finally, let us note on how these vacuum solutions appear in QFT. Our solutions ¢,,;, appear as the
vacuum expectation energy, vev, namely

<0 )2&‘ 0> = ¢ + O(h) (5.1.16)

Another way to view these vev’s and a useful point of contact with condensed matter physics comes
when we look at the nature of the vacuum solution in QFT. We have that | <0 B ‘(2)‘ OB> | = v which tells

us that the true vacuum |0g) is full of charged ¢ particles and anti-particles. For instance, try calculating
the vacuum expectation value of a free scalar field (real or complex) using the vacuum annihilated by the
annihilation operators used to construct the free fields and the vev is trivially zero. Thus the empty quantum
vacuum state in the SSB case can not this empty vacuum state but has to be one full of particles so that
the annihilation operators do not destroy them. Such a state has a non-zero vev even for free fields but we
will not construct it here. Thus a vacuum for a theory with SSB is full of virtual fluctuations but it is now
also contains a condensate of real physical particles. For instance Bose-Einstein condensation can be
described using the language of SSB in QFT.

5.2 Goldstone’s Theorem

To study SSB mathematically, we first realise that we wish to quantise small field fluctuations about the
lowest energy solution.
Remark In QFT, we assumed without comment that the classical vacuum state satisfied

Pmin = <0 M 0> =0 (5.2.1)

We then see for the first time the key trick of QFT which is to study classical fluctuations about one vacuum
solution and later quantise these fluctuations.
Consider the theory of ¢;(z) € R, i =1,...,d, with Lagrangian

1
L= 3 (0u0i)” — V(1) (5.2.2)
and symmetry group G = {U} such that
V(Uep) = V() uut =1 UieR (5.2.3)

Consider a solitary vacuum solution ¢, d,¢y = 0. Performing a Taylor expansion of V(¢) about ¢y,
i.e. studying the new field

n(z) = ¢(z) — ¢y (5.2.4)
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yields
ov 1 o*V
1% = Vigo) + (b —b0) m1| + 5 (¢ — 0i) (¢ — 0j) 75— +0(n* 5.2.5
@) = VO + (-0 gg| +5 6= 65 -0m) gige| 06 629
where, since @, is a vacuum, or minimum,
‘;—V =0 (5.2.6)
P lg—g,
so that ] ]
L= 0um)" =V (o) — 5m (M), +O(n°) (5:2.7)
where 92y
M) = ——— = (Mass)? i 2.
( )U 36:95; o (Mass)“ matrix (5.2.8)

and the eigenvalues of M? tells us about masses of particles.
Symmetry then tells us that V is invariant under any symmetry transformation of a field, i.e. 6V = 0 if

¢ — ¢ + 5¢ under symmetry. Looking at small transformations* we see that
0=0V = g:; -3¢ + O ((6¢4)?) (5.2.9)

This is true for any ¢ and any small symmetric transformation, not just for the minimum field solution.
Thus we can differentiate with respect to the field ¢;,

0?V oV 0 (0¢y)
0= 00 + Vo (x 5.2.10
Evaluating at ¢ = ¢,,;,, we find
_ v §(min) . (5.2.11)
8¢Za¢j ¢:¢min Z -
where 6(™) ¢, is a small transformation of the minimum value. Under ¢ — U¢ then
5(min)¢i = Ud)min - ¢min (5212)
where '
U=¢eh A=eT%c A (5.2.13)
and if |¢*| << 1 then
50 Gy = iAyn + O(c2) (5.2.14)
Thus
(M?) (A i) = 0 Ve << 1 (5.2.15)

Since A, is some vector, what we have is an eigenvalue equation for the mass matrix, M2e = \e, with
zero eigenvalue A = 0 provided e = A¢,,;, is a non-zero vector. So for certain algebra elements, we can
deduce the existence of zero eigenvalues of the mass matrix and thus the existence of zero mass particles.
Let us be more precise and quantify how many zero eigenvalues there are.

The key to this is to see that the elements of the symmetry group and algebra are split into two types,

a) U¢rnin = ¢mina A¢min =0 Unbroken (5216)
b) U¢min 75 d)mina A¢min 7& 0 Broken (5217)

4These are ones close to the identity element, so it can only be parts of the group generated by generators of a Lie Algebra.
The following argument can not be applied to discrete symmetries.
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5.2.1 Broken and Unbroken Generators
Unbroken symmetry

Let us start the algebra elements A’ which act on the minimum field solution to give zero and denote them
with a prime

A, i =0 (5.2.18)

These are the algebra elements which give us no information about the mass matrix according to (5.2.15),
but we must first learn how to remove these cases. It is best start by thinking of the corresponding Lie
group elements, U’ = exp{iA’}, which leave the vacuum invariant i.e.

U/¢min = ¢min (5219)

We'll denote the full set of all symmetry elements satisfying (5.2.27) as H so this is a subset of the full
symmetry group. It is quick to see that this set, H, is also a group in its own right. The key property
required is closure within H.

Let Ulla U/2 cH = Ull(bmin = ¢min7 U/2¢min = (bmin (5220)
= U,2U/1¢min = ¢min (5221)
= UVl e H (5.2.22)

So H is a subgroup of G which, because of equation (5.2.27), is called the stability group or the little
group. H is the group of unbroken symmetry, since both the Lagrangian and the lowest energy solution
@ min 1s invariant under these symmetry transformations.

Now let us return to the arguments above given for small group elements, which led to (5.2.15). De-
pending on the details of the problem, depending on the form of ¢, G etc., it is quite possible that the
stability subgroup H of the full symmetry group G may not be a Lie Group. In such a case there are no
generators associated with it, no continuous parameters and (5.2.18) is never satisfied. In this case we can
go no further with the unbroken symmetry case and (5.2.15) always non-trivial.

However suppose that the subgroup H is a Lie group. Then group elements connected to the identity of
the the group H are generated by elements A’ of an associated Lie Algebra® Ay, and the algebra elements
satisfy (5.2.18). In the usual way, all the Lie algebra elements can be represented as linear combinations of
generators, which we will denote by T’ A with A = 1,...,dim(H), a complete basis set for the sub-algebra
H. The definition of the unbroken algebra elements can be summarized through their generators as

T =0, A=1,... dim(H) (5.2.23)

The dimension of H is just the number of basis elements of the algebra as with all Lie groups. We say that
the {T' A} and the A’ they generate destroy (kill or annihilate) the vacuum and generate a subgroup of
symmetry transformations which leave the vacuum invariant.

The generators we use for the unbroken algebra, T A heed not be equal to any of the original generators
used to define the original algebra Ag of the full symmetry group G, which we can continue to denote as
T%a = 1,...,dim(G) without a prime and with a lower case index. and they may not be be part of a
different one than the one we choose for G initially. One may need to perform a simple rotation and change
of basis. We can express this in the usual way as

dim G
T4 =) T (5.2.24)

a=1

5Tt is straightforward to show directly from (5.2.16) that the unbroken algebra elements defined by (5.2.16) do form a Lie
algebra.
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G
/N G
change of

basisto
T1 + T1 1

Though we don’t have to, it is normal to choose the unbroken generators to be orthogonal and we shall
assume that this is done from now on, i.e. in addition to (5.2.27) we shall choose

1
Tr {T’AT’B} = J0an (5.2.25)

z
Broken generators T”

While the {T'} form part of a perfectly acceptable basis for the full algebra Ag of the full symmetry group

G, they are usually incomplete. The broken generators, { T ’Z} are simply the remaining basis vectors needed
to span the Lie algebra of the full symmetry group G, so they do not annihilate the quantum vacuum

T"? ¢, 5 # 0 (5.2.26)

By definition then, the {T”} generate a subset of Lagrangian symmetry transformations which change the
vacuum

U” = exp{iA”}, U"¢min # dmin (5.2.27)

The subset U” do not form a group! In particular the identity 1 is not a broken element. The number of
broken generators though is just that needed to complete the basis for the full algebra. So there are

b=g—h=dim(G) — dim(H) (5.2.28)

broken generators. It is usually best to choose an orthonormal basis for the algebra generating the whole
symmetry group G so we will add orthonormality to the requirements

Tr {T’AT“Z} ~0 Tr {T”YT”Z} - %5” (5.2.29)

The first condition ensures the broken generators are independent of the unbroken ones, the latter is simple
orthogonality within the broken generators.
. nz
We can exponentiate the broken generators to get group elements U” = e=”T"" € @ which satisfy

U/,¢min 7& ¢min (5230)

However, unlike in the unbroken sector, the broken generators need not form a subgroup of G.

Masses and Goldstone’s Theorem

Having split our group and algebra into the two relevant parts, we can now return to our analysis of the
masses using (5.2.15). We now see that we have

M2T%,;, = 0 (5.2.31)

in the original basis for G. However the full information only comes in the broken/unbroken basis
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a) Unbroken case
MQ(T,A¢min) =M2.0=0, A=1,...,h=dim(H) (5.2.32)

no information about eigenvalues

b) Broken case
MQ(T”ZQ‘)min) =0, Z=h+1,...,h+b=dim(G) (5.2.33)

zero eigenvalues for every T”.

Note how it is important to work in terms of a complete basis of independent generators to ensure we don’t
over count equations. We can now quote Goldstone’s theorem

Goldstone’s Theorem
For each broken generator, there is one distinct massless scalar mode. (5.2.34)

These massless scalar modes are called Goldstone bosons. Their number equals the number of broken
generators, b, which is the difference between the dimensions of the full and unbroken symmetry groups.
The proof given here is purely classical. However, the real power of the theorem is that it holds exactly in
QFT (no perturbative approximation). There are not many results in QFT which are exact.

To summarise, to identify the masses of scalar particles coming from a scalar field involved in the breaking
of a global symmetry involved in one must first find the unbroken generators. From this one deduces the
number of broken generators and hence the number of Goldstone bosons. Finally, if the field was real and of
d dimensions, this tells us that the remaining d — b = d — g + h scalar particles will remain massive. These
are the Higgs particles.

5.2.2 Examples of global symmetry breaking
Example 7 Global symmetry breaking in O(3)

Consider a theory of three real scalar fields, ¢;(z) € R, i =1,2,3 =d = N, described by the Lagrangian
is

L= % (Outi)” — V(dis) (5.2.35)

This is invariant under transformations by orthogonal 3 x 3 real matrices U.u? = 1,U;; € bbR, i.e. G = O(3).
This group comes in two pieces depending on whether a reflection is included in the matrices or equivalently
on the sign of the determinant det(U) = +1. The special group elements, those with det(y) = +1 form the
Lie Group SO(3), all of whose elements can be described in terms of the generators of the associated Lie
algebra. A suitable basis is given by 15 = %5‘”7

L (0 0 0 L [0 0 —i L [0 +io0
Th=5 (0 0 i =510 0 o0 T=2(=i 0 0 (5.2.36)
0 —i 0 +i 0 0 0 0 0

These ensure the group elements are real as required. We can also see that each generator has one row and
column zero and the remaining is the generator of SO(2), (an infinitesimal rotation about one axis while
mixing the other co-ordinates). We have also chosen them to be orthonormal in the usual sense

Tr {T“Tb} - %5@ (5.2.37)

Suppose the potential V' in (5.2.35) is such that the minimum is at
Prin = vE e-e=1 (5.2.38)
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For instance, if we had
1
V= 5m?qbQ + \p? (5.2.39)
with m? < 0, A > 0, we would have the vacuum solutions at v = \/—imTQ.
Any three-dimensional unit vector e will give a good lowest energy solution so suppose we study the
case of

e=| L (5.2.40)

The task is to find the masses of the physical scalar modes.

1. Finding the unbroken generators.
Consider a general element A of the Lie algebra A of the full symmetry group G

A=c1T1+cTo+ce3T3€ A, (5.2.41)
with real coefficients ¢, € R.® For unbroken generators we require

v 0 +ic3 —icy 1
0=Ave) = | ~ics 0 iey | |1 (5.2.42)
+i02 —iCl 0 0

This yields three equations for three unknowns. In some cases, these equations may not be linearly
independent, which would indicate there is more than one unbroken generator. Here, we find just one
unique solution

=0 ch=c? (5.2.43)
Thus there is a single unique unbroken generator, which we define as

1

T/
V2

normalized in the usual way (5.2.25)7.

2. Finding the remaining, broken, generators.

The Lie algebra A is three-dimensional and we have defined one basis generator, T Counting now tells
us that to complete the basis two more generators, the broken generators, are needed. Thus there are
two broken generators and so there are two massless scalar modes/particles.

Often we don’t need to find them but lets do so here. We have to search for two new generators, and it is
easiest to stay in an orthonormal basis so we search for T’ 1z, By analogy with simple vectors in (z,y, 2)
space, if e;, e, and e, are unit orthogonal vectors then

1 1

ﬁ(em +ey) \ﬁ(em —ey) e (5.2.45)

are also orthogonal unit vectors. Thus we can choose
1
V2

5Note that c, = ¢, that is we have a flat metric.
"Check using known the algebraic properties of the original T*’s (5.2.37).

T2 — (T1 — Ta) T3 — T3 (5.2.46)
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for orthonormal basis generators in the broken part of the algebra. We can see these satisfy the orthogo-
nality conditions (5.2.25) and (5.2.29) by using the properties of the original generators (5.2.37) and we
do not need to multiply out three-by-three matrices.

Thus for our theory with a global G = SO(3) symmetry we find that symmetry breaking leaves us with
one unbroken generator. This can only generate the Lie group SO(2) as it is the only group with one
generator. So the stability group H = SO(2).8.

3. There were three degrees of freedom in the original model, the three scalar particles associated with
the original scalar field. Thus after symmetry breaking the system must still have three distinct spin-0
modes for transferring energy, momentum etc. through the system. We have identified two massless scalar
particles, the Goldstone particles demanded by Goldstone’s theorem as we have two broken generators.
The third mode will just be some massive mode (e.¢ in fact), a precise value can be calculated from the
potential, but we’ll postpone this for a moment.

We have thus determined the number of unbroken symmetries to determine the number of broken
symmetries, and therefore the number of massless particles. We did this choosing the vacuum (5.2.40).
However, the choice of (5.2.40) was given to illustrate the way one can change basis in the Lie algebra.

However, there are better ways to extract the physics. First we could have chosen a different vacuum
as all unit vectors e are equally good. It would make sense to have chosen one which avoided the need to
change basis in the Lie algebra. For instance by inspection we see that e = (1,0,0) ensures that rotations
about the number one axis leave this invariant, i.e. T = T ! is the unbroken generator, and we can then
choose T2 =T?2 T3 =T

Perhaps I perversely insist on using the vacuum given. In some physical problems there may be other
issues that require us to stay with this choice. Then we can still simplify the analysis by exploiting the
symmetries of £ and working in terms of new transformed fields ¢’ defined as

pr— ¢ =Uop Ueo(3) (5.2.47)
and we choose U such that ¢/ is easier to consider than ¢, ;,

1
=00 (5.2.48)
0

Its a good idea in general to see if the symmetries of a problem can be exploited to make the analysis
simpler. One loses nothing in making a change of field variables using symmetry transformations.
O

5.3 Charges and broken symmetry

In a theory with broken symmetry, the consequences of having some unbroken symmetry are just as before.
The usual symmetry considerations given in section (4) now apply but just for the stability group H. Thus
particles with the same mass and related interaction strengths must fall into irreps of H, and they will have
charges associated with the diagonal generators of the unbroken algebra. In particular the Goldstone’s and
Higgs, since they have different masses, must fit into different representations of H.

8We are ignoring the structure of the little group a long way from the identity. For instance it is not clear from this analysis
if any of the original O(3) group elements containing reflections, det(U) = —1, are broken or unbroken. However, such questions
are not relevant to the question of the masses as the central result (5.2.15) is only concerned with Group elements near the
identity.
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Example 8 Irreps in broken global O(3)

We saw above that we got one massive Higgs particle. The only one-dimensional irrep of the unbroken
H = S0(2) is the trivial representation. Thus this particle is unrelated to any others by symmetry and
must have SO(2) zero charge. The two Goldstones though must fit into the usual two dimensional irrep
of SO(2). Thus we can find that if we write them as a complex field and its conjugate we have a pair of
charged Goldstones, a particle/anti-particle pair. O

5.4 Scalar fields as matter or Higgs fields

Note that scalar fields can play two roles. The scalar fields with vevs are centre of SSB. However any scalar
field with zero vev is just a simple matter field, a spectator to the symmetry breaking. That is not to
say that simple matter fields are no effected by the SSB. We start with them in representations of the full
symmetry group GG when we write down the Lagrangian £ but the physical modes must lie in the smaller
representations of H after SSB.

Example 9 A Matter field in broken global O(3)
Consider a theory where the Higgs field involved in SSB is the three-dimensional ¢;(z) e R,i=1,...,3,
as before. Suppose we add a second scalar triplet n;(z) with Lagrangian

L= 5060 + 5 @) ~ V(19D — Vy(ln) — a(m)” (5.4.1)
A careful study show that the last term forces the symmetry group to be G = O(3) as before where the
symmetry transformations are ¢ — U¢ and n — Un with the same three-dimensional group element U. If
we keep the ® mass squared negative but the n fields mass squared positive, we can find solutions where
only the ¢ has a vev. Suppose for simplicity we choose this to be equal to (1,0,0)v. Then we note that the
g interaction forces a correction to the n; mass term of

—g(¢.1)? = gv*(m)? + O(cubic,quartic) (5.4.2)

That is the three n fields also splits up into a singlet, 77 of mass squared m% + 2gv? and a doublet, 1, and
n3 of mass squared m% They are in two distinct irreps of H = SO(2). Without detailed calculation we can
guess that in terms of observable charges, 71 must be zero charge, while the 72 973 fields are the £1 charge
eigenstates.

O



Chapter 6

Local (Gauge) Symmetry

In chapter 4, we studied global field symmetries where the same transformation was done to the field at
every point in space. If we allow the transformation to differ from point to point and it is still a symmetry
of the Lagrangian, then it is a local or gauge symmetry

F— F(z) = U(z).F(z), 0"U(z)#£0. (6.0.1)

It will turn out that this is required to describe photons and other “force carrying” particles — the W+ and
79 of EWmodel, the eight gluons of QCDet cetera. More precisely, when this symmetry is present we have
fundamental particles called gauge bosons. However when the relevant symmetry is a non-abelian groups
the gauge bosons mediate the force but now also feel the force themselves like any other particle of matter.
The gluons carry charges associated with their non-abelian symmetry while the photon of electromagnetism
has no electric charge, related to an abelian local symmetry, and interacts only with charged matter fields,
not with other photons. Thus local symmetry leads us to new types of interaction and ones that are vital
to understand the standard model of particle physics. The gauge bosons have spin one and this is related to
their space-time symmetry properties where the corresponding field transform like a Lorentz vector. Thus
they are also called vector bosons.

6.1 Local Abelian Symmetry

We have already seen theories with abelian global symmetry such as
ﬁglobal = |8,uq)’2 - V(|®D (611)

where the single complex field ®(z) € C, has global U (1) symmetry (a phase symmetry). How do we change
Lglobal to make it invariant under local U(1) transformations, i.e. under

®— &' (z) = @d(z) 7 (6.1.2)
The potential V' remains invariant, since |®’| = |®| under local or global phase transformations, but the
kinetic terms are now a problem. In local case
(0,®) — (9,9) = € [(9,D) + i (0,0) - @] (6.1.3)
Thus
(0,8) (81 ®) —> [a,gﬂ —i(9,0) - qﬂ ["® + i (90) D] (6.1.4)

= (0,9) (0"®) + (9,0) [4@*(0%) + i(@“be)@]
+((8"6)(0,9)) || (6.1.5)
61
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Only for a global transformation where 0#*U(z) = 0, i.e. 90"8(x) = 0 do we get invariance.

To find a Lagrangian invariant under local phase transformations, we will try a very pragmatic approach
and will just try replacing d, in the Lagrangian with a new operator D, = 0, —iB,(x) where B, () is to be
a new real field.!? Thus we want |D#®|? to be invariant. The idea is that the new field B,, will transform
under local symmetry transformations in such a way as to compensate for the extra 0*6 terms in (6.1.5).
To determine a suitable transformation rule for By, and hence D,,, suppose B,, — BL, then

(Du®) — (D}, @) = (9, — iB},) (<"®) (6.1.6)

We could then stare at the proposed kinetic term and its gauge transformed form, taking care to note the
presence of B, in the D, field, and demand?

(D, @) (") = [(9, +iB,) (ofe™)| [ (0 — iB™) (¢"®) | = (D, @) (D @) (6.1.7)

This is a mess to expand and compute?.
Rather than stare at the expression (6.1.7), we will anticipate a more general result and note that if

[D,®] — [D},@'] =€ [D,d] (6.1.8)

then \Du®|2 is invariant. The ordinary field derivative in the global symmetry case behaved in exactly this
way so it is not unreasonable to demand this form to be true here. We will comment further about the
significance of this form at the end of the analysis, but for now let us just take it as an inspired guess and
see how it produces a suitable result.

Substituting for D, and Dj, in (6.1.8), D;,®' becomes®

(D, @] =€ (0,) + i (0,0) ® — iB,e"® = ¢ [0, — iB, ] (6.1.9)

from which we deduce that we require
e’[-B,|® = € [i0,0—iB,]® (6.1.10)
= ¢ [-i(B),—0u0)] ® (6.1.11)

So demanding local invariance using a |D*®|? term to replace the |0#®|? kinetic term of the global theory
requires the new B* field to transform as

B), = B+ 0,0 (6.1.12)

This looks rather odd when compared with the transformations of scalar fields® ® under local or global
theories. Instead of multiplying by the group element, exp{if(x)}, we are adding the derivative of the
parameter of the group to find the transformed field. However, we could discuss the differential operator
D*# rather than the field B* as knowing either one is sufficient. Then a quick calculation shows that the
transformed D* has a much more familiar form, namely

D, Dl =D e (6.1.13)
It w = pe - 1.

"We could let B* be complex but for simplicity we anticipate the fact that it must be real. The fact that B* has a Lorentz
index, pu, indicates that it is not a simple scalar field like ®, but this is not important just yet.

2There are other ways to approach this issue, e.g. from a geometric point of view which gives rise to fibre bundles.

3 As an exercise, consider what would happen if B, € C.

4Had we started with fermion fields, the result would be simple to see, as chapter 8 will note.

SBL is just a number and so commutes.

SFermion fields, for instance, also behave in the same way as the scalars see chapter 8.
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Be careful with this form. The order is important as D* contains differentials and the arrow on top of the
D*#, usually omitted, is to remind you that the differential in D* acts on everything to the right, not just
the exponential factor”. The transformation for D* is expressed purely in terms of group elements, exp{if}
or its group inverse element exp{if}.

We therefore have a prototype locally invariant QFTof the form

Liocat = |Du®> — V(|®)) (6.1.14)

In terms of mathematical symmetry, this is a perfectly reasonable theory with a U(1) symmetry and we can
investigate its physical predictions to see if it corresponds to anything familiar. However what one quickly
realises is that there are no kinetic terms for the B, (z) field, i.e. no terms of the form 1 (8MBZ,)2. As was
stated in section 2.3.1, the field B, cannot represent a physical mode or particle, one able to transport
(propagate) energy, momentum, charge et cetera through the system, without the correct kinetic terms.
Put another way, as it stands B, is an auxiliary field which can be eliminated from the problem by using
its equation of motion.

To make further progress we need to study Maxwell’s equations of EMand identify the physics behind
the B* field which so far has just been a mathematical construct.

What is a gauge field?

The field B, (x) introduced above must transform in the same way as 0, under space-time symmetries if it
is not to spoil the space-time properties of the action and Lagrangian, namely that they are scalars, appear
to the same to all observers in space-time. It must therefore be a Lorentz four-vectors, such as d,, as its
index p suggests. Luckily, we have already seen a four-vector field such as this, namely the electromagnetic
four-vector field A, (x), so we will show how to link this with B,(x) and use Maxwell’s equations to find a
kinetic term for the B, field.

Working in a relativistic notation we have, the four-current is

JH = (p,5) (6.1.15)

where p and j are the electric charge density and three-current respectively. The electric and magnetic
fields, E, B respectively, have a complicated behaviour under Lorentz boosts, so it is convenient to work in
terms of four-vector potential, A*(x)

At = (¢, A) B=VxA E=-V-¢—A (6.1.16)

Remember A*(z) contains redundant information. Two four-vector potentials, A, (z) and Aj, () represent
the same physics if they are related by a gauge transformation. For instance adding a constant to the
zero-th component, ¢ the electric potential, corresponds to changing ones convention for the zero of voltage
in a problem but leaves the electric and magnetic fields and so all the physics of electromagnetism unchanged.
Maxwell’s equations have a simple form if write them in terms of a third quantity, the field tensor®

Fr = ghAY — g¥ AP (6.1.17)

which, as its name and two Lorentz indices suggest, transforms as a tensor under Lorentz symmetry. We
then find two Maxwell equations are given by

V-E=p
ot =-Jv = . (6.1.18)
VxB=J+E

‘e.g. Dy exp{~i0} f(z) = exp{~i0} [i(0,0) f(z) + (Ouf () — Buf(x)]-

8(Care is needed here. This is not a differential operator. Rather the partial derivatives act only on the gauge fields and we
should really indicate this with brackets F** = (9*A”) — (0¥ A*). This is important later when we look at the square of this
term and even more so when we look at non-abelian generalisations and other equivalent forms for F'*”. See the comments on
Universality section 6.1.
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One can then note that these Maxwell’s equations are equations of motion of
L - ! v r'A
Max — _ZF,UJ/F _JL m (6119)

provided the current-like term in the Lagrangian, J7', is independent of A,

aJp aJp
= =0. 1.2
90,4, o4, " (6.1.20)

If J} satisfies (6.1.20) then the equation of motion for the A#(x) field from the Lagrangian (6.1.19) is
just Maxwell’s equations (6.1.18) where the physical current, J# in Maxwell’s equations is identical to the
coefficient, J}', of the single A* term in the Lagrangian (6.1.19)

Jy = J* (6.1.21)

i.e. the physical current.

Let us ignore the currents for the time being, i.e. imagine free electric and magnetic field, or equivalently,
just free photons, but no electric charges or currents, J* = J# = 0. This matter-free EMtheory would be
described by the Lagrangian

1 1
Lno-matter = =7 Fpu " = (8,40(z))* + 3 (8, 4:(x))?. (6.1.22)

1
2
Writing this out we see that each of the three real fields, the components A;, A2 and A3 of the vector
potential, have exactly the form required if each is to represent a massless non-interacting particle (2.3.8).
The problem is that the Ay component has the wrong sign for a kinetic term. The solution is complicated
but this is indeed a suitable kinetic term for a field transforming as a Lorentz vector. Roughly speaking
the Ay component with its unphysical kinetic term cancels out exactly one of the A; modes, to leave just
two physical modes for the transport of energy and momentum. This corresponds to the fact that in vacuo
(equivalent to having no current or charges), Maxwell’s equations allow electromagnetic waves to propagate
in two independent ways, the two polarisations e.g. the electric field in one of two directions perpendicular
to the direction of energy propagation. The conclusion of this discussion is that the F? term of (6.1.19)
provides a suitable kinetic term for a vector field but that such vector fields represent only two physical
degrees of freedom.

The last piece of information we need from the EMcase is the relationship between gauge freedom to local
symmetry. Inspired by the discussion of local symmetry and the B* field above, or by recalling properties
of Maxwell’s EMequations, we note that the physics, i.e. the equation of motion, Maxwell’s equations, are
invariant under gauge transformations of the form

Y ] (6.1.23)

where §(x) an arbitrary real function. This is another way of noting that not all the information of the
four real functions in A* can related to physical particles. However, we want to return to construction of
a kinetic term for our B* in our local symmetric Lagrangian (6.1.14). We see that the field tensor, F' is
invariant

Fyu— Fl, = F (6.1.24)

so that the F? term is invariant of (6.1.22) is also under such transformations.
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Lagrangian with Abelian local symmetry

We then produce a second prototype for a locally invariant theory
& v
Liocat2 = =7 Fi" Fyw + |D,®|* - V(|®]) (6.1.25)

with F5” is defined as in (6.1.17) with B* replacing A, and c is some constant. This is invariant under local
transformations given by (6.1.2) and (6.1.12) whatever value of ¢ > 0 we choose, as each term is separately
invariant. However, we know from the EMexample that the coefficient of the F? term should be 1 to get the
coefficient of the B* kinetic terms correct. Rather than set ¢ = 1, we can absorb this into the normalisation
of the B* field by defining ¢ = 1/¢?, B* = gA*. This does not effect the scalar field’s derivative term.

So finally, we are left with a field theory invariant under a U(1) local or gauge symmetry, with a single
scalar field. The model often called scalar QED (SQED) and has the Lagrangian

r o _iFMVFHV_i_(DMcI))T(D“(I))—V(CI)T(ID) (6.1.26)

where we define the covariant derivative

D, =9, —igA, (6.1.27)
This £ is locally, or gauge, invariant under
®(z) — ¥'(z) = ’@d(z) bl (2) — e @I (2) (6.1.28)
At (x) — A () = AP () + Long DHM(z) — D" (z) = ) DH(z)e= @) (6.1.29)
g

Let us summarise the physics described by this Lagrangian:

Scalar Particles

A Lagrangian of a single scalar field describes the propagation and interaction of two scalar particles of equal
mass, each one degree of freedom. The mass term for the scalars is in the scalar potential m? = (9?V/0®10®)
and the symmetry demands that both particles have the same mass m. The two scalar particles differ in
their U(1) charges, one has the opposite charge of the other. Note that this is identical to our earlier
conclusions of a pure complex scalar field, with global U(1) symmetry. It should not be surprising as the
global symmetry transformations are just a special subset of the local U(1) symmetries, and there are a
whole class of A* = 0 solutions which are just those we can find in the pure scalar field case with its global
symimetry.

Gauge Particles

The vector or gauge field A*, by analogy with EM, describes a single massless photon-like particle, with
two physical two degrees of freedom (two-polarisations) and spin one. This particle must be massless by
symmetry. No A*A, term is present in (6.1.26) or in Maxwell’s Lagrangian (6.1.19). If we tried to add a
term m%AHA“ we would quickly find it is not gauge invariant and contradicts the fundamental principle
behind the construction.
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Interactions

Pure scalar particle interactions are encoded in this Lagrangian in the scalar potential V (®) e.g. as a —\|®|*
term, just as in the global case.
Expanding out the |[D®|? term shows us

|DH®|? = 9,0 — ig(9,P")PA* 4 igA, BT (9HD) + ¢*||2 A A, (6.1.30)

It contains the correct kinetic term for a complex field ® (2.3.19) but it also has extra terms, cubic and
quartic in the fields, mixing the vector field A* and the complex scalar ®. These are photon-scalar particle
interaction terms. The strength of these interactions is set by the real constant g in the covariant derivative
(6.1.27). Thus ¢ is another coupling constant called the gauge coupling. While symmetry fixes the
coefficients of the relative terms in (6.1.30), the pure scalar interaction strengths (A in the example given)
and the gauge coupling ¢ are not related by local symmetry.

Charges and Currents

Careful. The physical current is in the A* equation of motion
I FH = —gJy = —J* (6.1.31)

where Jy is the Noether current, e.g. as obtained by looking at global symmetry (set d,6 = 0 to study
global transformation, a subset of the set of all local transformations)

Jh = —i(0"®)T® 4101 (9®) + 294, |®|? (6.1.32)

Of course the overall normalisation of Noether currents is arbitrary and we have chosen it so that J}; counts
+1 (-1) for each ® particle (for each ®' anti-particle). The first two terms are exactly as we had before in
the global case (its the A* = 0 limit of our theory). The point here is that in the local case the physical
current, the one which appears in the equation of motion where the electric four-current does in Maxwell’s
equations, is this Noether current scaled by g. That is for every scalar particle we would count +g, and —g
for every scalar anti-particle. Thus in a gauge theory we do have an absolute size for our physical charges
and it is always given in units of g the gauge coupling of the covariant derivative (6.1.27). For instance if ®
describes a

o 7l then g = e, as this is the electric charge on the 7;
e Cooper pair in a superconductor (a two-electron bound state), then g = —2e.

In general, though the Lagrangian has a local U(1) symmetry, this need not be the EM symmetry and so
the charge need not be the electric charge so g may have no relation to e.

Also note, this £ has A, A" |<I>\2 terms, i.e. we cannot write it as A,J} without J}' depending on A,,.
Equivalently JA, # J¥ here; we are not able to read off the Noether current as the coefficient of the A, term
and must be solved for.

Universality

Note how d, in the global theory can be replaced everywhere by the covariant derivative D,, in the local
theory, e.g.

e in the kinetic terms of the Lagrangian

10,®|* — |D,®|? (6.1.33)
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e in the Noether current, where the simple global result of (??) becomes (6.1.32), but this can be
rewritten in terms of D, as

J, =09 ,0 — idt(D,®)—i(D,) o (6.1.34)

i.e. the usual global current plus a scalar field term (so, for example, this does not occur with fermions):
Jn = Jn(A*) and A" £ 0.

e in the field tensor, which can be rewritten as
FH = (0FAY) — (0¥ A¥) = (DFAY) — (DY A¥) = ;[D“, DY (6.1.35)

Care must be taken with the last form. It is to be treated as a differential operator and the differential
in the left hand covariant derivative always acts on both the second covariant derivative and on a test
function. Conversely, the first two forms are not differential operators with the partial or covariant
derivatives acting only on the gauge fields as indicated by the brackets. Note that the brackets are
often dropped in the first two forms which when one first encounters them in the kinetic terms F*"F),,
can be confusing.

Geometry and Gauge Fields

Note from the last form of the field tensor, and from the form of the kinetic term we can replace all reference
to the field A* in our field theory with the covariant derivative D*. This hints at a deeper and more natural
structure to gauge theories. This can be obtained by working with differential geometry, see for example [6].
General Relativity, the classical theory of gravity, also uses covariant derivatives. It can be regarded as a
gauge theory where the local symmetry acts on space-time coordinates (physics is invariant under choice of
space-time coordinates at each space-time point), rather than mixing fields in some internal space (physics
is invariant under the choice of fields coordinates at each space-time point).

The Representation of Gauge Fields

The symmetry transformation for D¥(z) given in (6.1.29) is in terms of group elements, here ¢, and this,
rather than the transformation for the vector field A*(x) which is similar to the symmetry transformation
for the matter field, the scalar field. The fact that two group elements are needed for D* rather than one
indicates that D* transforms under a different representation of the group than that of the field. In fact,
it transforms like a field would in the adjoint representation. Thus we say that the gauge field lies in the
adjoint representation.

6.2 Generalisation to Non-Abelian gauge theories

9

These are also known as Yang-Mills theories’. Consider a £ of a vector of complex scalar fields with

global non-Abelian symmetry
L=(0,®) (0"®) - V(@ ®) (6.2.1)

which is invariant under some global group of matrices G = {U}

P — & =Ud (6.2.2)

9Yang and Mills, 1954.
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where

Uea, 9,U =0, uh-u=1 (6.2.3)

or in terms of the generators of the Lie Algebra
U = exp {ic?T"} Oue® =0 (6.2.4)

for global transformations.

Now if we look at the local symmetry transformation of the same group G, then we just allow 9,* # 0.
With no derivatives in the potential, this remains invariant but once again there is a problem with the
kinetic term

0,® — 0,9 =U(9,®)+ (0,U) ® (6.2.5)

so that
0,®|* — (9,®)"UT - U (8"®) + 0(3,V) (6.2.6)

Since 0,U # 0, this is not equal to |8M<I>]2.
Following the central role of the covariant derivative, let us follow the idea of universality and try
replacing ordinary derivatives with a covariant derivative

8, — D, = 9,1 — iB, () (6.2.7)

Note that since the covariant derivative now acts on a vector of fields, we have to allow the new field B* to

be a matrix. We demand
(D.®) — (DL<I>’) =U(D,®) (6.2.8)

so that a suitable kinetic term for the scalar field is then |D,®|* since

|DM(I)|2 - ’DL(I)/F

= (D,®)'UT-U(D"®) = |D,®| (6.2.9)

As before, we can now determine how B* transforms to BL.

Du(®) — (D,®) = (9,1-iB,)(U®) (6.2.10)
(6.2.11)
= (9,U)® + U(9,®) — iB, U (6.2.12)
(6.2.13)
= U[9,® —i(U'B'U)® + UT(9,U)®] (6.2.14)

for which, following (6.2.8), we require
D,.(®) — (D, &) = U[9,® —iB,®] (6.2.15)
— U(D,®) (6.2.16)

We thus have!©
B, = U'BJ,U +iUT(9,V) (6.2.17)
Thus

B), = UB,U" —iU'9,U (6.2.18)

Thus, under this transform, |Du¢"2 is invariant.

0There may be a sign error here, check the handout.
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What type of object is B,,?

It turns out that B, is an element of the Lie algebra .A. To check this, consider an infinitesimal U; i.e.

U T +4eT® le?| < 1 (6.2.19)
Then
BL =B, + [T By] + (0,e") T (6.2.20)
A
ceT%e

The last term is clearly an element of the algebra as its a sum of generators multiplied by real coefficients.
If we assume that B € A then closure under the Lie bracket multiplication, i.e. the fact that A;,As € A
implies i[A1, A2] € A, shows that the second term is in the algebra. Thus

Be A = B'eA (6.2.21)

It therefore is consistent to assume the field B is in the algebra. Not a proof but we will now assume our
new field is in the Lie algebra of the symmetry group.

Note that for an abelian group, the commutator term of (6.2.20) is not present. Commutators such as
this complicate calculations involving non-abelian symmetry, but these are essential for local non-abelian
symimetry.

Just as in the Abelian case we can scale the gauge field without changing the symmetry'! then write
B.(z) as sum of dim(G) real coefficients multiplying the generators

B (x) = gWH(x) = gWH* ()T (6.2.22)

c.f. T € A, ¢® € R. Without loss of generality, we have introduce the real gauge coupling constant g by
analogy with the abelian case. This shows that the dim(G) vector in the internal space'? fields W*%(x), the
non-Abelian gauge bosons, are the natural extensions of an abelian vector field A* when the symmetry
is non-abelian. The W“(x) are matrices lying in the Lie Algebra, and it is often more convenient to study
symmetry in terms of these Lie Algebra valued gauge fields. Use orthogonality of generators to relate the
two forms for the non-abelian gauge fields,

2Te{T*W,(2)} = W) (z). (6.2.23)
Our covariant derivative, (6.2.7) is then
Du(z) = 0,1 — igWH(x) = 9,1 — igT* W (z) (6.2.24)
and a prototype theory with a local non-abelian symmetry and a complex field vector @ is
Lioeal 1 = (D*®)T- (D, @) — V(2, ®) (6.2.25)

Just as in the abelian case (6.1.14), this form is a perfectly good Lagrangian but the gauge fields have no
kinetic term, no terms of the form %(8MWW)2 in (6.2.25). The gauge fields in (6.2.25) do not represent
propagating particles. They are actually auxiliary fields which can be removed by using their equation of
motion'. Let us turn to find a kinetic term for the non-abelian gauge fields.

1This anticipates that this is equivalent to choosing the correct normalisation for the gauge field kinetic term.

12 Again these fields transform like Lorentz four-vectors under space-time symmetry transformations so each has another four
components.

131n fact parts of the scalar field are also removed, see the discussion on Unitary Gauge in section 7.1 as the same type of
procedure is needed here
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6.2.1 Kinetic terms for the W"*(x)

To find a kinetic term, let us imitate the abelian case and use the covariant derivative'* found above to
construct a field tensor, i.e. try

F= ;[D D] (6.2.26)
= (D* ) (DYWH) (6.2.27)
= (9"W") — (0"WH) — ig[WH, W] (6.2.28)

where the commutator term in the last form is not present in the case of abelian symmetry. The field tensor
like the covariant derivative and gauge fields is a matrix. Again care is needed to see that the partial and
covariant derivatives in the second two terms act only on the gauge fields while we must treat the first form
as a differential operator with it acting on a test function on the right.

The first form (6.3.6) for the field tensor allows us to find its transformation properties easily as from
those of the covariant derivative (6.2.8)

Fus — F,, = —~[D/,D)] = E[U .D,U, U D, U (6.2.29)

)
pv ;
- §U[D DU =U-F-U! (6.2.30)

Unfortunately, we see that unlike the abelian case, the non-abelian field tensor F,, is not invariant but
transforms exactly like the covariant derivative. This is not necessarily a problem as to find suitable kinetic
terms for the gauge fields £ (0*W<(z))?, we need a Lorentz invariant pair, F**F,,. However we can quickly
see that

FuF" — F, P = U-F,-ULU.F* . Ul (6.2.31)
— UFW,F’“’UT (6.2.32)

This should have been obvious as F*“F,,, is a matrix with free indices in an internal symmetry representation
space, so it must transform non-trivially under the internal symmetry transformations.

We therefore repeat the trick we used with the Lorentz indices and try to contract out the internal
symmetry indices, i.e. since F*“F,, = F "F, jr we should try setting ¢ = k, i.e. we take the trace. So we
look at

Tr {F P} — Tr {F, P} = Tr {UFWFWUT} _ {UTUFWFW} = Tr {FF™}  (6.2.33)

since all the representations are unitary. Thus Tr {F*”F,,} is invariant under Lorentz and internal symme-
tries and is a suitable term for a Lagrangian. Its renormalisable too. It is also a promising candidate for the
kinetic WH*(z) term since it contains the square of the derivative of each component of the W#%(z) field

1 17 1 a
— ST PP} = = (B, W) + ... (6.2.34)

where we used Tr {T“Tb} = %(le. Like the Abelian case, the p = 0 components have the wrong sign
indicating that there are unphysical degrees of freedom in the W/’ fields. Again, while there are four real
fields p = 0,1, 2,3 for each value of a, there are only two physical gauge boson modes for each value of a
allowed. Removing the unphysical modes in a non-abelian gauge theory in the full quantum field theory is
more difficult than in the abelian gauge theory case, and additional tricks such as Fadeev-Popov ghosts are

used. There are also terms cubic and quartic in the non-abelian gauge field present in this kinetic term,
that is there are interactions, but we will comment on this below.

1n fact we can use any covariant derivative associated with any field, or even one we invent using any non-trivial represen-
tation for the generators. For simplicity, we can stick with the one used for the matter field ® so far but see the comments on
multiple matter fields in section 6.5 below.
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Infinitesimal transformations and F“”.

To illustrate the general level of complications faced when calculating in a non-abelian gauge theory, let us
look at the infinitesimal transformation of the kinetic term of the gauge fields.

U=1+i"T 4+ O(e?) (6.2.35)
To simplify the notation, it is convenient to define an algebra element A
A=c"T"c A (6.2.36)

as this contains all the information we need about the infinitesimal transformations. Using (6.2.22) to
substitute for B, in (6.2.20)

SWH = i[A, WH] + S (9" A) A= oo (6.2.37)
g
We then have
SFHY = OM(SWY) — ig[SWH, W] — (u > ») (6.2.38)
—0MA,WY] + ;aﬂam g 1A W), WY — i [(9RA), WY] — (1 1) (6.2.39)

The second order derivatives cancel under p/v symmetry, while we can combine the commutator factors of
1 to yield:

SR = d[AOMWY] 4 g [[A, W], WY] — (1 > v) (6.2.40)

Now
[[A, WH],WY] = AWHWY — WY AWH — WY AWF + WYWHA (6.2.41)

where we note the symmetry of the second and third terms. Thus

OFHY = i[A, O"W"] + g[A, WHFW"] — (11 < 1) (6.2.42)
= i[A, "W — igWHFW"| — (11 > 1) (6.2.43)
i[A, OFWY — OYWH — jg[WH, W"]] (6.2.44)
That is
SFHY = d[A, F*] (6.2.45)

This is completely different to the Abelian case since F*¥ # 0 in general. In fact 6F* = 0 = [T“,Tb] =
0Va, b, i.e. F*¥ is gauge invariant if and only if we have an Abelian gauge group.

However, we know that F*¥ is not a suitable kinetic term on its own as it is not invariant under Lorentz
symmetry (the two free indices remind us its transforms as a tensor). A kinetic term also needs to be
quadratic in field derivatives, (8,W2)? and F,, is only linear in derivatives. So it is more logical to construct
a Lorentz scalar by contracting Lorentz indices between a pair of F*¥. While this is invariant under Lorentz
transformations we must still check its behaviour under internal symmetry transformations and we find

S(FMF,,) o (5FM)F,, + F*(6F ) (6.2.46)

= AFMFu, — FWAF,, + FPAF,, — FF,, A (6.2.47)
[A, F;J,VF“V] # 0 (6248)
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Thus F*F,, is not going to be invariant under internal symmetry transformations unless it is something
like a unit matrix or part of the CSA!. However, it is in general just some matrix and the commutator
with A is not zero. Again, the fact that F*“F,, is a matrix with two free indices (say i, j) associated with a
representation space of the Lie Algebra reminds us that it must have a non-trivial transformation under the
internal symmetry. We should have guessed F? would have a non-trivial symmetry transformation. Again
it suggests we contract the free indices, i.e. take the trace Tr{F*”F,,}, and we now find its transforms as

§ (Te{F*F,,}) = Tr{6(F*F,,)} (6.2.49)
— Tr{AFF — FFA} (6.2.50)
=0 (6.2.51)

Thus Tr{F*”F,,} is invariant under Lorentz and infinitesimal internal symmetries and confirms our more
general proof above. The point to note here is how much harder non-abelian fields with their non-commuting
algebra elements are to deal with from a calculational point of view. This is the same reason why the kinetic
term contains terms cubic and quartic in the non-abelian gauge field as they are such terms are proportional
to the commutators, so they were not present in the abelian case. Their physical significance will be noted
below.

6.3 Physical content of the Lagrangian

Summary
Our Lagrangian is'®
1
L= Tr {FuF"} + (D,®)" (D*®) — V (&, ®1) (6.3.1)
where the field @ is a d-dimensional vector ®; so ¢,j = 1,2,...,d. The various terms are defined to be
Du(z) = 0,1 —1igW,(x) 6.3.2

Fow = (0uW,) — (0,W,) —ig[W,, W,]
= (DHWV) - (DVWH)
)
—[D*,D"] (for simple group only)
g
Note that all the indices (a, i, u etc.) are contracted in each term in the Lagrangian. This indicates that
the Lagrangian is invariant, is a scalar, with respect to the symmetry transformations (internal for a, i, or
space-time for p) associated with these indices. Also the last form for the field tensor is very useful for
proving its symmetry properties but note the comments on non-abelian product groups below in section 6.4.
You can write any algebra valued object in two forms: (a) as real functions of space-time with an
a=1,2,...,dim(G) index as well as any space-time indices, and (b) as an algebra element, a matrix, with
space-time indices and space-time argument:

1

a a a a 1 14
W (z) = Wi(x)T?, Fu = F, T, —§Tr{FWF“ } = 1

Fo,FHva (6.3.6)

51 the internal symmetry is abelian then all generators are in the Cartan subalgebra, i.e. everything commutes.

Note we could have chosen a different coefficient for the F? term but we would just have to absorb this in a redefinition of
g € R, 9,9 =0, is a coupling constant. At this stage, it reflects our ability to rescale kinetic terms for W**(z) and ®(z) relative
to one another without affecting gauge invariance.
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The local symmetry transformations are the unitary matrices U = U(x) € G (the potential V (®, ®) is
assumed to be invariant), and the fields transform as

® - =02 (6.3.7)
D, — D,=UD,U! (6.3.8)
W, — W,=Uw,.U"!- ;(aHU).U_l (6.3.9)
Fow — Fu=UF,U"! (6.3.10)

Since the field ® is in a d-dimensional representation the matrices here are d by d matrices, Tjak, (j,k =
1,2,...,d). There are dim(G) generators labelled by a = 1,2,...,dim(G).

Gauge Fields

It is the real valued fields W (x) which are the direct non-abelian versions of the gauge field A*(z) (both
are also called vector fields). Thus there is one photon-like field per local symmetry generator. Each of
these dim(G) gauge fields transforms as Lorentz vector, just like the abelian gauge field used for the photon.
Thus they represent spin 1 particles but with two physical particles or modes corresponding to the two
polarisations in 341 space-time dimensions. So two of the four real functions of space-time for each value
of a, are unphysical and must be dealt with by gauge fixing.

Note that d,U = 0 is a special case of local symmetry so all the conclusions drawn about global symmetry
transformations still apply in the local case. In particular the observable conserved currents are fixed by
the diagonal generators, those in the Cartan subalgebra. The conserved currents pick up contributions from
every field that has a non-trivial global transformation, as equation (4.1.8) shows.

Recalling that the Noether current gets a contribution from any field with a non-zero global transfor-
mation, we note that this means such fields have non-zero charge. If we look at the transformation for the
Wi, field (6.3.9) we see that unlike the abelian case, W' # W even for global transformations because of the
U.WM.U*1 term. Thus non-abelian gauge fields have quadratic contributions to currents just like a scalar
field, i.e. non-abelian gauge bosons carry non-abelian charges. This is to be contrasted with abelian gauge
fields where because all the group elements commute the charge on an abelian gauge boson is always zero,
that is W' = U.WM.U_1 = ewWM.e_w = W. Global transformations produce no change in an abelian gauge
field so produce no quadratic contribution to the current. This is the symmetry reason behind the physical
observation that a photon has no electric charge. One can follow this trough further. Namely the global
infinitesimal change in a non-abelian gauge field is

b . c - a a c
oW} = iAW = i€ (Thy) ) W (6.3.11)

with the generators for the W fields being given in terms of the structure constants for the symmetry group
b = —if (6.3.12)

Compare this to what we would have for a scalar field
0p; = iAjjpj = ie” (Tl(lphi)>ij ; (6.3.13)
and we see that the gauge fields lie in the adjoint representation, defined by (6.3.12) and which exists for
all Lie groups. The gauge fields have the charges associated with this representation too.
Another effect of the non-commuting generators in the non-abelian case is seen in the —%Tr {(FW)Q}

kinetic term which contains
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e Quadratic field terms: WH® kinetic terms

e Cubic and higher field terms: (W?3) and (W*) pure gauge field interactions present if
[Ta,Tb} £0 (6.3.14)

These describe the direct interaction of force carry particles. The picture is that the force carrying fields,
the gauge bosons, interact only with particles carry the relevant charges. A photon interacts with objects
carrying electric charge. The photon does not interact with itself because it has no electric charge. However,
a non-abelian gauge boson, such as the gluons of QCD, will have the cubic and quartic terms from the F?
kinetic term. We can again see this as the force carrying particles of a non-abelian local symmetry having
non-abelian charges so they can interact with themselves directly. The gluons of QCDcarry ’colour’ charges
just as the matter fields, the quarks, do. Non-abelian gauge bosons by themselves with no other matter
fields provide a non-trivial interacting system. To be more precise, the gauge bosons lie in the adjoint
representation of the gauge group.

The final observation for the gauge bosons is that there is again no mass term allowed by local symmetry,
no mQWWWZL . So local symmetry does not allow a mass term for any gauge boson, abelian or non-abelian
since such a term is not invariant under G.

Scalar Fields

In this simple model with a complex scalar field, there are 2d scalar fields/particles (d particles and d
anti-particles) of spin zero where ® is a d dimensional representation of group G.
Real fields can also be involved in non-abelian theories and in exactly the same way we would have

o [(Fu)?}+ % D62 — V(e) (6.3.15)

2
If ¢ was d-dimensional and V' again depended only on the length of the field vector |¢|, then we would have
O(d) symmetry. The number of physical gauge degrees of freedom fields would still be twice the dimension
of the group (d(d — 1)/2 for O(d)) but there would now be just d scalar particles.

The scalar field kinetic terms, |DM<I>]2, contain the quadratic scalar field derivatives which are the ®
kinetic terms. Just like the abelian case, there are also cubic and quartic terms in the fields: gq)z@jwlm and
gQQDi(I)}WWWVb type interactions.

The scalar potential V' (|®|) is not altered by the local or global nature of the problem!”. So here is the
mass term for ® field, and self-interactions \(®)*.

6.4 Product Groups

The example above was for a simple Lie group. For product groups every element can be written as a
product of two parts which mutually commute, for simple groups this is not so. In terms of the Lie algebra
of a product group one can split the generators T into mutually commuting sets. We will consider here a
product of just two simple groups as the principles are easily generalised to larger product groups. So we
have

a1 = 1, e ,dlm(Gl)
G1 X G2 = [Tal,Taﬂ =0 (6.4.1)
ag = dlm(Gl) +1,.. dlm(Gl) + dlm(Gg)

17This is if it contains no derivatives. In theories renormalisable in 3+1 dimensions this is always true.
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The fact that the group has two essentially independent parts means that the gauge bosons, each of
which is intimately linked to one of the generators of the local symmetry, also split into two sets, each of
which acts completely independently from the other. For instance one finds that each part of the product
group may be associated with its own independent gauge coupling constant

D, = 0, — igi TWHL () — gy To2WHe2 () (6.4.2)

In the same way, we find that the field tensor splits into two mutually commuting parts as

Fuo = (0,WET) — (,WETY) —ig[TTY W, WY (6.4.3)
1 2

FO) +FQ) (6.4.4)

FI(}V) = (a,qulTal) _ (OVWZITM) _ ig[TalTbl]I/Vl(fl,WVbl (6.4.5)

FI(EV) = 4+ (OHWSQT(JQ) _ (aVWZQT(ZQ) _ ig[TaQTb2]WS2, W32 (6.4.6)

The kinetic term for the gauge fields is then written as
L v 1 V(1) 1 2) = (2)pr
— T {F, ) = —§Tr{Ffw)F( i }— §Tr{Ffw)F( iz } (6.4.7)

Example 10 SU(2) x U(1)

Suppose we had a complex doublet ®;(x) € C, (i = 1,2) and the scalar potential V' was a function of
|®| only, then we would have a global U(2) = SU(2) x U(1) symmetry with four generators, three for SU(2)
T (a3 = 1,2,3) which commute with the one for U(1) T4,

In two-dimensional representation used for the scalar doublet we have

1 41
T =2 (a1 =1,2,3) Tt = 541 (6.4.8)

where the 7% are the three Pauli matrices. The group elements for the scalar symmetry transformations
are

exp{if} exp{%s‘“T‘“} (6.4.9)

a combination of a phase factor from U(1) and the usual 2 x 2 special unitary matrix (i.e. from SU(2)).

If we made this theory locally invariant under the full U(2) = U(1) x SU(2) symmetry then there
would be eight gauge boson modes usually described as four photon-like particles (one per local symmetry
generator) each with two degrees of freedom. There would also be four scalar particles, two particle/anti-
particle pairs. The (unbroken) local symmetry tells us that the gauge bosons are all massless while the
scalars must all have the same mass.

Finally there are two charges, one for the U(1) symmetry T%=% and one for the diagonal SU(2), say
T2=3, The four scalars would have all possible combinations of (1,=1) for the two charges.

The real gauge bosons fall into two sets. One is linked with the U(1) generator so is just like the photon
and has no charge under the U(1). However it has nothing to do with the SU(2) symmetry (the U(1)
generators commute with the SU(2) ones) so the U(1) gauge boson must lie in the trivial representation
of SU(2), T* = 0. A quick check will indeed show it does not transform under SU(2) transformations.
Remember all particles, whatever their origin, lie in irreps of the symmetry group, gauge bosons are no
exception.

Conversely the SU(2) gauge bosons do not transform under the U(1) so they have zero U(1) charge.
However they are all mixed by the SU(2) transformations so they must lie in a three-dimensional irrep of
SU(2). This is the adjoint representation. Further looking at the three dimensional irrep of SU(2) we see
that if we make T®=3 diagonal it tells us the SU(2) gauge bosons have three SU(2) charges, +1,0 and
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—1. Since two of the SU(2) fields have the same mass and opposite charge you can guess that the charge
eigenstates are complex gauge fields, a particle/anti-particle pair. We would find just as in the case of
moving from two real scalar fields to their one complex field, we the gauge field charge eigenstates are built
out of combinations such as (W(a; = 1), £ iWla; = 3),) with the third gauge field W(a; = 2), being
massless and zero charge.

This simple U(2) model is in fact the simplest possible Higgs sector of the EW model.

6.5 Multiple matter fields

So far, we have had one matter field ®. In reality we have many more, e.g. ©(z) € C; but these need not
be in the same representation:

OF j=1,...,de < T

However, they still have one gauge field for each generator. We must therefore construct a D, for each scalar
field out of the same gauge boson (i.e. vector) field W**(z) and relevant generators:

Dé‘e = 0! —igW" () Tfy, (6.5.1)

)

2
SO ’DE‘Q)@‘ is the kinetic term. There is only one set of gauge fields WH%(x) as there is one for every

independent symmetry transformation, i.e. one per generator. The number of distinct matter fields and the
nature of the different irreps in which they lie make no difference, the gauge bosons are completely fixed buy
the local continuous symmetry. This now suggests that our use of the matrix valued fields W, = WﬁT“ is
fine for a covariant derivative as there the generator needed is specifically linked to relevant the matter field,
each matter field needing its own covariant derivative. However when in section 6.2.1 we used covariant
derivatives or matrix valued fields to build the field tensor, as in (6.3.6), we were being a little too slick in
some senses. The field tensor is a pure gauge field term and has nothing to do with any matter field. Indeed
it gives a non-trivial interacting theory all by itself. We could have used any non-trivial representation, any
non-trivial covariant derivative (even one not associated with any physical particles) in our definitions of
the field tensor, and the derivations in section 6.2.1 would still have worked.

6.6 Anomalies

The approach of book has been to assume that most classical features remain qualitatively true in the
full quantum theory. While some arguments were put forward as to why this might be so, it is clearly a
statement that can only be verified by checking the quantum field theory. Since this is not a text on QFT,
we can not do more than flag when the classical analysis does not tell us the true story.

When quantising a classical theory, one should always wonder if all the symmetries seen in the classical
theory are still symmetries in the full interacting quantum theory. When a classical symmetry is not present
in the quantum theory then we say that the theory has an anomaly. We are not talking about a symmetry
which is unbroken in a classical theory but broken in the quantum, the symmetry is still present in both
cases. Rather it is genuine situation where a symmetry is destroyed by quantum effects. The abelian U(1)
factors are usually the problem
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Questions

)6.1. Trying to combine local gauge fields and matter: Abelian case
Unless otherwise asked, consider arbitrary and not infinitesimal local U(1) transformations in this ques-

tion.

Consider the theoretical models known as Scalar QFED or theAbelian Higgs model, for which the La-
grangian contains two fields, a complex Lorentz scalar, ®(z), and a real Lorentz vector, A#(x). The La-
grangian is

(i)

(i)

(iii)

(vii)

(viii)

(ix)

1
L = — FuF" +(D,2)'(D"®) — V(') (6.7.1)

Write down the definitions of F),, and D, in terms of the gauge field A, (x) associated with local U(1)

invariance, the charge e, and in terms of d,,. Hence show that F},, = %[Du, D,].

Write down the how the fields A and ® transform under an arbitrary (not infinitesimal) local U(1)
group element g.

Calculate how D,® transforms, and hence find how the operator D,, transforms. (Note that in my
lectures on non-abelian local symmetry, I used these properties as a starting point. I started by
demanding that the non-abelian generalisation of D,, transformed in the same way as the local case
because this ensures that |D,®|? is invariant).

Prove that F,,, (D,®)(D*®) and V(®T®) are each separately invariant under these local U(1) trans-
formations.

Prove that mzAl‘Au is not an invariant, and hence local symmetry does not allow an explicit mass
term of this type to appear.

Calculate the classical equations of motion for the fields A*, & and ®f. What is the contribution
coming from the F? term?

Calculate the Noether current, J§;, associated with the global U(1) invariance present in the La-
grangian.

Hence show that 0, F"" = —eJy; is one of the classical equations of motion.

Remember that some of Maxwell’s equations can be obtained as the equation of motion for A with
the Lagrangian
ﬁMazwell - _(1/4)FNVF/.LV - JfAu (672)

What conditions must be put on Jy, if this is to be the physical current which appears in the Maxwell
equations?

Try to rewrite the scalar QED Lagrangian as
L=—(1/4)F"EF,, — J'A,+ (pure matter terms) (6.7.3)

Identify Jz, and show it is not the Noether current. Based on the answer to (viii), why does Jy, not
appear as the physical current in Maxwell’s equations in scalar QED? What physics should lead us to
expect Jy to appear in the Maxwell equations?



)6.2.

78 Local (Gauge) Symmetry

Gauge fields and matter: Non-Abelian case

Unless otherwise asked, consider arbitrary and not infinitesimal transformations of an arbitrary Lie
group.

Due to printing limitations and a desire to avoid lengthy i,5 = 1,2,...,d indices (the ones associated
with the representation of the group or algebra), I will usually drop these indices. I will denote the presence
of such indices by ®; = ® for vectors, and g;; = U for matrices, whereas in my lectures I used a single and
double underline symbol respectively.

Consider a theoretical model with d complex Lorentz scalar fields, ®;(x) (i = 1,2,...,d), transforming
under a d dimensional representation of some Lie group. Start from the Lagrangian L ow which is

Loasw = (D,®)/(D'®)—V(SP) (6.7.1)
Assume that the potential V is globally invariant under some arbitrary global Lie group transformation
®(z) — ®'(z) = U.®(z) (6.7.2)

(i) Show that Lg ew is invariant under local transformations, U = U(x) if the covariant derivative, D,
transforms as

D—-D =UDU! (6.7.3)

(ii) The non-abelian gauge fields, the Lie algebra valued functions and Lorentz vectors, W, (x), are related
to the covariant derivative through

Du(x) = 0,1 —ieW,,(z) (6.7.4)
where e is the charge associated with this symmetry. How does W, (z) transform?

(iii) Hence derive the transformation law for infinitesimal group elements for the gauge field written as a
real number valued function and Lorentz vector, W (z), defined through

Wy (z) = Wi(x). T (6.7.5)
These Wi(x) fields are the ones most like the non-abelian generalisation of a photon.
(iv) Hence show that a simple mass term, mQWﬁ(x)W“’“(aﬁ) is not invariant.

(v) The non-abelian field strength tensor, its Lie algebra valued version being F*¥| can be defined to be
P = ~[D",D"] (6.7.6)

Find the transformation law for F* and hence show that Tr{F*“F,,} is invariant under these non-
abelian transformations.

(vi) Expand out the definition (6.7.6) in terms of partial derivatives and W, (z) to show that it is not a
differential operator.

(vii) Consider the field strength tensor written as a real valued function F#*"%(x) where F*(x) = FH**(z).T®.
By considering the case of an infinitesimal transformation, show that F'#*%(x) transforms in the ad-
joint representation, in which the generators 17 = ify,, ¢ = b,j = ¢ and fabe = [ are the structure
constants for the non-abelian Lie algebra.
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(viii) The kinetic terms for the W#“(z) are contained in the term
1 uv,a a
Ly = _ZF “x)Fy,, (6.7.7)

By expanding this in terms of the gauge fields, W (z), show that Ly contains an appropriate kinetic
term for the field but also cubic and quartic interaction terms. Prove that these cubic and quartic
interaction terms are zero only if the symmetry group is abelian.

(ix) Derive the classical equations of motion for the fields, ®;(z) and Wj(z) if the total Lagrangian , £, is
given by
L=Lw+ [,cp@W (6.7.8)

noting exactly what contributions come from each of the two parts of £. Leave the equations in as
simple a notation as possible, leaving F, D in if this helps.

(x) Interpreting the equation of motion for the W field as the non-abelian generalisation of Maxwell’s
equations, 0,F'"" = —J", is J a conserved current? Write J = Jy + Jo o where Jy comes from the
Ly term in L and Jp ew is the Lo ow contribution. Assuming J is the Noether current (as it was
in the abelian case) what does this tell you about the charges on non-abelian gauge fields? Compare
this with the abelian case.

(xi) Calculate the Noether current directly. It should be consistent with the answer to the previous part,
but you may have to think carefully about the definition/derivation of the Noether current formula.
Thinking about the pure gauge field case (dropping ® completely and just using Ly as the globally
invariant Lagrangian) may help.

)6.3. Non-Simple Groups and local charges
Up to now all groups I have considered have been simple Lie groups except for the global U(1); x U(1)2
considered in another question. When one has a non simple group G; X Go X ... X G, where each G;
is a simple group (so that generators commute with all others except those generating the same simple
subgroup). In this case there is some extra freedom in constructing the covariant derivative, which takes
the form
Dy =0y —iey T W, —iedTW ... —ie, T W (6.7.1)

where the a; run through generators generating the i-th simple subgroup G; (i = 1,...n). Thus [T%,T%] =0
unless ¢ = j. Note that there are now n independent coupling constants associated with the gauge fields,
€1,€2,...,6ey. Show that (in the notation from the previous question)

L=Lw+ ,C<1>7<1>W (6.7.2)

is invariant under arbitrary (not infinitesimal) gauge transformations.
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Chapter 7

Local symmetry breaking (Higgs-Kibble
mechanism)

7.1 SSB of local Abelian symmetry

Consider our Lagrangian of a complex scalar field with Abelian U(1) local symmetry
1
L=— FuwF" + (D,®)" (D'®) — vV (®tD) (7.1.1)

The fields are A*(z) € R and ®(x) € C. In the context of SSB, the model often called the Abelian Higgs
model'.

Using the same reasoning as for the global case in section 5, the lowest energy field configurations are
still space-time independent ones, 9*®y = 0. So for spontaneous symmetry breaking, the scalar potential,
V(|®]), is minimised at?

9 U
Dy =e?—, Mv=0. (7.1.2)
V2

For instance, the usual form for V' with negative mass gives a non-zero v

V(®T®) = m2eTd + A(@T®)2  (m? < 0,A>0) = v=4/—— (7.1.3)

We now have to consider the lowest energy of the gauge field. We will take the minimum energy of the
gauge field to be at A¥(z) = 0 i.e. we assume that in QFT we have that

(05 ‘A“‘OB> — on. (7.1.4)

If the quantum vacuum is Lorentz invariant® then the right hand side must be a Lorentz vector. Since we
(almost) always want the physical results to respect Lorentz invariant, the only way we can leave Lorentz

'The model is identical to SQED of (6.1.26) and the change of name merely indicates that we are looking at SSB in the
model.

’In the quantum theory ®¢ = <OB ’ﬁ)‘ OB> = ew%. See section 5.1.

3The Lorentz invariant nature of the quantum vacuum of relativistic QFT, is one of the key assumptions of QFT. If this
expectation value was equal to some non-zero four vector, say n", then the quantum vacuum is picking a preferred frame
of reference, the one where n* has no spatial components. In such a case the application of special relativity is much more
complicated and quantities such as E? — p* = P = m? would no longer be a constant but would depend on p#n,, or
equivalently, on velocity. Of course ‘mass’ does depend on velocity in condensed matter physics, they do not have simple
dispersion relations, but in condensed matter the rest frame of the sample is a special frame. Likewise, adding gravity and
upgrading to general relativity causes new interpretational problems.

81
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symmetry intact is to have the right-hand side zero. Note a similar argument applies to any field except
a scalar filed since only that field is a Lorentz invariant. Thus in relativistic QFT, it is only scalar fields
which can acquire non-zero expectation values and only scalar fields which are responsible for SSB. We can
proceed as before with the scalar field and see how SSB effects the abelian gauge field.

Shifting the scalar field
First we switch to field variables, o(z) and p(z), representing perturbations around the true vacuum

eie
o = 7 (v+o(x)+ip(z)) o(x),p(x) e R 0,0 =0 (7.1.5)

The scalar potential V' has not changed from the case of global symmetry breaking so the o field still
represents the massive Higgs perturbations while the p represents oscillations in directions given by broken
symmetries which in turn ensures they are flat directions, i.e. massless perturbations. The v is the vacuum
solution given in (7.1.2). Note the presence of an overall global phase €? in our definitions. It does not
appear in the new Lagrangian since that is invariant under global phase shifts.

\Y

& 0

¢,

Substituting into (7.1.1) we find

L = Lo+ Lint (7.1.6)
1 1 1 1 1
Lo = —(FwF" + 3 (8,0)* + 3 (0.p)? — evA, (3"p) + 5621)2,4,# + §mc2,a2 (7.1.7)
The cubic and quartic terms are in Li,; and are not important here but to illustrate their nature, we use
the form (7.1.3) for the scalar potential to see

Ling = eAup(0Fo) —eAuo (0"p) + guo A, AP — ddvop? (7.1.8)
1 1
—i—ngazaAuA“ + 592p2aA#A“ — Mo? + p?)? (7.1.9)

The pure scalar terms coming from V (|®|) are exactly as we found before in section 5.1. Thus independent
of the form of the scalar potential, by choosing v correctly so we are perturbing around the minimum
value of the scalar potential, terms linear in the scalar fields are zero, and the o field has a non-zero mass
(m2 = —2m? for V of (7.1.3)). There is no mass term for the p field which was the Goldstone boson in
the global case but is now called the would-be Goldstone boson. The gauge field, A*, adds two new
features. First it has a mass term with m., = ev, but secondly there is p-A* quadratic mixing term.
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The Mass problem

Since the A* and p fields (but not Higgs field o) mix at the quadratic level, so we cannot interpret these
may not represent physical modes. So the mass terms for these fields, ev for the photon and zero for the
would-be-Goldstone p, may not have any physical meaning.

What then are the physical particles and what are their masses? To see what these are, it is better to
work in terms of a new set of fields which will then show us a way forward. Consider the scalar fields written
in polar field ‘coordinates’, i.e.

v+ r(x)
V2

where r and x are real scalar fields. These two real functions are sufficient for a complete description of the
complex field so we are losing no information? and we see that

P = eix(@) r(z),x(z) € R (7.1.10)

D,® := (0, —ieA,) P = [(0,7) eX 4+ (9ux) (v+r)eX —ieA,(v+ r)eix] (7.1.11)

1
V2
_ \}Q (Bur) €% — Ze(“\/‘g” (AM - % (aux)> ¢ix (7.1.12)

The term in parentheses is reminiscent of a gauge transformation and this suggests that we make a gauge
transformation.

Unitary gauge

Define gauge transformed fields

' =Ud Bt = A" = A" — é (0ux) (7.1.13)
where we choose the U(1) group element U to be
U = e X@ O(z) = x(x) (7.1.14)
The transformed scalar field is pure real
R s O (7.1.15)

V2

However we know that this is a local symmetry transformation and that the Lagrangian is invariant so it
has the identical form in the B, = Alrime and @’ fields

L= () +|D, @ - V@' ¥R (7.1.16)

but now @’ is pure real. Writing this in terms of the shifted field ' = %(v + r(z)) gives

v T 2
L= (F) 4 5 @+ o 2B+ v (U5 (7117)

That is, by making the gauge transformation to fields in the unitary gauge (7.1.13) we have eliminated
the quadratic mixing term so we can now interpret these fields in terms of physical particles

4We will comment later about hidden difficulties in QFT with this trick.
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Physics of the Unitary Gauge

The Abelian Higgs model with SSB, and after making the transformation to the Unitary gauge fields, so
working in polar scalar field coordinates, shows us that the particle content is

e One real scalar field r(z) = 1 so one scalar particle (its own anti-particle) of mass given by a Taylor
expansion of the potential

e One vector (or gauge) field B, with mass ev.

One apparently bizarre point of the form (7.1.17) is that it is mathematically identical to our original
form (7.1.1) yet we seem to have lost a scalar mode. We can not possibly lose a physical degree of freedom
just by using mathematical identities. The same physics, in this case degrees of freedom or number of
particles, is encoded in either form, its just that some mathematical variables may show the physics more
clearly than others. The resolution is that a massive gauge boson field represents three physical modes,
which together with the last scalar mode r(z) gives four degrees of freedom. This is the same as in the
unbroken case which had two scalar modes ®(z) € C and two massless physical gauge modes in A*. SSB in
with local symmetry mixes scalar and gauge modes.

One way to see that massive gauge bosons have three physical modes, while in vacuo they have two, is to
look at Maxwell’s equations. Maxwell’s equations then allow two transverse modes for EM waves in vacuo.
When we consider EM fields in media, where we have a lower speed for these waves, three polarisations are
allowed for EM waves: two transverse and one longitudinal. This is linked to our discussion about mass as
in a relativistic context only massive particles have speeds less than the speed of light which is case for EM
waves in media’.

Also note we do not change physics by choosing different fields: we simply repackage it. While one field
set may make the physics clear, another on may be better for calculations. Here a unitary gauge is good for
physics but bad for calculations for two reasons. First, the polar fields do not range from —oo to +oo and
the standard approach to quantisation must take this into account. Second in changing from cartesian to
spatial coordinates in ordinary integrals, there is a non-trivial Jacobian needed. The same occurs in QFT
where a non-trivial determinant of fields is needed in path integrals for instance. It is possible to work with
polar fields and deal with these complications, but it is usually simpler to do calculations in the original
®(x) € C and A coordinates, and then deal with the fact that the unphysical modes are then a mixture of
gauge and scalar modes, so identifying requires more effort (see [?] for a nice example of this in practice).

7.2 Non-Abelian SSB

We can now study SSB (spontaneous symmetry breaking) in a theory with a local non-abelian symmetry.
The aim is to try and relate the particle content to the symmetry in the model, both before and after SSB,
just Goldstone’s theorem encapsulates for the case of global symmetry.

Consider )
£=(Due) (D"¢) —

where, from (6.3.6) Fj, F*" = $Tr {F#}. This theory is characterised by:

o, F — V() (7.2.1)

SWhile our basic conclusion that massive photons with speeds less than one have three polarisation modes, the situation is
more complicated. Only in superconductors is the U(1) gauge symmetry of electro-magnetism broken in the sense discussed
here. In most materials, e.g. glass, the speed of EM waves is still less than in vacuo but this is due to the material being at
rest in some special frame of reference. The application of special relativity symmetries is more complicated when such a frame
exists. Understanding the implications of Lorentz symmetry in many-body field theory problems is the subject of Thermal
Field Theory (or Finite Temperature Field Theory).
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e d-dimensional representation real scalar field ¢;(z) e R (i =1,...,d)
(a complex field is a straightforward generalisation)

e A local symmetry (or gauge) group G, generated by dim(G) generators T, (a = 1,2,...,dim(g)).
e One photon-like particle per generator, W#* the non-abelian gauge bosons
e a scalar potential with a minimum at ¢(x) = ¢,

oV
9%i | 5=,

=0, 9upy=0 (7.2.2)

The first step is to find the broken and unbroken generators and hence discover the little group H. This
is done exactly as in the global SSB case, namely by solving® for the largest set of orthogonal generators,
{T/A} which annihilate the vacuum. So we will suppose we have done this and the unbroken group elements
and generators are

Uy = by, T, =0 A=1,... dim(H) (7.2.3)

These generate H, the little (sub-)group of G arising from SSB, i.e. G SB[

The broken generators are the orthogonal set of generators which, when added to the unbroken generators
{T/A}, complete the generation of the full symmetry group G. We choose this basis to be orthogonal and by
definition, the broken generators are the ones which do not annihilate the vacuum. Thus broken generators
generate group elements which alter the vacuum i.e.

U’y # by, T"? ¢y # 0, Z =dim(H) +1,...,dim(G) (7.2.4)

For simplicity we will assume that we have already chosen to work in the {T'} U {T”} basis so that

o _ T4, a=A=1,... dim(H), (7.2.5)
a=7=(dim(H)+1),...,dim(G).

In the case of SSB of a global symmetry, section 5.1, we found that there was one massless Goldstone
boson per broken generator T"Z. Try ¢(z) = ¢, + n(x), n;(x) € R. Thus

D¢ = 9um — igWym — igW . (7.2.6)
and
1 o 1 a apy
o0*V . y . o
T nj +igPoW, (0n) —ig (9um)' WH ey (7.2.8)
06:007 | 5o,
1

+§g2¢$WuW”¢o (7.2.9)
+(cubic, quartic terms) (7.2.10)

where we have performed a Taylor expansion around ¢,. Note that all indices contract to give terms
which are scalars under both space-time and local symmetries, i.e. they are invariant under symmetry
transformations.

6 Again note that this split into broken and unbroken generators, or equivalently the possible H little groups, depend in a
non-trivial way on both the group G and the representation of the Higgs field ¢. Not all subgroups of G may be allowed H for
a given representation.
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In the term on line (7.2.9) we see we have a mass matrix for the gauge bosons
FOOWLWH g = WH () (M) WH (z),  (M?) = [g2pf T T by (7.2.11)

The mass matrix is seen in a mixing of the a,b =1,2,...,dim(G) labels, Lorentz indices are not involved in
the matrix structure. Thus for each value of p, the gauge boson mass term is just like having a mass matrix

for a dim(G) real-scalar field &
1 1
SETM)E = S&aM6, (7.2.12)

However, we have quadratic mixing of scalar 7 and gauge boson W#? fields in line (??) so preventing
immediate identification of the particles. Notice that W* = T*W#* and so (remembering our choice (77))
these mixing terms are zero for a = A € {1,2,...,dim(H)}

T, =0 (7.2.13)
and only non-zero for a = Z € {dim(H) + 1,...,dim(G)}
T"? ¢y # 0 (7.2.14)

Thus we will find we only have problems with the broken generators, the ones which in the global theory
were linked to Goldstone bosons. We had a similar problem with the abelian example in the previous section
7.1 so let us try the same approach which worked in that case.

7.2.1 Unitary gauge

Following the abelian example, we split the scalar field fluctuations about the vacuum into those Goldstone
like fluctuations 6% () along broken symmetry directions, and the rest. Unbroken generators have no effect
(7.2.3). The flat directions of the scalar potential are given by the broken generators, precisely the reason
why there is a Goldstone mode for each broken generator. Since it is these would-be Goldstone modes which
are causing a problem it is a natural thing to do. We do this by noting that only the broken generators alter
the vacuum (7.2.4) so out of all symmetry transformations, only they can be linked to some of the possible
independent fluctuations in the scalar field. So we consider a subset of group elements of the form

U” = exp {iEZT"Z} (7.2.15)
and since U” ¢ # ¢, we can split the scalar field into two types of fluctuation
¢(x) = exp {iQ“(:U)T"a} (g + o(x)) (7.2.16)
where the number of real fields 0% (z) is
b=g—h=dim(G) — dim(H) = number of broken generators. (7.2.17)

Since ¢ () has d independent functions originally, and we have b independent 7 (z) functions, this means
the d-dimensional o (x) must be constrained to have just d — b independent components if we are to avoid
over counting. To remove those parts in o lying along the broken symmetry directions, we demand that the
vector o is orthogonal (in the i,7 = 1,2,...,d space of the scalar field representation) to the direction of
any of the fluctuations generated by any broken generator. Each broken generator defines an independent
direction in the representation space of the Higgs field ¢ as U”¢py — ¢y ~ i€ T? ¢y # 0 and as the € are
independent, each TZ ¢ is non-zero and defines another independent Goldstone fluctuation direction. So
we must demand that o obeys

o(x)f. <T”Z¢>O) =0 (7.2.18)
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The point about using symmetry transformations to describe perturbations in the scalar field about the
vacuum, is that we can make a gauge transformation with

B 0 a=Ac{l,2,...,dim(H)}, T*=T"

@) = { _09(2) a=Z € {dim(H)+1,... dim(G)},T® = T" (7.2.19)

Under this transformation

B(x) — ¢/ (z) = " T P(z) = ¢y(z) = Py + () (7.2.20)

and the gauge field transforms in the usual way, the WH® being replace by W/#%. From gauge invariance of
the Lagrangian we know that

2 ,
Duol* = | D@/ |” = |0 — igW') (g + )| (7.2.21)
so that the original Lagrangian can be rewritten as
1 : a a a 1 a a b
L= 5 @0u0) +ig [o1T" @) — (0u0™) Tobo] (W) + S (MW 4 V(| + (1))
1 v
—ZF’ZVF"”‘ +O0(0.0,0W'*, a?*WHW' ) (7.2.22)

The terms in the square brackets are zero by (7.2.18) as we are mixing small perturbations in the direction
of the broken generators, T'Z¢O, with those perturbations in a direction perpendicular to this, which was
the definition of the o condition (7.2.18). Thus there are no mizing terms and we can now interpret the
particle content and the masses.

Gauge Boson Masses

The mass matrix for the physical gauge bosons W' (x) is

(M?)? = g T*T ¢y, (7.2.23)
Because we know the first A = dim(h) rows and columns (a,b = A, B =1,...,h) are zero because these are
associated with unbroken generators so we have
Ohxn)y  Ohxb) )
= 7.2.24
( O(bxh) M%bxb) ( )

where O, is @ b row h column matrix of zeros and so forth. The b x b matrix M%bx b) is unconstrained by
symmetry, the other zero blocks are forced to be zero because of the h = dim(H) unbroken local symmetry
of the little group H. This implies that

e for each unbroken generator there is one massless gauge boson.
e for each broken generator there is one massive gauge boson.

The unbroken symmetry, H, is behaving exactly as unbroken gauge symmetries did in chapter 6 as each of
its generators is linked to a massless gauge boson. To find the masses associated with the broken part of
the group, we must diagonalise the b-dimensional matrix I\/I%bX b)) just as for any real fields. Gauge fields of
equal mass, both massive and massless modes, must lie in representations of the unbroken symmetry H as
before. The massless modes will be in the adjoint representation of H as we saw in section 6.3 for general
unbroken local symmetry.

So with the broken generators in a theory of local symmetry, we have achieved our goal of describing
short range forces (massive gauge bosons) within a gauge invariant theory.
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Scalar masses

The scalar masses are determined exactly as in the global case as they are controlled solely by the scalar
potential which we expand about the vacuum solution. The difference is that in unitary gauge we only
expand in o(z) fluctuations, the remaining b degrees of freedom, the #Z(z)’s, have been removed by the
unitary gauge transformation. Thus the scalar masses are the non-zero eigenvalues of

o0*V

M?), = ——— 7.2.2

This d x d matrix has b = g — h zero eigenvalues, as can be proved exactly as Goldstone’s theorem was in the
global case in section 5.2. However they are the masses of would-be Goldstone bosons, the 67 (z)’s removed
in the unitary gauge. The remaining scalars have non-zero masses and are called Higgs particles. The
only constraint is that they must show the unbroken symmetry and so they must lie in representations of
H.

Particle content
Before SSB we had
e d real scalars ¢;(z) with d degrees of freedom;

e g := dim(G) gauge fields WH%(x), which, being massless, have 2 degrees of freedom each, giving a
total of 2g degrees of freedom.

e We thus have a total of d 4+ 2¢g degrees of freedom.
After SSB

e b = g— h(= dim(G) — dim(H)) would-be Goldstone bosons, §%(x), which, being removable via a
unitary gauge, are unphysical and hence provide 0 degrees of freedom to the total.

e d — b physical scalar Higgs particles, o;(x) € R. These yield d — b degrees of freedom to the total.

e The unbroken symmetry H ensures there are h massless gauge bosons, one for each generator T’ A,
providing two degrees of freedom each, hence 2h degrees of freedom to the total.

e g—h = b massive gauge bosons T”%, one for every broken generator, providing three degrees of freedom
each, hence 3(g — h) to the total.

e QOur final sum is then
0+ (d—b)+2h+3(g—h)=d+2g (7.2.26)

Thus while the numbers of each type of particle has changed from the unbroken to the broken theory, the
number of degrees of freedom has not. This is a general principle, that provided we are making exact
mathematical redefinitions of fields,

The number of physical degrees of freedom never changes.

The nature of the particles can change and it is one of the most important features of field theory that
particles can be transmuted into different forms. Here we say that these would-be Goldstone modes have
been “eaten” by massive gauge bosons. The extra degree of freedom of a massive comes from the would-
be-Goldstone bosons. Thus there are no physical massless scalars, as in the global case, but rather it is the
appearance of massive gauge bosons which flags the existence of SSB when local symmetry is present.
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7.3 Example of SSB in local SO(3)

Consider a theory with three scalar fields and a local O(3) symmetry”

L= —JTe{FuF™} + (0,0) (D)~ V(g'9) (7.31)
where
Du(z) = 0,1 —igW,(x), WH(z):=WH(x)T, F* .= F"%x)T® (7.3.2)

When working with a real triplet of scalar fields in a local SO(3) theory, i.e. d = 3 and dim(g) = 3 in (7.2.23),
we need to use pure imaginary generators, such as are given in (B.2.8)8. This is the special representation,
the adjoint representation where d = dim(G) and the generators can be constructed from the structure

constants. So we choose the basis where Ty, = —%eabc (a,b,c=1,2,3, € i the completely anti-symmetric
tensor with €'?3 = 41). Thus
1 0 0 0 1 0 0 42 1 0 —i 0
T = sl 00 =i, T2 = s 000, T3 = s+ 00 (7.3.3)
0 +¢ O - 0 0 0 0 0

This basis also satisfies the equations
[1°, 7% = %eabCTC. (7.3.4)

This basis is actually that of infinitesimal rotations (see below) but note none are diagonal so this field is
not a simple charge eigenstate i.e. not all components can have definite charges. This is a basis where no
generator is diagonal and this means the scalar fields are not the charge eigenstates. The rank of SO(3)
is 1, i.e. the Cartan sub-algebra has dimension one, so we can diagonalise at most just one generator at
any one time. If we were to do this to T! you would find you could only do this by working with complex
eigenvectors e.g. (0,1, —i), (0,1,41), (1,0,0) i.e. the charge eigenstates are the combinations ¢; and ¢g +i¢p3.

(i) Suppose V(z) = $m?z + Az?. Then one vacuum solution is’
¢y = ver, er:= 0|, v= (7.3.5)
2\
0
(i) Now find the most general unbroken generator by considering a general unbroken algebra element!'® A’
AN = ATH4 T2 43T, P eR (7.3.6)
and act it on the vacuum

0
ANp,=0 = cg | =0 (7.3.7)

C2

Thus A’ = ¢; T! so that we see that the only unbroken generator is T*.
It then follows that the Little group must be the only one-dimensional group H = SO(2) = U(1).

"There is a global O(3) but for the local symmetry only the continuous parts of the symmetry are relevant.

8This is a special representation where the dimension of the representation equals the dimension of the group, here 3. It is
called the adjoint representation and has some special properties. All groups have an adjoint representation and technically the
gauge boson fields lie in the adjoint representation of the symmetry group.

9Multiply this ¢, solution by any symmetry group element to find all other vacuum solutions, but note that only group
elements made from broken generators will give distinct solutions.

Y0 An arbitrary vector in the vector space that a Lie Algebra is.
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(iii) Now we find the broken generators by completing the basis. Here we can see easily that a suitable
orthogonal set of generators to choose for the broken ones are T2 and T? so we have

Unbroken T'' = T!;  Broken T”? = T2, T = T3, (7.3.8)

(iv) Now rewrite the scalar field in the Unitary gauge manner. Here we have a geometric picture to
help. Rotations about the 1 axis!! leave the vacuum invariant. Thus it is the 2 and 3 axis rotations,
generated by the T2, T3, which describe independent perturbations of the scalar field and which take
the vacuum ¢ round a sphere of constant ||, all of which are equally good vacuum solutions. The
only other independent variation in ¢ left after these two must be where we change the length of the
¢. Thus we can write that

v+ o(z) v+o(x)
¢ = U'(z)(¢py+0o)=U"() 0 ~ —e3() (7.3.9)
0 €2(x)
U'(z) = explie?(x)T? +i3(2)T"} o =o(x)er, (7.3.10)

where €2(z), €3(z), o(z) € R and e; is a unit vector in the 1 direction. It is simple to check that different
small perturbations are orthogonal, that is o (z), (ie?(2) T"2¢y), (ie?(x) T2 ¢,) are all perturbations
which are orthogonal and are a complete but alternative way of describing the three ¢;(x) fluctuation
fields. In particular we have

(T2¢))'e = 0, z=23. (7.3.11)

(v) One makes a gauge transformation with U = (U”)~L.

The scalar field becomes ¢ — ¢’ = (U”)"1¢ = ¢, +o. This is the part of the scalar field perturbations
not described by symmetry transformations so can not be the Goldstone fluctuations. Here its a radial
fluctuation not an angular one. Clearly we have only one real scalar field mode left o(z) and this
will have mass as in the global case since the scalar potential is still the only term effecting the scalar
masses and it requires no changes in going from local to global case. Such modes are the Higgs modes
and from the global results, or repeating the calculations, we find the Higgs mass is again (—2m?).

The Goldstone modes, the scalar modes associated with the perturbations written in terms of symmetry
transformations, the U”(x) part, have been completely removed. Their degrees of freedom must have
been shuffled into other fields. The only ones left are the gauge fields and indeed we should find two
new degrees of freedom in the gauge fields now.

The gauge bosons will acquire a mass matrix M? coming from the ID#¢|? term, and we showed in the
lectures that this has the general form

(M?)? = gy T* T’y (7.3.12)

Note that there are 7, j indices on the vectors associated with the representation of the scalar field.
These are completely summed over and have nothing to do with the space in which the M? matrix
lives. The M? matrix is a matrix in the a, b indices of the generators and so living in the algebral!2. It

1YWe are after all rotating the three real components of ¢ into one another so it is just like a 3 dimensional rotation of space
coordinates.
12Technically in the adjoint representation of the Lie Algebra.
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is NOT a matrix in the ¢, j indices of the scalar field representation, though in this example both sets
of indices run through 1,2 3'3. In this case we can find that

(M) = [ 0 1g%2 (7.3.13)

Thus as advertised, there is one massless gauge boson W#!(x) to go with the one unbroken generator
T, and two massive gauge bosons W#2(z), W#3(z) to go with the two broken generators T"2, T3,
both of which have the same mass gv/2. Note that massless gauge bosons have two degrees of freedom,
massive ones have three so there are two extra gauge boson degrees of freedom in the broken case,
corresponding to the loss of two scalar Goldstone modes, so the total number of physical modes in the
theory remains the same.

(vi) Calculating the mass matrix from the formula quoted above is often a tedious business. It is simpler
to multiply matrices by a vector to get a vector, rather than starting with the matrix products. We
can eliminate the former a, b indices by working with T*W#* combinations directly. To do all this we
calculate the whole gauge boson mass term and only indirectly the mass matrix. Its then quicker to

consider the expression as the dot product of two vectors'?, z

WHU M) ®PWE = 2Tz = |z (7.3.14)
2t = (TWH + TPWH2 + T3WHS) ¢ . (7.3.15)

The vector z is quick to calculate if we chose ¢, so as to simplify the problem, as we did here. We
now see that T! annihilates the vacuum so the gauge boson field associated with it, W never appears
in the mass term, i.e. unbroken generators are linked with massless gauge bosons. To complete the
calculation, we need only look at the first column of the T? and T? generators, as ¢, is so simple, and
we see that

0 0 1 0
2M = gu 0 R [ 11— 0| = +wr |. (7.3.16)
—iWH2 0 0 —iWH?

The modulus of this vector then gives the whole gauge boson mass term easily as

1

5921)2 (WH2)2 4 (WH3)?2) (7.3.17)
With this term in the Lagrangian and, in the unitary gauge, no quadratic mixing terms, we see that
both W#2 and W3 have mass gv and from its absence, we conclude W*! is massless.

(vii) The charges of the physical modes in the broken case are interesting. Think of a fixed Lorentz index
v then look at the pair of real fields W#2 and W#3. They have the same mass (gv), a reflection of the
unbroken SO(2) symmetry. If we had seen two real scalar fields, say ¢2 and ¢3, with the same mass
we would suspect an SO(2) symmetry and we know that it is better to work with the complex field
® = (1/v/2)(¢2 + ip3) and its conjugate as these have SO(2) ~ U(1) definite charge. The complex
fields ®, T would be the charge eigenstates rather than the real fields ¢o, 3. In exactly the same
way, one can check and see that the physical gauge fields carry charge but the W#¢ forms are not the

!3Here the scalar field is in the adjoint representation of SO(3).
14The Lorentz vector index plays no role here so we suppress it. For instance you can do this for each value of p present in
the implicit sum.
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charge eigenstates. By analogy with the real scalar field problem we see that in the broken phase the
charge eigenstates are the combinations

_ 1
V2
Thus these gauge fields are massive and have U(1) charges +1. This could be checked by finding the

contribution to the Noether currents from the WH¢ fields, though this is not easy as non-abelian gauge
bosons give a complicated contribution to the Noether current.

Wh (WH2 w3 Wt = (W)t (7.3.18)

The two other physical fields in the unbroken phase, o, W*! have distinct masses. Thus, like any other
single real scalar field with a unique mass in an SO(2) theory, these must each transform in the trivial
representation (i.e. they are invariant under the unbroken SO(2) symmetry) and so have zero charge.

(viii) Finally, had we studied the unbroken model, we remember that SO(3) is rank one and therefore it
can have one diagonal generator, and one charge. However the generators acting on the real scalar
triplet have no diagonal generators though this form is convenient for the SSB calculations. To see the
charges, one must diagonalise one generator, say T' in which case we see that ® = (1/v/2)(¢2 + i¢3)
and its conjugate are the charged scalar fields, and ¢; is uncharged. In the unbroken phase all are
physical and have equal mass a reflection of the SO(3) symmetry. The gauge bosons behave in exactly
the same way under SO(3) symmetry. The combinations W, WH+ WH= are the gauge boson charge
eigenstates with charges 0, 41, -1, they are all physical modes and they all have equal mass, zero.

Overall, whether we look at the broken or unbroken symmetry case, we see how symmetry controls
relationships between masses and the possible charges, though this may require us to make field redefinitions
in order to reveal the physics clearly.

Particle Field Mass Observable | Degrees of
Charge Freedom
Higgs o Vv —2m? 0 1
“Photon” wie 0 0 2
“Ws” WEr (gv/2) +1 2x3
Scalar d1 m 0 1
Triplet (2 +i3)/V/2 m +1 2x1
Non abelian wie 0 0 2
Gauge bosons (W?2* 4+ iWH3)/\/2 0 +1 2x2

Aside on SO(3) matrices

These generators are chosen to be infinitesimal rotations in three-dimensions. By considering the series
expansion of an exponential and looking at terms with even and odd powers of € separately, one can prove
that in this basis T* generates rotations about the a-th axis, i.e.

- I z1
2Tz | = cos(e!)xg + sin(e!)xs (7.3.19)
x3 — sin(e!)zg + cos(e)z3

7.4 Questions

)7.1. Unitary Gauge: Abelian case
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Consider a single complex scalar field and single gauge field model with no kinetic terms for a gauge field
L[®, o', B*] = (D,®)(D'd) -V (d'D) (7.4.1)

(i) Show that this is the e — oo limit of Scalar QED, provided we think in terms of the non-zero rescaled
gauge field B* = eA*.

(ii) Hence show that the A* field can be eliminated by using its equation of motions to give

i ®f(0r®) — (0r01)®

Af = — 7.4.2
€ 2 ’®|2 ( )
iii us show that i =ne?, n € R then
Thus show that if ® = ne’’, n € R th
eAM = 910, DHD = ¥ (9Mn) (7.4.3)

(iv) Show that such a gauge field has no physical content, i.e. it is gauge equivalent to zero, contributes
nothing to F*¥, and so represents zero electric and magnetic fields.

(v) Deduce that
L[®, T, B'] = Luew[n] = (8"n)(8m) = V(") (7.4.4)

(vi) What happens if ® = 07 Hence what is the particle content of this model, i.e. what happens to the
degrees of freedom in rewriting £ as Lyew?!

If we make a transformation of this form, i.e. transform the gauge field by the derivative of the phase of the
scalar field, in normal models where an F? term is present, nothing physical changes in the gauge sector -
it is a gauge transformation. Making such a gauge transformation, one which sets the scalar field to be real
at ‘all’ points (except where ® =0) is called the Unitary Gauge.
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Chapter 8

Fermions

So far we have focused on scalar fields, both as fields representing ordinary particles with spin zero, and as
Higgs fields, the essential element of any SSB scheme. We were also forced to introduce gauge fields when
we considered local symmetry. However, most of the matter we know is made up of fundamental fermions,
the quarks in neutrons and protons of a nucleus, and the electrons bound to nucleii. In this section we will
give a brief review of the basic classical theory of fermions which centres on the Dirac equation. We will
put the Dirac equation and its fields into the context of earlier chapters, that of local and global symmetry
of Lagrangians.

In the second part of the chapter we look at different types of fermion, especially chiral fermions. It
turns out that the weak force interacts with chiral fermions rather than simple Dirac fermions.

8.1 Dirac Fermions

Fields which satisfy the Dirac equation with no other constraints, describe particles called Dirac Fermions,
in the limit where such particles have no interactions. Using 1*(z) for fermionic fields, the Dirac equation
is

(ngﬁau — m]la5> YA (z) =0 (8.1.1)

where u = 0,1,2,3 is a Lorentz vector index , spin indices o, 3 =0,1,2,3. .
In four-momentum we have

4
@ = [ e (812
0 = (-m), =t (8.13)

For a physical particle, the fermion is on mass shell so that

po = Swp, s==x1, w,=+p?>+m? (8.1.4)

where s = +1 is a particle solution, s = —1 an anti-particle solution, both of physical energy w,,.

Gamma matrices

1
{74} =29", {7’71} =0 " =y ="'’ (8.1.5)

where the metric is ¢%° = +1, g'! = ¢?? = ¢33 = —1 with other entries zero.

'T will not use my usual matrix notation of A etc. for the gamma matrices v* 5 with their spin indices.

95
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The spin operator in spatial direction 7 is S; (i = 1,2, 3) and for a particle with three-momentum p; is

1 1 i
Si = Jeinlv = 59907 e [Si 9] = SeirS (8.1.6)

and the last identity is the spin-algebra. This may be familiar from non-relativistic work where the Pauli
matrices form another representation of the same algebra.

Dirac Basis

Many different matrices satisfy the algebra of the gamma matrices. All are equally valid, but depending on
the physical problem some representations may be more convenient. It is also useful to have one explicit
example such as the Dirac basis, which is often seen, and it is given by

1 0 ; 0 7 0 1
0 __ i 5 _
7_<0_]|>7 7_(_7.1' 0>’Z>7_<]|0>' (8.1.7)

The 7° (i = 1,2, 3) are the three Pauli matrices of (B.2.4). In the Dirac basis, 7> has the following properties

'y}: =7, 5.v5 = 1. (8.1.8)

Note that the spin operator in the Dirac basis is

1/ 7 0
Si = 2( 0 4 ) (8.1.9)

Weyl Basis

Another basis which is particularly useful in the standard model is the Weyl basis where

0 __ 0 —]] i 0 Ti 5 ]I O

where the 7% (i = 1,2,3) are the three Pauli matrices of (B.2.4). The spin operator in the Weyl basis is the
same as in the Dirac basis (8.1.9).
Solutions of the Dirac Equation

There are two particle solutions, u,(p) (r = 1,2), and two anti-particle solutions, v,(p) (r = 1,2), to the
Dirac equation. Thus the most general solution to the Dirac equation is made up of a linear combination of
these four solutions

b(p) = 2m6(po—wp) | D Fr(ud(p) | +270(po +wp) | Y fr(P)ul(p) (8.1.11)

r=1,2 r=1,2
where w, = p?2+m2 > 0. In the Dirac representation for the gamma matrices the four standard
solutions u, and v, are
1 Xr 1 (spiTiy,
ur(p) = (wp +m)2 v vr(p) = (wp +m)2  (rtm) (8.1.12)
ot P T X Xr

where spin up and spin down solutions (w.r.t. the third axis, note S3 is diagonal in the Dirac basis) correspond

Xl 0 Y X 1 8'1‘13

Note that the two-by-two Pauli matrices act on the two dimensional spinors x.
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Degrees of freedom

The four independent real functions, f_o, f—1, f1 and fo in the general solution (8.1.11) to the Dirac equation ,
indicate that there four independent or distinct ways of carrying quantum numbers (e.g. energy, momentum)
through the system.. Thus Dirac Fermions have 4 degrees of freedom. These correspond to all permutations
of spin up/spin down and particle/anti-particle.

One could try to compare this with the complex scalar field (two degrees of freedom) vs. real scalar field
(one degree of freedom) case, and ask if there are fermionic fields with fewer degrees of freedom. The answer
is yes.

A Majorana spinor has two degrees of freedom, each fermion is its own anti-particle but spin can be up
or down. Thus the complex vs. real scalar fields have the same relation as the Dirac to Majorana fermion.
These are very important when supersymmetry is present and in some models of massive neutrinos, but
they will remain outside the scope of these notes.

Since the Dirac fermion has up/down spin as well as particle/anti-particle options, one could look for
another way of halving the degrees of freedom. A Chiral fermion also has two degrees of freedom, but
in this case the particle has its spin in one direction only, and the anti-particle has its spin ion the other
direction. This is vital for the fundamental description of weak nuclear forces and we will study this in
section 8.3.

8.2 Lagrangians for spin 1/2 particles

8.2.1 Single free spin 1/2 field

The Dirac equation is the equation of motion obtained from a Lagrangian quadratic in ¢ (x), namely

L=—m)b, G=vi0, §=0n" (8.2.1)

Thus this describes the propagation of a free i.e. non-interacting, fermion.
This Lagrangian for the Dirac fermionic field always has one global symmetry?

Vector current: ¢ — ' = ey = L[] = L[], J*x iy (8.2.2)

This conserved charge is proportional to the fermion number (fermions minus anti-fermions)3. The Noether
current has a single Lorentz index p indicating that it transforms as a Lorentz vector under space-time
symmetries, hence the name of the symmetry.

However, there is another important symmetry for the spacial case of a massless Dirac fermion. Supposed
we make a Chiral or Axial transformation,

Yo — Yy = [e"“’} b (8.2.3)

of
Then we find that in massless limit only this is a symmetry of the Lagrangian (8.2.1) the Axial current?,
m=0 = L[] =L}, Jﬁ o Yy (8.2.4)

The Noether current has a single Lorentz index u but it also has the 5 of the 4°. A careful check of Lorentz
properties shows this current transforms as a Lorentz axial-vector. That is it behaves exactly as any other
Lorentz vector except under reflections.

2 EFS 8.2.5: Check this symmetry and derive this Noether current.

3 EFS 8.2.6: Use a form for a free Dirac quantum field to confirm this.

1 EFS 8.2.7: Check that the axial transformation of (??) is indeed a symmetry for massless free Dirac fermions. Also show
showing in particular that the mass term is not invariant, and derive the Noether current.
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8.2.2 Multiple free spin 1/2 fields

Just as we were able to generalise from a single complex scalar field, ®, with U(1) symmetry, to a vector
of scalar fields ®;(z) in (i.e. transforming under) a d-dimensional representation of some group, we can do
the same with fermionic fields. Thus we consider ¢{*(z), with spin index o = 0,1, 2, 3, internal symmetry
index i = 1,2,...,d for a field in a d-dimensional representation. Note that we do not mix space-time
transformations (acting on the a index) and internal symmetry transformations (acting on the 7 index),
they are independent of each other (space-time and internal symmetry transformations factorise). We saw
the same feature with non-abelian gauge fields W#* where the internal symmetry only acted on the a indices
of the internal symmetry. We can easily construct a U(d) globally symmetric generalisation of the U(1)
symmetric free Dirac fermion Lagrangian, (8.2.1),

L = (i@ —m)s, Y —PF= [eiE“T“]ij St = Ll = L), (8.2.5)
TH oc Pt T (8.2.6)

where we have left in some explicit unit matrices in spin 55 to emphasise the points above, i.e. the symmetry
transformation being discussed does not touch the spin indices. Such unit matrices will be left out in all
remaining discussions.

8.2.3 Local symmetry and fermions

By now we might guess that we just have to make the usual replacement O — D where D* = 9* — igW*
is defined exactly as with scalar fields in (6.2.25).

Eglobal — Liocal = QEZ (ZDZ’YM - mllzg) wj - %TI‘ {(F,u,y)z} (827)
o 1
= (i) —m) s+ S Wi — ST { (Fu)’} (8.2.8)

where JI'“ = gJ#, the Noether current. Note that unlike the scalar case, the fermionic contribution to the
Noether current is independent of the gauge fields W/‘f

8.2.4 Other fermionic Interactions

The local theory kinetic terms contain gauge field - fermion - anti-fermion interactions. There are two other
basic examples:
e gy 17 is renormalisable in four space-time dimensions, and it is invariant under the U(1) symmetry (8.2.2)
and Lorentz symmetry. It represents scalar-fermion-anti-fermion interactions with interaction strength gy
(not a gauge coupling strength). There are more sophisticated variants with complex fields, fields in higher
dimensional representations (see chapter 10 on the EWmodel) but all such terms are called Yukawa terms
or interactions. Yukawa used such interactions in 1935 to model the strong nuclear force as the exchange of
a pion (a scalar) between protons or neutrons (fermions).

In the modern context they are important as they generate mass corrections for fermions when there is
SSB present as

gy & = (gyv)Ynh + cubic interaction (8.2.9)

5 EFS 8.2.8: Consider the Lagrangian for the free Dirac fermion with a local symmetry of (8.2.7). (a) Check that the is
symmetry. (b) Derive the Noether current. (c) Derive the equations of motion without any kinetic term for the gauge fields
but for general non-abelian symmetry, showing from the equation of motionfor the gauge field that it is an auxiliary field and
easily eliminated. (d) Consider a U(1) local theory but with the gauge field kinetic term present, and derive the eom - two of
Maxwell’s equations.
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if ¢(z) is set equal to a constant vev v plus fields for the fluctuations.

e g(y1))? is a four fermion interaction and can describe directly scattering of fermions off fermions without
any intermediate particle. Again, many sophisticated variations are possible with different fermionic fields
and fields lying in higher dimensional representations. It is even common to see gamma matrices or group
generators appearing to make more sophisticated terms. With such a term, one could imagine modelling
the strong force fermion-proton interactions mentioned above without a scalar field.

However in a modern context such a term is not renormalisable in four-dimensions and would not be
included as a part of a fundamental theory. It does have a very important role to play in effective theories
which are powerful tools. This type of term is the basis of the Nambu-Jona/Lasinio models [14], which are
important as simple and early examples of dynamical symmetry breaking, an important alternative to the
spontaneous symmetry breaking considered in most of these notes.

8.3 Chiral Fermions

We have already mentioned chiral fermions as fermions of two degrees of freedom, and chiral symmetry in
the context of massless fermions and a 7° transformation. We will come back to these ideas later but we
will start from a formal set of definitions.

Chiral Projection Operators and Eigenstates

The left and right chiral projection operators are defined to be

1 1
PR = 5(1 =+ "}/5)7 PL = 5(1 — "y5) (831)

Note that in the Weyl basis (8.1.10) these are particularly simple

P = (g 8) . P <8 3) (8.3.2)

The projection operators (in any basis) satisfy the usual properties of projection operators, namely®
Pr.Pr=Pgr, Pr.Pp=P;,, PrPp=P,.PRr=0, 1=Pr+P;. (8.3.3)
The last identity ensures we can split any arbitrary Dirac spinor into a left- and right-handed part,

w = ¢R + wLa wR = PRT% wL = PL¢7 (834)

Thus ¢y, and ¥ g are both eigenstates of both the projection operators, with eigenvalues 0 and 1, each having
the opposite eigenvalue for a given projection operator

Pry = Prypp, =0, Priyp=vgr, Pryp=1r. (8.3.5)

Note that the Weyl basis is the basis for gamma matrices where the eigenvectors for chirality and for the z-
component of spin are proportional to the simplest unit vectors, (1,0,0,0) (spin up, RH fermion), (0, 1,0,0)
(spin down, RH fermion), (0,0, 1,0) (spin up, LH fermion), and (0,0,0,1) (spin down, LH fermion). This is
why its so useful when dealing with chiral fermions.

One has to be very careful with the conjugate left- and right-handed fields field, ¥z and 7, which we
will define by

Yr = (r) 0, Y1 = 1) 0. (8.3.6)

S EFS 8.3.9: Prove that the left- and right-projection operators (8.3.1) satisfy the properties (8.3.3) of projection operators.
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Other definitions of 1x and v, are in use’. If in doubt as to their meaning, refer back to equation (8.3.6).
From our definitions, for any 1 the following hold:

YrPL = YR, YrPR=0, ¢pPr=1r, ¢rPL=0. (8.3.7)

8.3.1 Helicity, Chirality and Mass

Helicity is the component of the spin lying along the direction of travel of a particle, i.e. along the direction
of the unit vector p/|p|. The helicity operator, A, is therefore given by
o QPZS 1

A= LS = 2570 8.3.8
] > (8:38)

where p is the three momentum with components p; and S; is the spin operator defined in the second part
of the equation above. The index ¢ here runs over the three space directions.

It turns out that for massless particles, the states with definite handedness, i.e. eigenstates of P;, and
Pr, are also eigenstates of helicity. For simplicity we will consider the non-interacting case and let 9 be a
solution to the massless Dirac equation, m = 0 in (8.1.1). Working in four-momentum p, coordinates, with
m =0 in (8.1.3), we have

poto(p) = Pty (p) = ¢(p)=%2755m(p) (8.3.9)

using the definition of the spin matrix S; in (8.1.6). Now the energy is equal to the size of the momentum
for a physical massless particle, solutions to Dirac’s equation are “on-shell”. Thus w, = p = [p] in (8.1.4)
and so

po = s|p|, s==+1 (8.3.10)

where s = +1, is a particle solution, s = —1 an anti-particle solution. Remember that the physical energy
is |po| but its convenient to work with negative py values, e.g. in the general free field expression (8.1.11).
We then note that we have the helicity operator in (8.3.9)

_ 2p.S

A= 22 (8.3.11)
p|

This operator has eigenvalues +1 as the p/|p| just projects out the component of spin along the direction
of the velocity, while the 2 corrects for fact that the eigenvalues of any spin component are +1/2. Thus

¥(p) = s7° Ay (p) (8.3.12)
Using
Prys = Pr, Prys=-PL (8.3.13)
and some more manipulation we find the following eigenstate equations®.
AYr(p) = —s¢r(p)
AYr(p) = +svr(p) (8.3.14)

Thus the chiral eigenstates (8.3.5) are also helicity eigenstates but with a non-trivial relationship between
the positive ‘energy’ particle solutions and the negative ‘energy’ particle solutions. The free field is usually
written in terms of two particle free field solutions, u, exp{—wt —ip.x} (x = 1,2), and two anti-particle

"The obvious alternative is ' g = (¥) 0 Pr = 1.
8 EFS 8.3.10: plrghProve that the chiral fermions 7, and 1r are eigenstates of helicity as given in (8.3.15)
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solutions, vy exp{—wt — ip.x¢} (x = 1,2) with some normalisation . The two solutions can be chosen using
the Py operators to be chiral eigenstates, ur,/r(p), vr/r(p), in which case we also know that they are also
eigenstates of helicity, namely?

Aur(p) = —ur(p)
Avr(p) = +vr(p)
Aug(p) = +ur(p)
Avgr(p) = —vr(p) (8.3.15)

A purely left-handed solution with positive pg, denoted uy, is an eigenstate of helicity with eigenvalue
—1, while a pure right-handed solution with negative pg, v;, has helicity eigenvalue +1. The right-handed
solutions have the opposite helicity.

This explains why we use the word “chiral” for the right- and left-handed fermions. Consider a moving
particle and measure its spin along the direction of travel p/|p|. If this component of spin points in the same
direction as the velocity, we could picture the particle as a spinning ball, and a point on its circumference
would mark out a left-handed corkscrew as the particle traveled along!® If the spin of the particle had
been in the opposite direction, we would represent this by having the ball spinning in the opposite sense so
the point on the equator of the ball would sketch out a corkscrew of the opposite sense. As chiral means
handedness, or an object which is not equivalent to its mirror image, the term is appropriate in this context.

Note that the particle must be massless for this link between chirality and helicity to be identical for
different observers and therefore a fundamental property of a particle. Suppose we, observe an eigenstate
of helicity in one frame. For a massive particle, we could consider a second observer moving faster than
the particle. To this second observer the spin would be the same but the direction of travel of the particle
has switched. This observer concludes that the particle as the opposite helicity from that deduced by the
original observer. Thus massive fermions can not be eigenstates of helicity.

8.3.2 Chiral fermions, Lagrangians and Masses

Can chiral fermions, 1y, exist in their own right as a fermionic field with two degrees of freedom? It is
certainly possible to find solutions of the massless Dirac equation which are pure left-handed or righthanded
states, the standard normalised u;, and v;, solutions for instance, and their existence does not depend on
the other. Thus the answer is yes. We can see this from the equation of motion for a chiral state, say v,

0 = (i —m)vr (8.3.16)

which implies ifv;, = may, and
0 = (i@ —m) Py, = Pridvr) — Pr(mir) (8.3.17)
= (a) m =20 or (b) PR’(ﬁL = PLi/JL = 0= PL@Z)L (8318)

Thus a chiral fermion can satisfy Dirac’s equation but only if it is massless. Again we see that only massless
fermions can be chiral.
This can be seen in another way. The Lagrangian for a general Dirac field can be written as follows

L = (i@ —m)y (8.3.19)
= g (@) vr+¥L (i) YL — m (VrYL + VLYR) (8.3.20)

9 EFS 8.3.11: Calculate the four explicit forms of these eigenstates. Remember they are solutions to massless Dirac
equation, and if you wish to exploit the solutions in (??) then pick spatial coordinates such that p = (0,0,p > 0).

0Tts a matter of convention whether we think of it as a left or right handed corkscrew. Its convention as spin is fundamentally
quantum and special relativistic phenomena and thinking of it as any sort of spinning classical object is at best an analogy, one
which turns out to be of quite limited use in general.
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Note that the mass term mixes chiral eigenstates, but the kinetic term does not. A mass term requires
both left- and right-handed parts to be present. A pure left-handed particle must be massless. Thus a valid
free Lagrangian for a left-handed chiral fermion is

L = Yrigp = %Jnﬁlﬂ“ (1—~°) % (8.3.21)

The first form is compact, the second is a clearer reminded that we do not just have a Dirac fermion. To
see what interactions we can have, it is best to put chirality into our general language of symmetries and
transformation

8.3.3 Axial currents and chiral symmetry

The existence of chiral fermions is related to the Axial or chiral symmetry of (8.2.4) as we can show!!

Y — b = Uathr, = e, b — @y = Uabr = e Php, Ugs = exp{if’} (8.3.22)

This transformation is distinct from the usual phase symmetry of the Dirac equation, ¢» — exp{if}, and
in this langauge this is called a vector U(1) symmetry. The axial symmetry rotates left- and right-handed
parts by the opposite phase factors, while a vector transformation does not

Yr — b = Uy = e, Yr — o = Uyr = e™p, Uy = exp{ifl} (8.3.23)

Thus for a Lagrangian to be chirally invariant we must not mix left- and right-handed fields, in free or
interacting terms. The usual mass term of the Dirac fermion fails this test and we have already noted that
chiral fermion must be massless. Put another way, if we want a Lagrangian describing a world of purely
left-handed fermionic particles, we must not have any individual terms which require right-handed particles
i.e. no left-right mixing terms. Such a Lagrangian will have an axial symmetry.

Parity and Chirality

Finally, chirality is linked with another discrete symmetry, that of parity — an improper discrete space-time
symmetry where one considers the reflected system

P: z——x, p——-p, S —25; (8.3.24)

and spin is unchanged under parity. Thus we see that the helicity operator switches sign under parity,
PA = —A, and thus parity switches left-handed massless fermion states into right-handed massless fermion
states. For a theory to be invariant under parity, two experiments identical except they are mirror images of
each other, must behave the same. If a theory treats left- and right- handed particles differently — a chiral
theory — then it must also break parity, as in two parity related experiments, the left- and right-handed
particles are swapped around. Thus experiments which reveal that the EWtheory is chiral (it treats left-
and right-handed parts of fermions very differently) are often discussed in terms of parity violation.

I EFS 8.3.12: Show that the Axial or chiral symmetry of (8.2.4) is indeed a symmetry of the Lagrangian of a massless free
Dirac fermion. Do this first using infinitesimals, and then for arbitrary @ [Hint prove that Us = cos(6)1 4 4 sin(6)~°].



Chapter 9

Strong interactions and QCD

The first part of the standard model of particle physics we shall look at is QCD, the modern theory of
the strong interactions. The Lagrangian of QCD is rather simple, yet it seems to describe most of the
particles discovered in the twentieth century. Thus QCD is a great example of a successful unification
process. Its history charts the rise in particle physics of the concepts of global and local symmetry and gives
an example of the successful use of explicit symmetry breaking. Only the ideas of local symmetry breaking,
the Higgs-Kibble mechanism, have no role to play for the strong interactions.

9.1 Early theories and experiments

In 1935 Yukawa suggested that nuclear interactions could be described by the exchange of a particle or mass
around 200GeV. This particle was later called the pion and leads to a picture of a nucleon as cloud of
virtual pions of size around 1fm. The pion was found experimentally over the following decade by observing
scattering of cosmic rays.

By the early fifties, studies of nuclear interactions showed that there was a symmetry under interchange
of protons and neutrons, provided other exchanges between particles of almost similar mass, e.g. the pions,
were made at the same time. This can not be expressed in terms of a simple conservation law such as
electric charge conservation or baryon number conservation, i.e. it was not an abelian symmetry. However it
can be expressed in terms of a non-abelian SU(2) symmetry. It can not be an exact symmetry of nature as
EMdistinguishes the proton and neutron, and the different types of pion. Today this symmetry is explained
in terms of a global symmetry between up and down quarks, i.e. this is an SU(2) flavour symmetry. Each
flavour, or type, of quark has a distinct combination of electric charge and mass. The up and down quarks
have almost the same mass, and same strong force charges, only EMand weak force effects distinguish them.
A simple example of a model in this formalism might take the form for fermionic particles

L =1p; (i) —m); — g(Pyh;)’ (9-1.1)
Here the 1 transforms in an SU(2) representation'. For instance this could be two-dimensional for the
nucleons ¥ = (p,n) or three-dimensional for the fermionic Sigma baryons 1 = (31, %% ¥7). Today we
could use this model for the fundamental up and down quarks where ¥ = (u, d) and u and d are the up and
down quark fields. Note we often use a notation where the usual label for a particle, e.g. p for a proton, is
used as a shorthand for the associated field, so p = p®(x) is a Dirac fermion field.
As time went on, increasing numbers of particle were being discovered. In particular from 1947 particles
such as the Kaons and the A? were found. They had comparatively long life times. This suggested they

'Of course if i = 1,2,...,d then the full symmetry of this Lagrangian is a U(d) = U(1) x SU(d) global symmetry. However,
if d > 2 then an SU(2) subgroup always exists so in reality this would be one piece of a larger Lagrangian and we imagine that
terms in that Lagrangian limit the overall symmetry to this SU(2) subgroup.
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were the lightest hadrons which had a non-zero charge of new quantum number, strangeness S. It would
be conserved under strong interactions, so that decays of the Kaons and the AY had to be via slower weak
interactions. Strangeness obeyed the simple conservation law which comes from an abelian U(1) symmetry.
This we now know to be counting the number of constituent strange quarks in the hadrons. In 1953 it
was noted that strangeness plus baryon number B, a quantity dubbed the hypercharge Y := B + S (also
related to a U(1) symmetry since both B and S are), linked the isospin charges of the SU(2) up/down flavour
symmetry to the EMcharges, @, through the Gell-Mann-Nishijima relation

Q:T3+§ (9.1.2)
Increasing numbers of new particles were being found, and the particles formed small sets where they had
almost identical masses, the same strangeness and baryon numbers, had isospin charges appropriate for an
SU(2) representation and with electric charges satisfying (9.1.2). It led both Gell-Mann and Ne’eman in
1961 to suggest that in fact the SU(2) isospin symmetry and the U(1) hypercharge symmetry are a subgroup
of a weaker symmetry, a global SU(3) flavour symmetry. This approach to particle physics was known as the
Eightfold-Way. An SU(3) symmetric theory can not be as good an approximation as the SU(2) symmetry
as it groups particles together in the same SU(3) representations even though they have different mass.
The point was that if you regarded the model as having a dominant SU(3) symmetric part and then a
small correction term breaking the symmetry to the much better SU(2) x Uy (1) symmetry of isospin and
hypercharge, then this enabled one to make predictions about the mass differences. In particular, Gell-Mann
(1961) and Okubo (1962) showed how this could be done, culminating in the prediction of the 2~ baryon
before it was found in 1964. A simple version for fermionic fields transforming in the three-dimensional
SU(3) representation might look like

L= P (i —mu)p; — g(bp;)* — (Am)dshs (i =1,2,3) (9.1.3)
= {bj (i@ — my) ¢j - IES (i@ — (mu + Am)) 1/;3
—9(12’]'1#3‘)2 - 9(72’37/’3)2 - 29({?]@[’]‘)({#3"?3) (1=12) (9.1.4)

From our modern perspective we would assign the up, down and strange quarks as ¥ = (u,d,s). The
strange-up/down mass difference Am = my — m,, breaks the global SU(3) symmetry of the first two terms
of (9.1.3) to SU(2) x U(1), the up and down retaining the SU(2) symmetry of (9.1.1) while the 13 = s
has the usual U(1) phase invariance of a Dirac fermion. The second form (9.1.4) shows this most clearly.
On the other hand, if Am gives only small corrections, we could calculate results with just the first two
terms of (9.1.3), and add in small corrections due to the mass difference term later. In this way we exploit
the approximate SU(3) symmetry. However, when this approach was first put forward, all the fields were
hadrons and none of those fitted into the simplest three dimensional representations, a point we shall pick
up again in a moment.

The subsequent discovery of new conservation laws, what we would now call new quark flavours, is not
terribly important for our discussion. The discovery in 1974 of the J/v particle, the lowest mass c¢ bound
state, established the existence of the charmed quark. This confirmed earlier theoretical suggestions of
Glashow, Iliopoulos and Maiani in 1970 that such a quark should exist to explain why certain strangeness
changing weak interactions were suppressed. The bottom quark was found in a similar way by finding the
lightest bb meson, the Y, in 1977. The top, on the other hand, was only found in 1995 at Fermilab. However,
even the lightest of these quarks, the charm, is so much heavier than the strange, up and down quarks, that
extending the SU(3) flavour symmetries to SU(4) with charm is of no practical use, the symmetry is too
badly broken.

A more important direction to follow from the Eightfold-Way is the establishment of the existence
of quarks themselves, something I have taken for granted so far. In fact in the early 60’s, it was not
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obvious that all these hadrons and their flavour symmetries could be explained in terms of some smaller
constituent parts. However, it was noticeable that none of the hadrons in the SU(3) model fitted into
the simplest representations, the defining or fundamental three-dimensional representations of SU(3). In
group theoretical terms it is possible to build all other representations out of combinations of the three
dimensional representations. Thus it is therefore natural, theoretically, to suggest that such building blocks
might correspond to a more fundamental particle, and the idea of quarks was born in 1964 (Gell-Mann and
Zweig). However, it was not clear if such entities really existed. On the other hand, ever since Yukawa’s
theory emerged, it was known that nucleons had a finite size of about 1fm and so it is natural to look for
substructure. The confirmation that nucleons have point like constituents, dubbed partons by Feynman,
can be done in the same way that the structure of the nucleus was revealed, that is by studying high-energy
inelastic scattering of electrons on protons and neutrons. Such studies also show that the partons have
charges +2/3 and —1/3 and so it is natural to associate them with the quarks suggested from the SU(3)
flavour symmetry ideas.

9.2 Gauge Theory for strong interactions

The picture of the strong interactions based on different flavours of quarks still leaves us significantly short
of QCD, today’s accepted model for the strong interactions. We have no force carrying gluons, no colour
charges linked with the gluons and no gauge theory. The historical discussion so far has focused on the
types or flavours of the quark and these have been related (at least for up, down and strange quarks) to the
conserved quantities associated with global symmetries involving the interchange of the flavours of quark,
asin (9.1.1) and (9.1.3). Even with the identification of the point like constituents of nucleons, the partons,
as the building blocks of the Eightfold-Way, the quarks, there were problems with the quark model.

The most obvious problem is that we see bound states of one quark and one anti-quark (the mesons)
or bound states of three quarks (the baryons), but no other combinations are seen, e.g. quark-quark bound
states. There is no reason in the theories discussed so far why other bound states should not exist, after all
the nucleons bind in a wide variety of combinations to give the different nucleii, electron pairs can bind as
Cooper pairs in superconductors.

However most illuminating is the existence of certain spin 3/2 baryons. A spin 3/2 bound state of
three up quarks such as the A™* (mass 1232MeV), is consistent only with symmetric wave functions. For
instance, the AT state with total component of spin S, = +3/2 could be composed from three up quarks
as follows

WA++ ($1, To,T3;S, = +3/2) = uT(xl)uT(xg)uT(xg) (9.2.1)

where u; is a S, = +1/2 spin up up-quark wavefunction. The trouble with this wavefunction is that it
is symmetric and thus we violate the fundamental spin-statistics theorem, namely that the fermionic AT
should have an anti-symmetric wavefunction.

The way forward is to give the quarks another label, a hidden degree of freedom. Then we can construct
the same ATT state as before but now use this extra label to provide the required anti-symmetry , e.g.

\I/A++ (371,1'2,:6‘3; Sz = —|—3/2) = eijkum(ml)um (.Z'Q)uTjk(.%'g) (9.2.2)

where the €% is the totally anti-symmetric symbol (€% = 4% = —¢**) and the labels run i, j, k = 1,2, 3.
The three values required for these extra labels on the quarks are commonly referred to as the colours of
the quarks, and the values of the labels can be called red, blue and green. The reason for the notation
is more than just whimsical, as we will note below in section ?7?7. The fact that we duplicate each quark
three times in the three different ‘colours’, suggests that we are working with a U(3) symmetry, though
one completely different from the SU(3) flavour symmetry of the eight-fold way. This is a natural model
for a triplet of Dirac fermions sharing the same mass and other properties. Let us now look at how this is
implemented
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9.2.1 One flavour

Let us first focus on a single flavour of quark, q. There is no evidence for parity breaking in strong interactions
so we need to work with Dirac fermion fields ¢ = ¢®(z). However the evidence discussed above suggests that
each flavour of quark appears in three types or colours. Thus our single flavour of quarks should appear
as a triplet of quarks ¢;, all of the same flavour but with a new label i = 1,2, 3, called colour. The three
different types of coloured quark are often referred to as red green and blue quarks®. The one flavour QCD
Lagrangian would then be

. 1 v
EquJ = q; (ZD%’)/M — m]ll-j> q; — QTI‘{FMVFM } (923)
DF = 9% —ig,G*  GM=GM(z)T% TeSU®B), a=1,...,8 (9.2.4)
Fror — —gi [D*, D] = 9*GY — 9G¥ — ig, [G*, G| (9.2.5)

The first thing to note is that the classical theory has a global symmetry (most easily seen by setting the
gauge fields to zero WH® = ) where it is invariant under full three-by-three unitary matrix transformations.
Such matrices can always be factorized into a phase factor equal to the determinant, and then a special
unitary matrix (of determinant one). So this Lagrangian has a global symmetry of U(3) = U(1) x SU(3). In
the fully gauged theory (9.2.3) we have included the eight gauge fields necessary for the eight-dimensional
local SU(3) group, but no gauge field for the U(1) global symmetry. The eight gauge fields are those of the
eight gluons which mediate the strong interactions.

Since only the SU(3) part of the symmetry is gauged, one will often see QCD referred to as an SU(3)
gauge theory, or even a theory of SU(3) symmetry. Both labels neglect the important U(1) global symmetry.
This U(1) has a simple charge which is equal to the number of quarks minus the number of anti-quarks. It
means that the mesons will always have a zero charge under this U(1) symmetry. On the other hand, the
baryons with their three quarks will have charge +3, the anti-baryons charge -3 if we count +1 per quark.
Since we are always free to set the scale of U(1) charges, we see that if we assign a charge of +1/3 (-1/3)
for each quark (anti-quark) under this U(1) symmetry, then what we have is baryon number. So this global
U(1) is the symmetry which ensures we reproduce one of the best conservation laws we have.

It is still not very obvious from this Lagrangian if there are bound states, and if they appear in the
correct form, namely mesons and baryons only but to address this issue we will have to address a vital
aspect of QCD — confinement and asymptotic freedom. This we postpone till section 9.3 and for now we
will look at how to add the remaining flavours.

9.2.2 Additional flavours

The up and the down quarks have approximately the same mass as mentioned above. We just need to add
an additional label to the quarks to reflect the up and down flavours

»chd = Z qfi (iD%’yu — m]lij> qfj (926)
f=u,d

The labels ¢,5 = 1,2,3 are the colour labels as in (9.2.3). The label f runs through two flavours of
quark, up and down, and the quark field is again a Dirac fermion field, g, which is a colour triplet and
a flavour doublet. The strong interactions are not effected by differences in the flavours. The differences
between proton and neutron, or the differences between the three pions, are due to the differences in the
electromagnetic and weak properties of quarks (see section (?77)). This tells us that the gluons are flavour

2Tt doesn’t matter which numerical value we associate to which colour, as we can shuffle the order of the coloured quarks in
the vector g by using a global symmetry transformation.
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neutral and the gauge symmetry is completely separate from the flavour symmetry. So the gluons carry no
flavour labels. The symmetry is now the local SU,(3) together with the pure global symmetry of the flavours,
the Ur(2) = Ur(1) x SU(2) isospin symmetry, reflecting the approximate equality in the up and down quark
masses. The overall U(1) global symmetry of (9.2.3) which counted quark number, was just a simple phase
transformation of the quark field. Such a transformation is part of the isospin symmetry, afterall, a phase
transformation of either the up or the down quark field alone is still a symmetry. However, rather than
working in terms of the number of up and the number of down quarks as the conserved number (under
strong interactions at least), one works traditionally with the conserved numbers of the Ur(1) x SU(2).
The diagonal generator of the SU;(2) symmetry, T3, is half the third Pauli matrix so that the conserved
quantity, the third component of isospin, is counting half the difference between the number of up and down
quarks

) 1 1-
T = @ Tk = S uk — 5"y (9.2.7)

The overall Uy(1) is a transformation of both up and down field by the same phase
a5 — q}j = ewqu (9.2.8)

so this counts the total number of up and down quarks. However, it is traditional to do this in units of 1/2
(remember we are free to scale our definitions of abelian charges) i.e. total isospin is half the number of up
plus the number of down quarks

_ 1_ 1-
i = 4" Tipaps = 57" uk + 5 din*dy (9.2.9)

Of course this is just half the baryon number whose conservation should be encoded in the Lagrangian. The
reason for using these two numbers rather than their sum and difference, i.e. the number of up and the
number of down quarks, which is an equally good is largely historical. Isospin was introduced before the
quark model.

Following the historical track it is worth noting that with the lightest three quarks, up, down and strange,
we have

Loca = Z qfi (iD%’Y“ - mf]IZ-j) qtj (9.2.10)
f=u,d,s

where m,, = mg < ms with the first equality being a very good approximation. The symmetry is SU.(3) x
Ur(1) x SU(2) x Ug(1), the first factor being local, the remaining just global and the last is conservation
of strange quarks, the strangeness quantum number. Had ms = m, = mq4 the global symmetry would have
been a Up(1) x SU(3) symmetry and this is the explicit breaking of this symmetry by the ms > m, = my
which is discussed in the eightfold way. As it is we see that the total number of up and down quarks, ...

To add the remaining quarks it is just a matter of extending the sum over flavours and allowing the
quark masses to vary so we have

['ch = Z (jfz (ZDZ'Y,U, - meg) qfj (9211)
f=u,d,c,s,b,t
DI = 9 — igW ()T, T e SU(3) (9.2.12)

where the label f now runs through each of the six flavours of quark, up, down, charm, strange, top and
bottom. Each flavour has a colour triplet of Dirac fermion fields. The colour and flavour symmetries again
factorise. The local SU.(3) of colour is linked to the quark triplets in ¢, j colour labels. If each quark mass
is kept distinct (as it may be) then there is an independent U(1) phase transformation associated with each
quark flavour, so we also have U, (1) x Ug(1) x Us(1) x U.(1) x Up(1) x Up(1) = [Uf(1)]°. That is each quark
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flavour is exactly conserved under strong interactions. This in turn implies their sum is also conserved and
this is baryon number conservation in QCD. The conserved quantities of the U(1) factors associated with
the heaviest four flavours symmetries are the ones quoted for hadrons, e.g. strangeness is linked to Us(1)
and is just the number of strange minus anti-strange quarks present.

If we take the up and down quarks to be the same, a very good approximation, then the U, (1) x Uy(1)
part of the global symmetry becomes a subgroup of a larger global symmetry, a global U(2) = SU(2)x Uy (1)
called isospin symmetries. The up and down quark numbers are still conserved in this symmetry, as they
must be under the strong interactions. It is just that the conservation of up and of down quarks is usually
specified via isospin and baryon number. Isospin number is +1/2 for up quarks and —1/2 for down quarks,
from the standard diagonal element of the two-dimensional SU(2) algebra. Thus isospin is equivalent to
half the difference between up and down quark numbers. This, with the numbers of the heavier quarks,
the quantum numbers strangeness, charm etc., together with baryon number, is sufficient to fix the number
of up and down quarks individually. One could of course specify the number of each quark flavour rather
than this mixture of flavour number, isospin and baryon number but the latter notation predates the quark
model given here.

9.3 Confinement and asymptotic freedom in QCD

A standard calculation in QFTusing perturbation theory and the renormalisation group leads us to the
following formula for the running coupling constant of QCD s = g2/4m at energy scale

47

11 — %nf) ln(uZ/Azcd)

(k) = | (9.3.1)

where ny is the number of flavours. The energy scale Ay.q is something which is a must appear in the
quantum theory but which can be defined in a variety of ways. Here we are defining it to be the scale
at which the coupling constant becomes infinite®. In reality this infinity is a symptom of the failure of
perturbation theory for QCD at low energy scales u S Ageq, or equivalently long distances 2 1fm and the
formula is invalid for such energies.

At high energy scale, short distances, the analysis leading to formula (9.3.1) is valid (we assume the
coupling was weak) and this suggests that the strength of QCD is weak in this regime, so that the quarks
and gluons become free in the limit of high energies. This is the property of asymptotic freedom and it
enables us to make good predictions using perturbation theory for high energy QCD processes*. For these
types of process it is possible to get good experimental checks of perturbative theoretical calculations which
gives us much faith in QCD as the theory of the strong interactions.

At high energy scale, short distances, the analysis leading to formula (9.3.1) is invalid (the coupling is
blowing up yet the derivation assumes it is weak). However the breakdown does indicate that QCD has
interesting long distance behaviour. At such low energies, long distances, it is better to think in terms of
the following analogy.

Picture a bar magnet with the lines of force, the magnetic flux, linking its two poles. The flux lines use
the whole of space though they are strongest nearest the magnet. Suppose we could put the bar magnet® in
a superconductor. The Meissner effect tells us that magnetic field can not exist in a superconductor yet the
two poles must have flux lines starting from one and ending at the other. The most energetically favourable
way to do this is to create a narrow tube between the two poles where the superconductor is in the higher

3All non-abelian gauge theories all have running coupling constants of a similar form. For all other theories the couplings
blow up at large energies and perturbation theory is a good low energy approximation.

4In practice, this analysis is valid for the infinite Fuclidean energy region but it it is still of great physical importance for
high energy QCD processes.

5We could also think of the poles of the magnet as a magnetic monopole and anti-monopole pair.
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energy (so usually metastable) normal state (the local U(1) symmetry is restored in this region) and there
the magnetic flux can exist. Obviously the smaller this region of normal state is, the lower the energy of
the configuration, so a tube of normal state linking the two poles is optimal. The amount of energy needed
to create this tube of normal conductor with the magnetic flux lines is going to be roughly proportional
to the length of the tube and the flux lines now look more like a string linking the two poles. The quarks
also act as colour charges and we can think as them being linked by lines colour flux. Of course there are
many additional features for our non-abelian SU(3) colour theory of QCD when compared to the picture
of magnetic forces in U(1) electromagnetism. Nevertheless, it does appear that at larger distances we can
picture the colour flux lines between quarks as being a string between the two and the potential energy
stored is simply proportional to the separation of the quarks

V(r)~or (9.3.2)

The parameter o is called the string tension. Thus as you try to separate two quarks you need more and
more energy. Eventually, it becomes energetically favourable to create a quark/anti-quark pair each linked
to the original quarks via two shorter strings of colour flux. This gives us a picture where we can never see
a free quark, just as we can never get a single pole of a bar magnet or see a magnetic monopole. If we try to
separate a quark from a meson, we just get new pairs, new mesons instead. This lack of free quarks in QCD
is called confinement. Of course we have not proved this with our analogy, merely illustrated what several
calculations have suggested. In fact, the short distance confinement property has never been rigourously
proven to be a property of QCD (and all other non-abelian theories), unlike whereas asymptotic freedom at
long distances is proven. Nevertheless, all the theoretical evidence suggests QCD is confining and few doubt
the theory has this property. Thus we feel confident that QCD also describes the experimental fact that we
have never seen a free quark.

A=

Figure 9.1: As a meson can be pictured with colour flux being in confined to a narrow tube between the
coloured quark and the anti-quark. As they are pulled apart, the energy rises, essentially linearly until it is
energetically favourable to create a new quark/anti-quark pair to reduce the total length of the colour flux
tubes..

The analogy above was appropriate for a quark/anti-quark pair, that is a meson. Its less appropriate for
baryons as one does not expect two or three magnetic monopoles to form a bound state (their flux lines each
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must end on a magnetic anti-monopole). This is where the different group behind the symmetries becomes
important. For the bar magnet, the net magnetic charge or the magnet is zero, and all flux lines which start
from one pole can end on the other. The mathematical way of saying we have a bag of quarks with no flux
lines emerging from the bag is to say that the collection together has zero colour charge. Colour flux links
colour charges just as magnetic flux links magnetic poles. So if we take the wavefunction of such a bag of
confined quarks, and make an SU(3) colour transformation, each quark transforms no trivially (each has a
colour charge) but the combined wavefunction must remain unchanged so that no flux need emerge. The
bag must therefore have no net colour charge and is a colour singlet. In the same way a bar magnet has no
net magnetic charge as it has two opposite poles. Confinement means that the only allowed combinations of
quarks are colourless ones.

Confinement and allowed bound states

Confinement has told us that we can see no free quark, as each quark has a colour. It has however told
us much more that quarks can only appear in certain combinations which also have no overall colour. In
practice we have seen only mesons and baryons so let us look at how the SU(3) local symmetry of QCD
explains this observation.

Clearly a quark and its anti-quark have opposite charges (all anti-particles must) so they can form
colourless combinations. Thus mesons like the 7%, made from a quantum superposition of up/anti-up
quarks and down/anti-down quarks can exist. Such mesons would always have zero flavour related charges
like isospin, strangeness, charm etc. We can think of the anti-quarks carrying one of three ‘anti-colours’
which can cancel the colour of the quarks.

Taking this further one could then take quark/anti-quark pairs of different flavours but opposite colour
charges to form bags with no colour flux emerging. These would be mesons such as the 77, an up/anti-down
combination. These would be the mesons with net isospin, strangeness, charm etc.

However, it is harder to see from the electromagnetic analogue why Baryons should exist. Afterall, three
magnetic poles would need three opposite poles. However, this is where the details of the different symmetry
groups become important. In SU(3) it is possible to form a colourless combination (colour chargeless) from
three quarks but one needs to understand the group theory to see why. It turns out that if the each of the
three quarks has a different charge then this combination can result in no overall colour charge. This is why
the SU(3) symmetry uses the colour labels as a useful mnemonic since three primary colours combine to give
white or no colour i.e. a colour chargeless state.® In fact we have already have already given the combination
of three coloured quark wavefunctions needed to give an overall colourless combination. This was given in
(9.2.2) noted in connection with the AT* particle used to motivate the introduction of colour. One could
check that this combination is invariant under the SU(3) three dimensional matrix transformations of (??),
the quark colour transformations, but it is far more efficient to use standard group theoretical techniques
which are beyond the scope of this book (see [2] for instance).

Group theory would also tell us that far more complicated combinations of quarks are also colourless,
(four quarks and one anti-quark, i.e. a meson+baryon combination, is one obvious possibility) but in practice
these have not been seen. This lack of observation may simple be a matter of energetics as while group
theory explains what is possible, it still does not confirm that such particles can form a stable or long-lived
bound state. That must come from a more detailed study of low energy, long distance QCD. Since that
is already beyond the reach of our best theoretical tool, perturbation theory, and multi-body bound states

5To be more precise, the quarks live in the fundamental 3 representation of SU(3), that is they were a simple triplet in
(?7). If one multiplies together three functions in such a representation, the combination can behave like a 10 dimensional or
8 dimensional SU(3) representation, i.e. ones which transform non-trivially and so have colour charge, or like a 1 dimensional
representation, i.e. a singlet something which has no charge. The notation used for this is that 3 x 3 =148+ 8+ 10. Likewise,
anti-quarks live in the conjugate three dimensional representation, denoted 3 as it is distinct from the 3 representation of the
quarks. It then turns out that for SU(3) we have 3 x 3 =1+ 8.
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are already a complicated problem, there is no strong theoretical evidence for such larger bound states.
However, theory is unable to exclude them either and some analyses point to more exotic quark bound

states, such as quark matter [?].

9.4 Questions

9.1. QCD string tension
Hadrons have a size of around 1fm ~ 5GeV 1. Use this to estimate the QCD string tension o of (9.3.2).
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Chapter 10

Weak interactions and EW theory

The development of QCD brought great simplicity to a complicated zoo of particles in terms of bound states
of more elementary constituents, the quarks, but it has always been the physics of one fundamental force,
the strong nuclear force. The EW theory does not unify a vast collection of particles, but rather it provides
us a successful example whereby two forces, previously thought of as distinct, are brought together under
one theory. At the same time, local symmetry breaking and the Higgs-Kibble mechanism play a crucial role
in EW theory, the one trick we didn’t need for QCD.

10.1 Early theories and experiments

The classic example of the weak nuclear force is seen in (-decay of various radioactive nuclei, in which a
neutron is converted to a proton!
n—p+e +7 (10.1.1)

The existence of the neutrino was postulated by Pauli in 1930. However its existence was confirmed by direct
observation only in 1956 since it interacts so weakly that most cosmic neutrinos pass through the whole
earth without interacting. So weak nuclear physics and the (-decay in particular have been stimulating
advances in particle physics for a long time. This process also suggests a possible link between weak and
EM forces as EM charges are clearly involved in the decay. However other characteristics of the weak force
such as its range — of order the size of a nucleus 7ew ~ 107°m — are quite different from EM — a very
long range force. These apparently conflicting clues were only finally reconciled using QFT during the 60’s
and 70’s.

Early theory — Fermi theory

One of the earliest models is due to Fermi . It describes some of the low energy physics quite well. In a
modern relativistic language, we work with four Dirac fermion fields of the type (8.1.1), e, ¥y, 9y, and ¥,
describing the electron, electron neutrino, neutron and proton respectively. Their dynamics are described

by the Lagrangian
oy Gr
L= 32 9ili—m)wi = 22", (10.1:2)
J=espsn,p

The J?2 term contains the relevant interaction terms written in terms of the current?

JH = hey" 1y, + PYpyHihn (10.1.3)

!The reverse process are very rare in nature, yet positron emission is important in some forms of medical imaging.

2The current algebra approach to QFT, often used in the 1960’s, focused on currents and their commutation relations
rather than Lagrangians and fields. Discussions of early theories are often phrased in this language. Also note that ignoring
the mass terms, the current J* is a Noether current of this Lagrangian (10.1.2).
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and its hermitian conjugate. Expanding the Lagrangian, we find interaction terms such as (lﬁp”y“ wn) (1@/’7“ 1/Je)
which give a contribution to the S-decay process at the tree level, i.e.

M = (p,e,;t = +ooln;t = —o0) x G (10.1.4)

In terms of Feynman diagrams, if we were treating the neutron, proton, electron and neutrino as fields the
lowest order contribution to the matrix element M would come from

\ (10.1.5)

Thus the S-decay rate is just ~ |M|* o G2.
We can take this a step further. The interaction in this model is a four-fermi interaction.

>< (10.1.6)

In principle it is similar to the four scalar interaction of simple scalar A¢* theory where the lowest order
contribution to the matrix element M for ¢ — ¢? scattering would come from

>< (10.1.7)

However, the coupling constant is dimensionless in A¢? theory, while G has dimensions of inverse mass
squared reflecting the different dimensions of the scalar and fermion fields. More importantly, this tells us
that unlike A\¢* theory, the four-fermi interaction is not renormalisable in four dimensions. So from our
modern perspective, Fermi theory of (10.1.2) can only be a low energy approximation. That is, the lack of
renormalisability implies that Fermi theory goes wrong at high energies and another mechanism is required
to cut off at the ultraviolet infinities. Again, our modern perspective suggests using a gauge theory

L =P+ ... =i+ gJ Wi+ ... (10.1.8)

where 1) contains p, n, e and v fields. D contains couplings g, gauge fields W#% and generators of some
local symmetry. For fermions, we can always write out the gauge field /fermion interactions in terms of the
conserved Noether currents as sketched in the second form above and noted in (8.2.8).
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The lowest contribution to the G-decay process would then come from two fermion-fermion-gauge particle
interactions linked by a gauge field propagator®

(10.1.9)

so that the matrix element for S-decay would be

1

M chikZ_M%q

(10.1.10)
where the gauge boson is assumed to massive. It can’t be massless otherwise we would have long range
weak nuclear forces just as we have long range EM forces carried by the massless photon. Thus we will have
to break the local symmetry as described above. In QFT such theories are renormalisable and the proof of
this, due to t'Hooft and Veltman in 19714, was the final step to a complete EW theory.

If we are studying energies much lower than the gauge boson mass, then k* < M, so

M o % =Gp (10.1.11)

(10.1.12)

Low energy studies can not distinguish between a simple four-fermi model and a theory of broken gauge
symmetry, only interactions at energy scales of order the gauge field mass M can decide which is correct.

We can estimate the required mass scale if we guess that EM and weak forces are related as discussed
at the start, and estimating that ¢ ~ e. Then using the known value of Fermi’s constant, Gp = 1.2 x
107°GeV 2, we see that M ~ 100GeV. Note that this corresponds to a range of r ~ 1/M = 10™3fm.

We have couched this discussion in terms of modern theories with broken local symmetry. Only when
renomalizability of broken symmetry gauge fields was proved, did this option emerge as the overwhelming
theoretical favourite, subsequently vindicated by experiments. The whole discussion can be phrased in terms
of a generic vector field W* in a theory valid for energies below some scale. The new field W#(z) need not
be a gauge field, it just mediates the weak force. The J? interaction term of (10.1.2) is again replaced by a
GrpWH Ju type term and simple kinetic and mass terms for W# added. In fact Fermi theory can be written
in terms of many other types of fermionic current e.g. axial currents J*° = 1hoy"~y>1, + @Z_JpW’WSiﬂn- The
Lagrangian of (10.1.2) in terms of such currents would still give S-decay like interactions. Again all these
current-current interaction terms could be replaced by appropriate G pWH5.J Z’ new field/current interaction
terms with simple kinetic and mass terms for the new fields. In all cases, the analysis would lead to similar
conclusion about the mass of the force carrying particles, whatever they might be. The choice of current
or field type does effect predictions and in the 1950’s further experimental evidence started to discriminate
between these options. This led to V-A theory. We will not study these in detail, but the new physical
insights which lay behind them are crucial to EW theory and we now turn to consider what these were.

3Recall 1/_1[]111 contains ¥gW1, i.e. anything above a cubic power appears as a vertex.
4The Nobel prize for physics was given for this in 1999.
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10.2 Parity, helicity, and chirality in EW interactions

Parity P is a discrete space-time symmetry P : @ —— —x. Many theories show this mirror symmetry
including EM. Thus if we have a solution, { A*(t, @), ¥ (t, )} to Maxwell’s equations, or to its QFT extension
QED, then because parity is a symmetry of QED, {A*(t, —x), ¢ (t, —x)} is also a solution. We say that QED
18 parity invariant.

We saw in section 8.3 that Dirac fermions were parity invariant but chiral fermions were not. We noted
that this could be visualised by making the link between helicity A, chirality P, Pg and parity P

1
A= 25[);%| Pr(zy = 5 (1+ (<)) (10.2.1)

Using this type of language we can now discuss the experiment of Wu et. al (1957). For simplicity, imagine
that the electron is massless (a full analysis in QMterms is given in Perkins [18] §7.4). The experimental
setup is given in Figure 10.1.
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Figure 10.1: The electron is expected to have all possible directions for v, but with spin fixed by B.

The magnetic field B causes the spin of the Cobalt atom to become aligned with it. The Cobalt atom
undergoes (-decay and the resulting Nickel nucleus must have it spin similarly aligned so the spin-half
leptons produced must both have their spins aligned with the magnetic field. Ignoring the slight recoil of
the heavy Nickel nucleus means that in the lab frame the two leptons have equal and opposite momentum.
Pretending the electron is massless and assuming the neutrino is too, means the spins must be aligned
parallel or anti-parallel with the momentum, i.e. the leptons are in helicity eigenstates. Since the spins must
be parallel with the magnetic field, this means there are only two possible sets of velocities for the lepton
pair - one lepton runs parallel to the field and has helicity +1 while the other moves anti-parallel and has
helicity —1. The two solutions are related by parity, P : 1 «— 2, as this symmetry leaves spins unchanged
S — S but reverses velocities p — —p. Thus if the weak force was invariant under parity we will see the
electron come out parallel to the field as often as it comes out in the opposite direction.

What was seen was case 2 only®! The weak force does not only break parity by favouring one direction
for the electron over the other, but it breaks it as much as possible by producing only one of the two parity
related solutions. We say that parity is maximally violated by the weak nuclear force.

Of course, we have simplified both the theoretical model in several ways and glossed over the experimental difficulties and
limitations, but the clear asymmetry in the position of the emerging electron seen in the real experiments led to the same
conclusion.
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In terms of helicity, Goldhaber in 1958 confirmed that the helicity 4+1 partner of the electron was an
anti-neutrino. Thus we see that EW interactions only interact with left-handed fermions here just e; with
vy, and not the ep we know to exist from —EM interactions which respect parity and so do not distinguish
between left- and right-handed electrons.

In the language of the Fermi theory (10.1.2) the lepton contribution to the relevant currents appearing
in the interactions are of the form

_ 1_ _
JH = ((Pqu)TFYO) -7”77/)8 - ¢V’Y“PLwe - §wu7u¢e - 7/}1/7“7517% (10.2.2)

The last version shows that the current is a Lorentz vector minus a Lorentz axial-vector, and this led to
what was called V-A theory. Rather than discuss this, we will move straight to the full gauge theory.

10.3 Gauge theory for weak and EM interactions

To help reduce the clutter of subscripts and superscripts, we shall now use a particle’s letter to denotes the
corresponding field: thus the electron is now described by

e =e%(z) = Y, (2) (10.3.1)

If we want to try to use a gauge theory to describe weak and EM forces, we have to specify the gauge
group and the representations into which the physical particles will go, equivalent to fixing the charges of
the particles. Of course today the wealth of experimental evidence means that most of the EW theory is
fixed. However, if one was limited to basic evidence reviewed here, one would find a much richer range of
possibilities. At the very least, many models could not be ruled out with out much more detailed calculations
than we will consider. Of course this mimics the historical situation, the information available in the 60’s
was limited and patchy. Therefore we will first see how the few clues presented might be used to decide
on a plausible gauge group and representations. Of course ultimately we will pick the answer we now know
to be correct, but the lesson is that the EW model was not obvious historically, a unique answer does not
just fall out from theoretical considerations. Likewise, any attempts to use these ideas on a grander scale
for higher energy theories, will not provide a unique route forward, but one with several likely options that
can only be eliminated after considerable calculational effort. Should a theory survive basic theoretical
consistency, it still has to pass future experimental tests, though these are often suggested by the proposed
theories. It is one of them most remarkable features of EW theory is that it has survived increasingly
stringent experimental tests yet the simplest version® written down in the 60’s, renormalised in the 70’s and
presented in graduate level texts of the 80’s has been sufficient for our needs. Only with the emergence of
firm evidence for a more complicated neutrino physics at the turn of the millennium do we have to update
the model. We will return to the status of the EW model at the end of the chapter.

10.3.1 What gauge symmetry should we use?

From the experiments demonstrating parity violations of weak processes, we see that the weak forces can
be represented by terms in the Lagrangian such as

JEW(x), JH ~ery'vr + hec. (10.3.2)

in the Lagrangian. We have already seen, (8.2.8), that fermion gauge field interactions in non-abelian gauge
theories are of the form

Yilp = ipdp + g Wi (x) (10.3.3)

50One Higgs doublet, no neutrino masses or mixing.
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where the currents are the Noether currents of the form

e V) (10.3.4)

Thus if we are going to encode the experimental information of (10.3.2) using a non-abelian gauge theory of
(10.3.3) and (10.3.4) it suggests that we need at least a doublet of left-handed leptons mixed by generators
T¢ which are at least 2 x 2 in size. The simplest form would be to choose a doublet such as

w = (”L) (10.3.5)
er,

together with a gauge group of SU(2) or bigger.

The other simple handle on the gauge group is the number of gauge bosons required as there is one gauge
boson per generator. We have already seen that if we are to mediate beta decay through a gauge field then
it must have electric charge equal to that of the electron This must therefore have a distinct anti-particle
with the same charge as the positron, so we see that we need at least two charged gauge bosons, W for
the weak forces.

The fact that the force carrying particles of the weak nuclear force have an electromagnetic charge is also
one of the reasons why it makes sense to try and describe the two forces in a single theory. The difference in
the range of the forces would suggest otherwise, but we have already seen how this can be accommodated
in a gauge theory using SSB, an idea not proven for those who first tried to construct a unified EW gauge
theory. Given that we are trying to unify the weak forces with the electromagnetic forces, which are well
described by QED, we also include the photon. The gauge group must therefore have a dimension of at least
three.

Some Possible Choices of Symmetry Group

i) SU(2)
EW and EM all in one SU(2) theory. This is the Glashow SO(3) model, since SU(2) and SO(3) are
locally isomorphic — they have the same generators.
At the time this model was postulated, there was no indication of the Z° particle so this does not
invalidate this case. However, the big problem was that EM conserves parity, while weak forces do not,
in which case how can their generators be part of the same gauge group?

11) SUw(Q) X UEI\/I(l)
That is, add a U(1) EM symmetry to a pure weak force symmetry SU(2). SU(2) has three generators,
and U(1) has one, so a further gauge boson is required by this model: the Z°.
The problem here is how do the W gauge bosons get an EM charge when EM symmetry commutes
with weak SU(2) symmetry (i.e. they are completely independent).

iii) Larger symmetries
higher dimensional groups than the previous two and the SU(2) x Uy (1), which follows, were tried, but
these require the introduction of more gauge bosons for each extra dimension in the group, and thus
were aesthetically unappealing.

iv) SU(2) x Uy (1)
where Uy (1) is not EM symmetry. The Ugpm(1) which is a good (unbroken) symmetry in todays world
must therefore ‘lie between’ the SU(2) and Uy (1) groups. The single generator Ugm(1) generator will
be a linear combination of generators of the other groups. This turns out to be the correct choice.
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10.3.2 Choosing representations

Having chosen a gauge group to study, we still have to choose into which representations the physical
particles will go. Even with a given gauge group, choosing different representations for the particles has a
big effect on the physics. We will work the other way round, starting from the experimental clues, to suggest
one plausible solution. Once again, many other theoretical possibilities suggest themselves at the level of
evidence presented here, but we will have he luxury of using hind sight to choose the correct solution.

The representation needed is encoded in the covariant derivatives and revealed though the interactions
of the fermions or scalars with the gauge boson fields. The particles will not all go into one irreducible
representation, and we will need a separate covariant derivative for each. Also note that since we have
chosen the product group SU(2) x Uy (1), we need two gauge couplings, g and ¢g’. We will define the generic
covariant derivative to be of the form

1
DH = 9" — igW ™ (2)T® — ig' B*(x) <2Y> a=1,2,3 (10.3.6)

The SU(2) generators are the three T* and have the three gauge boson fields WH* associated with them.
While there are representations of all dimensions, we will only need the one-dimensional trivial representation
where T% = 0, or the fundamental two-dimensional representation using the Pauli matrices T® = %T“.

The Uy (1) symmetry has the gauge field B#(z) and the generator Y = gy 1. As with all U(1) symmetries,
the choice of representation of U(1) is all in the choice of the normalisation constant: ¢y € Q, i.e. we have
to choose the overall phase symmetry of our fields:

(eiqy%6’> P = ei%qwd, (10.3.7)

Note that we have included a factor of % in the explicit definition of the Uy (1) part of our covariant derivative.
This is included for historical reasons but could easily have been included in the definition of the ¢’ coupling
or the g, charges, again exploiting the freedom to rescale U(1) generators. This factor of 1/2 is a matter of
convention and not all texts use the same conventions for in the Uy (1) sector.

We must therefore choose doublets and singlets for SU(2) representations of particles and we must
choose the ¢y of each irreducible representation, which is equivalent to choosing the Uy (1) representation.

10.3.3 Leptonic Sector

We have already noted how the experimental evidence suggests that the left and right-handed leptons behave
completely differently under weak forces. Let us examine each part separately.
Left-handed leptons

(a) SU(2) symmetry
We have already noted above in (10.3.5) that since 3 decay sees currents/interactions of the form

W= ipAyte (10.3.8)

that we need to put left-handed electrons, ey, and neutrinos, vy, in the same doublet. This ensures
they will be mixed together by the same gauge boson and can be produced together. Therefore, try

V()
;%= 10.3.9
" (em)) (10:59)

iyl
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where we shall from this point drop the « spin indices for convenience. Defining the covariant derivative
for this left handed doublet to be Dy, with T% = %T“ we see that the interactions are of the form

L, = +%W”“IL7“T‘E1L+... (10.3.10)

— +g (W —iWH2) ppayte + g (WH +iWH2) pryte + ... (10.3.11)

which is the form required provided we define

Wi = \2 (W, £ iWa,) (10.3.12)
as the gauge fields carrying the electromagnetic charge. This is exactly the same sort of redefinition
required when wanting to identify the charge eigenstates in a scalar theory with an SO(2) global
symmetry, where one has to switch to the complex scalar field representation usually used for U(1) =
SO(2) symmetries. The trick works here for gauge bosons (which are just real fields at one level) in
exactly the same way. In terms of the generators associated with each of the gauge bosons, we are
switching to another familiar basis of SU(2), namely that of the raising/lowering operators

+

T (1 £im) (10.3.13)

1
B \[2
(b) Uy(l) symmetry

To fix this part is equivalent to fixing the ¢y charge for the left handed-doublet, and we will denote
this as gy ;. Thus it contributes

1.
J{i: ...+§lL’y“YlL+... Y(ZL) =gyl (10.3.14)

It is not an observable charge because of the SSB required in the model and the Uy (1) will not turn
out to be the unbroken electromagnetic symmetry. With no direct handle on this charge, we will fix
this once we have identified its relationship to the electric charges, which we do know.

Right-handed leptons

So far, we only have er: no v have been see in experiments to date (and, unless we think v has mass, we
will not see any).

(a) SU(2)
Put in a singlet (i.e. a trivial representation). This is one-dimensional, hence

T =0 (10.3.15)
Thus, there is no SU(2) charge, thus no W interactions, and so no gW*“ term in Dp.

(b) Uy (1) This is tackled in exactly the same manner as in the left-handed case but we use gy g, so

1
J = ...—|—§e}37“YeReR+... Y = gepl (10.3.16)
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EM lepton current

We have now fixed the lepton/gauge boson terms to be of the form

Uil + éril) per (10.3.17)

with the generators chosen as above.
However this theory is meant to represent EM so it must contain QEDits usual photon/elecron term
AuJEy, where

Veil) gpthe = Veidbe + eJEy (10.3.18)

Note the zero charge on the neutrinos means they do not interact with the photon A#. The constant of
proportionality will be e, the electron charge, with the Noether current being given by

T = =Pyt = —ertter — eryter — 0vy* v (10.3.19)

A quick and dirty way of finding this is to say that this must be a combination of conserved currents, the
weak isospin J#® and the weak hypercharge Ji. Comparing (10.3.17) with (10.3.18) we see that we are not
interested in the terms which mix the electron and neutrino fields which come only from T! and T2 terms.
So we can focus on just the T? and Y Noether currents. For the left-handed doublet we see that if we take
3 Jra=3 4+ ¢4 JE then we get

_ 1 1
cng’a*s + C4J{;L = 5(03 + qyres)en(Y'er) + 5(—03 + qyred)vpyvr (10.3.20)

3

Thus we see we must choose ¢ = c¢lgyr. Likewise for the righthanded fields for the same combination

c3Jra=3 4 c4J{ﬁ but with the appropriate matrices for the right-handed case we see that
3 yua=3 4 T 1 > "
cJg A cCJyp = §(qYRC4)eL(7 er) (10.3.21)

Thus if we choose a normalisation” ¢3 = ¢4 = 1 then we must have that the EM generator is

1
Q=13+ 3Y (10.3.22)
and the weak hypercharges of left-handed leptons is qy; = —1 and for the right-handed electron it is
gvr = —2. So this suggests that the generator of the unbroken electromagnetic symmetry is Q but it is

related to the generators of a U(2) = SU(2) x U(1) symmetry in exactly the same way this was done
for flavour symmetry in the hadrons ® summarised by the Gell-Mann/Nishijima formula (9.1.2) which
is of the same form. Its for this historical reason we have used a convention with the weak-hypercharge
coming with a factor of 1/2. Likewise the SU(2) symmetry is called weak-isospin, and the Uy (1) is called
weak-hypercharge after the corresponding names for the flavour symmetries, isospin and hypercharge.

If we make a table of the charges we have®

"The freedom to rescale the charges of U(1) symmetry means there is a lot of freedom here. We will confirm that the
identification made here does indeed work with a more detailed calculation later. Other conventional choices are possible but
this will not change the physics.

8This is a global SU(3) symmetry between up, down and strange quarks, explicitly broken by the strange quark having a
slightly larger mass than the other two. See section ?7.

9Note also that, as vy, and ey, are in the same doublet, they carry the same charge gy .
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weak weak EM
isospin | hypercharge | charge
T Y (av) Q
1
vy, + 2 -1 0
e, | —3 -1 ~1
eRr 0 -2 -1

10.4 Fermion masses

Unbroken symmetry ensures particles in same irreducible representations, for example the doublet (er, vy, ),
have the same mass. Likewise, this mass will be unrelated to masses of particles in other representations, such
as the singlet (er), without some additional symmetry or unlikely accident. Here we do have additional
symmetry at the classical level, the axial or chiral symmetry demands that all these chiral fermions are
massless. If we tried to add a mass like term we would find it was zero e.g.

mZLlL =m(erer +vrvr) = m(epPrPrer +...) =0 (10.4.1)

However, we know that in QEDwe do have a mass term for a Dirac fermion field representing the electron,
so we must have a term

Meetbe = Me(EreL + €LER) (10.4.2)

How do we find such a term in EW, where the left- and right-handed electrons are in different multiplets
and how do we avoid giving the neutrino a mass?

The solution is to use the same SSB process which is needed to give the gauge bosons different masses.
Thus let us add a scalar field, ® the Higgs field, to our theory. In four dimensions we can have a scalar-
fermion-fermion interactions term, a Yukawa interaction (see section 8.2.4). With SSB such terms can
generate a mass as indicated in (8.2.9). Here we need to mix the left-handed electron and the right-handed
electron to get a term like (10.4.2), so consider

Lyvukawa = 9e®lrer + (h.c.) = go(®);(11)%(er)a + (h.c.) (10.4.3)

o, o)
o ()= (%) 04
2

We only want to have the electron component of the left-handed doublet involved in the mass term, the
term coming from the vev of the Higgs field. So we clearly want to choose the Higgs to be of the form

where

0
®(z) = o + fluctuations Dy = \% <1> (10.4.5)

i.e. in the complex two-dimensional representation of SU(2) with a real vev ®( (real so the hermitian
conjugate term is correct too). With this we have

ge¥

V2

gev

Lyvukawa = — Vi (érer + h.c.) + cubic fluctuation terms = Me =

(10.4.6)
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Note that such a term is Lorentz invariant — the spin indices on the spinors are contracted out — and
SU(2) invariant — the doublets of the Higgs and the left-handed leptons are contracted to give an invariant
under SU(2) transformations, i.e.

EYukawa = ge((I))i(ZL)?(eR)a =+ (h.C.) (10'4'7)

To ensure it is invariant under the Uy (1), we look at pure Uy (1) transformations and see that the first term
becomes

T
1 1 1
<exp {—H2qy7Le4(a:)}lL) Yo €xXp {z2qY,Re4(a:)}eR exp {12qY¢64(a:)}<I> (10.4.8)

We can rewrite this as
1 -
exp {2264($) (_QY,L + qy,R + qY7¢) }lLeR<1> (10.4.9)

For this term to be invariant under Uy (1) we require
—qv,L +qv,rR +qv,e =0 (10.4.10)

So we can now complete the table of charges for the Higgs field We can therefore deduce the electric charge
of the two Higgs components, +1 for the top entry and zero for the bottom.

weak weak EM
isospin | hypercharge | charge
T Y =gyl Q
o || +3 +1 +1
|| —3 +1 0

In particular, we will see that the radial fluctuation is the only one to remain after SSB ‘eats’ the other
scalar degrees of freedom. This means the only Higgs particle observable today has no electric charge.

The table of charges for the Higgs can be summarised by saying that we have found the appropriate
covariant derivative for the Higgs field namely

1 1
Dig) = 0" —ig (f”) Wh(z) = 5ig1B*(x) a=1,2,3 (10.4.11)

where we note the 1 factor for the ¢’ coupling term!® . The gy o lies inside the —1ig’1 term.
2 g ping qy, 59

10.5 The Gauge Bosons and Higgs Mechanism

We know we only observe one conserved U(1) charge in EW interactions: the EM charge. We thus know
that, under symmetry breaking
SU(2) x Uy (1) — Ugm(1) (10.5.1)

where four generators give rise to one unbroken generator and three broken generators. We therefore need
three real scalar modes to be would-be Goldstone bosons. The smallest SU(2) scalar of three real modes
is the complex doublet. In fact a Higgs in this fundamental representation can only break SU(2) x Uy (1)
to U(1). Thus the Higgs field suggested by the fermion masses is consistent with the requirements for the
gauge bosons

10Note that in terms of the covariant derivative we are free to set the scale of the weak-hypercharges at the expense of changing
the scale of the g’ coupling. This is part of the freedom in conventions noted above when deciding the Q matrix in (10.3.22).
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From the analysis of the fermion masses we know that the vev is

-
(@) =Pg=— ( ) (10.5.2)

Further it is easy to check that this is a vacuum solution for a Higgs potential of the form m?|®|? + \|®|*
when m? < 0.
To find the unbroken generator, its convenient to extend our notation and treat the weak hypercharge

generator as the fourth T* matrix,
1 1
T = 5Y =751 (10.5.3)
Given the weak-hypercharge of the Higgs, this means T‘(lcb) = %quﬂl = %]l. This gives us a generator of the

standard normalisation too, at least for the Higgs field!!. Thus we find that
C‘_ZT?(I))@O =0 = Cl =C = 0 C3 = C4 = 1’ a = 1’ 2’ 3’ 4 (1054)

and so the unbroken generator is

1
Q=Ts+ Y (10.5.5)

i.e. this is the EM generator, exactly as we noted earlier in (10.3.22). Its covariant derivative follows as
noted above (10.4.11).

We could also have chosen a different vacuum from that used above, though it would be related to our
chosen solution by a global unitary transformation. Working with such an alternative is equivalent to say
that we must be using a different labelling of the two components of the left-handed lepton doublet, i.e.
whatever linear combination the vev projects, ®'.1; is going to be the physical left-handed electron. Such
a global unitary transformation makes no difference to the physics, only the labels in our model'?.

With the covariant derivative for the Higgs Déi}) (10.4.11), we can immediately extract the Gauge boson
masses in the usual way, provided we take care of the complication that we now have two coupling constants.
However, it’s straight forward to see that the generalisation of the gauge boson mass matrix for a simple
group (7.2.11) is

(D*®)T (D, ®) = |D,®o|* + (cubic, quartic) (10.5.6)
1 _ o
= §W““(x)(M2)“bW£(x) (10.5.7)
(MY)? = 20!t7t0®, (10.5.8)
where W# = B* a,b=1,2,3,4 and

B 597" a=a=1,2,3

t? = (10.5.9)
%g’]l a=+4

It’s a useful trick for non-simple groups to absorb the different gauge couplings into four new generators t®
at the expense of making the orthogonality relations more complicated.

"The U(1) part can have different normalisations for different particles, and this may not fit the standard normalisation used
for the non-abelian sectors of the symmetry.

12Tndeed one can make a symmetry transformation on the fields to remove this global transformation, and to return to our
standard definitions.
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In principle, one can calculate the entries in this four-by-four matrix M? but with many zeros in the
expressions for the generators and the vev, it is easier to calculate the result directly by first evaluating the
vector D, ®g and then taking its modulus. We find that

v 1 1 0
D, oy = — | —i-gr'W®—i-4¢'1B 10.5.1
1 Po \/§< z2g7' Wy 129 M) <1> (10.5.10)
v (9Wi+ 9By gW, —igW 10511)
2V2 \gW} +igW?  —gW3+g¢B, o
i g(Wj + zWi)
= — (10.5.12)
2V2 —gW3 +¢'By
so that
o _ v (1 22, 1 12 1 3. 1;m )2
|D,®o|* = 513 (W3 + 1 (gW.)" + 1 (—gW,. + ¢ B,) (10.5.13)

These are the only quadratic terms containing the gauge boson fields, so analysing these terms will tell us
the gauge boson masses.

For the W;} and Wﬁ fields this is easy as they are not mixed with any other field at the quadratic level.
Thus we deduce that my := gv/2 is the mass for two massive gauge bosons, the W' and W? gauge bosons.
The first two terms in (10.5.13) then become

%m%v (VV;)2 + %m%v (Wi)z, my = mw = “— (10.5.14)

The physical W masses are 80.42 + 0.04GeV. However, W and W?" are real fields with equal masses.
We have already seen that if we had two real scalar fields, say ¢; and ¢9, with equal mass, then we would
suspect an unbroken U (1) symmetry. Of course we have an unbroken EM U(1) symmetry here and a check
of the full Lagrangian will confirm that this remaining unbroken symmetry, generated by the Q of (10.5.5),
does indeed mix W/i and Wi Of course, just like the simple scalar field case, the charge eigenstates are the
complex fields built out of these two real fields, c.f. the complex scalar case ® = 1/(v/2)(¢1 + i¢2). Thus
the W gauge boson fields of definite mass myy and carrying electric charges +1 are

1

W
V2

(W +iW}) (10.5.15)
with mass term (my )*W W,

Following on from this discussion we can identify the charges of the gauge bosons without doing a long
non-abelian charge calculation and we can summarise them as follows:

weak weak EM
isospin | hypercharge | charge
T Y =gyl Q
W +1 0 +1
w3 0 0 0
W= -1 0 -1
B 0 0 0

The quadratic term with Ws and B, in (10.5.13) contains mixing terms. However, this calculation
presents us automatically with the suitable redefinition of the fields needed to eliminate the mixing term.
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Suppose we just define a new gauge boson field to be the combination appearing in the mass term of
(10.5.13), i.e. if we chose the Z; gauge boson

Zy(x) o« —gW3 () + g'Bu(x) (10.5.16)

This field will have a mass set by the coefficients in (10.5.13).

As we have two independent fields, the we can define a second field to be a linearly independent com-
bination of Wg’ and B,. This does not appear in the mass terms, it will be massless and is therefore our
candidate for the photon A*(zx).

To be more precise, given that Wj and B, have the standard normalisation, we want to define new
linear combinations which also have the correct normalisation and which are orthogonal'3. We discussed
how this was done for real scalar fields in section 4.2.1 but the principle is the same here. Given our rough
definition (10.5.16) we see that the desired orthogonal combinations are given by

where

(A“(m)) _ ( cos Oy sin9W> (B“(a:) > (105.17)
ZH(x) —sinfy cosfy ) \W3 ()

/ /

. g g g
sin Oy = —Z—— cos Oy = ———— = tan Oy = = (10.5.18)

Vgr+g? Vgr+g? g

The parameter Oy is called the Weinberg angle and is around 28°. The A, and ZB gauge bosons are each
their own anti-particles and so have zero electric charge. Again a more careful check of the transformation
generated by Q will confirm this.

This gives a mass term for the Z gauge boson of my = %’U\/ g2+ g’ = myy/ cos(fy) and a physical
mass of 91.188 + 0.002GeV.

10.6 EM current revisited

The contribution to the physical electric current coming from the leptons can be read off directly from the
term linear in the photon field and bilinear in the lepton fields (this is not true for scalars). That is in the
Lagrangian we only need look at ¥ [)v = JELMAu + ... terms. We know the current should be of the form

JEy = —e(e(z)yte(z)) = —e (er(@)v*er(x)) — e (er(x)y*er(z)) (10.6.1)

where —e is the charge on the electron (so e = +1.6 x 10719C) and the fields are e(z) etc. Expanding the
lepton covariant derivatives then we find that

eril) per + ZLiDLlL
1- 'B—gW3  —g(Wy —iW)\ 5

s Ak - m g g g 1 2
ger enBuy =ty (—g(Wl—i—in) (gB+gw?) )b (10.6.2)

We are only interested in the A* terms so if we substitute from (10.5.17) we get

éRiDReR + ILilZ)LlL

(10.6.3)

_ 15 g' cos(Oy)A — gsin(fy ) A 0 -
. H _ = m
g eryter cos(Oy)A 2lL*y ( 0 4 cos(6w) gsin(Ow) Iy (10.6.4)

1
—g' cos Oy (eryPer) A* — §(g sin Oy + ¢’ cos(Ow)) (Exy"er) A, + +(gsinby — g cos(Ow)) (vpy*vy) A)046.5)

13This comes from maintaining commutation relations in QFT.
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This implies that the charge on the positron e is
e = g cosOy = gsin by (10.6.6)
as this then gives us B
Jem = — V¥ = —eryer — eryer — 07y vy (10.6.7)

We could in fact derive the weak-hypercharges of the leptons and find the correct linear combination of
gauge fields that gives the photon, just from the currents. From (10.3.17) we get

10iD L, + eril) per
= % (W3 + g'avLBy) (vey'vr) + % (—gW3+ d'avLBy) (eLy'er)
+%QIQYRBM (eryter) + ... (10.6.8)
In the same way the photon field must be a linear combination of Wj’ and B, fields. The most general linear
combination of these two real fields which preserves their normalisation is

B*(x cos(By) —sin(Ow AF(x
f A (Ow) (Ow) (z) (106.9)
W3 (z) sin(fw)  cos(fw) ZH(x)
where A* is the photon field, Z* is a second independent gauge field and Oy is a parameter to be fixed.
Substituting this into (10.6.8) and studying the coefficient of A, we see that

ZLiDLlL + éRiDReR
1 . _ 1 . _
= 3 (g sin(Ow) + g'qv L cos(GW)) A, (vpyfvr) + 5 (—g sin(Ow) + ¢'qv L cos(HW)) A, (eryter)

1
+§g’qYR cos(Ow) Ay (eryter) + ... (10.6.10)

Demanding that the neutrino does not couple to the photon, i.e. it has no electromagnetic charge, gives us
gsin(Ow) = —g'qyr cos(fy) and so

= . _ 1 _
lriDply, +eril) pegp = —d'qvr cos(bw)A, (eryter) — §g/qYR cos(Ow)A, (ErY'er)
. (10.6.11)

Comparing with (10.3.18) we see that we require 2gy; = qyr and e = gy g cos(fy). We always have
a freedom to scale U(1) charges and here changes in the overall size of the Uy (1) charges ¢y can be
compensated for by scalings of the ¢’ coupling. However let us fix a scale by setting qy; = —1 which is a
common convention. Then we can summarise our findings so far

avr =1, qyp=—2 (10.6.12)
/
tan(fyy) = % (10.6.13)

10.7 Higgs masses

The three massive gauge bosons will absorb three of our four scalar modes in the Higgs doublet, ®. These
will be related to modes which can be described in terms of local symmetry transformations of the scalar
field, i.e. the three would-be Goldstone bosons ‘eaten’ by the three massive gauge bosons. Since these are
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unitary transformations, they do not alter the modulus of the Higgs field. Thus the one scalar mode left
must be related to fluctuations in the size of the scalar field and we deduce that in the unitary gauge the

Higgs field is reduced to
v+o(z) (0
b=—""- 10.7.1
() 1071

where o(z) € R is our one degree of freedom. As a single real scalar mode, it must have no electric charge
(the charge of the unbroken symmetry), and in particular it must be electromagnetically uncharged. This
is the Higgs particle and the last major particle of the EW puzzle to be discovered. The mass is simple to
calculate as it comes purely from the scalar potential. If we take the only possible form in four-dimensions
making the usual assumptions about renormalisability etc., we see that

1% (q>, <I>T) = m?|® + \@* (10.7.2)
= Mg = —2m° = 20 (10.7.3)

Note again that even though we have used the simplest possible model for the Higgs, a single complex
doublet, the experimental predictions are limited as the mass is expressed in terms of another free parameter
) A. Only if we had also information on pure Higgs scattering rates either directly or indirectly through its
virtual contributions to other processes, could we compare the A calculated there against the A needed to
get the correct Higgs mass. This relationship between scattering rates and masses in the Higgs sector of a
unified model is the type of prediction being made by such a unified model of EM and weak interactions.

10.8 The Quarks and Weak Physics

The quarks present several additional problems over the leptons. The most obvious one is that non of the
quarks is massless or even approximately so, unlike the neutrino. In a similar way, all the quarks are involved
in strong and EM interactions and there is no indication of parity violation there. This suggests that we
must include left and right handed parts for all of the quarks but we must ensure that both parts interact
in the same way with the photon. Still there is a very natural way to do this and we will start by focusing
on the first generation of quarks, the up and down quarks, just as we did with the leptons.

When we discussed beta decay and the parity violation experiments such as that of Wu et al, we focused
on the lepton output and did not discuss the fact that a neutron is decaying into a proton. This part of the
process is a weak decay of a down quark into an up quark with emission of a W ~. Thus it suggests that just
we couple a left-handed e™, u doublet to the W bosons, that we should do the same for the up and down,
i.e. we want a left handed doublet with the up and down quarks. Let us denote this as q;. This leaves
us with the right handed parts, and if we follow the pattern set by the leptons we might try right handed
singlets for them. Thus this suggests a quark/gauge-boson Lagrangian of the form

Eq = (ILZ.DZL’YHQL + ﬂRisz%tuR + CZRiDsR'YudR (10-8-1>
where
ur(z)
= ) 10.8.2
o = (3 (108.2)
Ur = ’LLR(I‘), dr = dR(l’), (1083)

There can be no explicit mass term for these chiral fields so again we will have to use Yukawa terms to
create these which we will study shortly. First we need to fix the weak isospin and weak hypercharge
charges, or equivalently the covariant derivatives, for the quarks. This is straightforward once we have fixed
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the representations, as we already know the electromagnetic charges and the relationship between the weak
charges and EM charges (10.5.5), Q = T3 + Y/2. Reading off the weak isospin values from SU(2) third
generator, combining with the known EM charges we get the following table

weak weak EM
isospin | hypercharge | charge
T Y (av) Q
up |+ +1 +2
O T
up | 0 +3 +3
il o | -1 |

Now we need to look at the mass terms. If we were to mimic the lepton sector we would try quark
Yukawa terms of the form

qu),trial = +gu[QL(I)uR + @TaRqLL +gd[QL¢)dR + (I)TJRqL]a (1084)

With two right-handed singlets we can have two Yukawa constants. This would give

_ v gy

m_iam_a
RV R N

and so each new Yukawa term added corresponds to the a new quark flavour added. Again we see that this
is not reducing the number of unknowns but merely switching one, a quark mass, for another, a Yukawa
coupling.

(10.8.5)

10.9 Summary: One Generation

Lagrangians

The contribution to the electroweak Lagrangian coming from the gauge boson, lepton (first generation only)
and scalar sectors can be written as

L=Lwp+Les+L+L, (10.9.1)
where
1 % 1 a va,uv
£W7B = _ZFMVF - ZGH'VG ’ 3 (1092)
Lz = (D,®)/(D'®)— V(&) (10.9.3)
L = ZLiD/z’YulL + éR’L'Dﬁ’yMGR + ge[ZL@eR + @TERIL], (10.9.4)
,Cq = (_]LZ'DZL’)/MQL + @RiDﬁR’yﬂuR + JRiDgR'VudR
+9ala, ®dr + ®drqr] + gu[q, B ur + ®Turqy), (10.9.5)
Field Strengths
F,ul/ = a/J,Bl/ - al/B/J,7 (1096)

Go, = WL —0,Wi— gfrWhiwg (10.9.7)
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Fields

() (g ar
e = i (o) (10.9.9)
_ ( vele)
b = <6L(x)>’ (10.9.10)
er = er(2), (10.9.11)
_( usle)
a, = (dL(x) ) (10.9.12)
ug = ur(®), dr=dg(@), (10.9.13)

The field eg and the components of L; are the spinors representing the appropriate chiral eigenstates of the
relevant particles which for the first generation are: e(xz) = electron, v(x) = neutrino, u(x) = up quark,
d(z) = down quark. Spinor indices are suppressed throughout. Likewise the quarks carry SU(3) colour
indices but these are suppressed as the EW symmetry does not mix colours. h(z) is a real scalar field for the
Higgs particle, while the U”(x) is a local symmetry transformation built purely out of broken symmetries,
so contains three real parameters for the three would-be Goldstone modes. The ®° field is the charge
conjugate of @ and explicitly ®{ = ®3 and ¢ = —®]. As with all SU(2) doublets, this field has weak
isospin of +3 (—3) for the top (bottom) entry but has weak isospin —1. This ensures the Yukawa term for
the up quark mass is SU(2) and Uy (1) invariant.

The fields Iz, gq; and ® are vectors and lie in the two-dimensional SU(2) representation.

By diagonalising the gauge boson mass matrix you find that the A* (photon) and Z* fields are given as

follows
(50 = (al e ) () 1010
where the Weinberg angle is

/
tan(Byy) = % (10.9.15)

By studying the E/M current, the interaction between the photons and the leptons, we see that the charge
on the electron, e, is given by

e = gsin(fy) = g cos(Oy) (10.9.16)
Covariant Derivatives

1 .
DY = 8“—ig§T“W“’“(a:)+%g’]lB(x), (10.9.17)
Dh = 0" +ig B(z), (10.9.18)

1 .
Dt = ot — igiraWa’“(a:) — %g’]lB(a:)., (10.9.19)
0f = o —idrawan(e) — i 1B() (10.9.20)

2g'

Dip = 0" —i~1B(a), (10.9.21)

D' = o +il1B(). (10.9.22)



10.9. SUMMARY: ONE GENERATION 131

There are two parts to every covariant derivative: (i) the weak isospin SU(2) part with generators T® and
(ii) the weak hypercharge Uy (1) part.

Generators

The generators for the Higgs and left handed lepton fields are T* = %T“, a two-dimensional representation
of the SU(2) generators where 7 are the usual Pauli spin matrices (B.2.4). Note that in principle there are
generators associated with the e and the gauge bosons. ep is a singlet i.e. the relevant representation is
the trivial one where the generators are equal to zero.

The fourth generator of the SU(2) x Uy (1) group is the Uy (1) generator. In my conventions Y is equal
to the unit matrix multiplied by the weak hypercharge. For fields in a two-dimensional SU(2) representation
this means it is also a two by two matrix. This means Y does not usually have the standard normalisation
that non-abelian generators have, but this is the usual freedom of choosing the charge for abelian generators.

With the gauge bosons I have chosen to write out everything in terms of the real fields rather than the
Lie valued gauge bosons.

From the vacuum, we see that there is ONE unbroken generator, the Ugy(1) generator

Q - <T3+;y) (10.9.23)

Note that the factor of one half associated with the weak hypercharge generator, Y, is purely a matter
of convention, as it just rescales the weak hypercharges assigned to each particle. Not everyone uses this
convention. It is chosen to be compatible with Gell-Mann-Nishijima formula expressing the relationship
found between charges of hadrons reflecting the approximate flavour symmetries of the quarks.

This means that there are three broken generators

1
T, T2, <T3 — 2\() (10.9.24)

Charges

First a complete list of all the distinct fields (anti-particles have the opposite charges) and then a list of
other fields derived from the first set.
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weak weak EM
isospin hypercharge charge
T3 Y=¢v1 |Q=T3+1Y

vr, —|—% -1 0
er —3 -1 -1
€eRr 0 -2 -1
ur, +1 +3 +2
s - + -
UR 0 —i—% +%
dr 0 -3 -3
D, +3 +1 +1
Dy -1 +1 0
wl Undefined 0 +1
W2 Undefined -1
w3 0 0 0
BY 0
P§ = @y +3 -1 0
PG = —Py -1 -1 -1
Wt =W!+iw?)/V2 +1 0 +1
W~ = (W —iWw?) /2 -1 0 -1
A = cos(Ow)B + sin(fy ) W3 0 0 0
Z = —sin(fw)B + cos(Ow )W? 0 0 0

For the fermions and scalars, these can be read straight from the covariant derivatives. Note that non-abelian
gauge fields always lie in the adjoint representation so we deduce that the W’s lie in the three-dimensional
representation of SU(2). The diagonal form (with T diagonal) produces the SU(2) charge assignments and
tells use the charge eigenstates are the W+ combinations not W', W2. The Uy (1) charges follow from the
fact that the W’s are invariant under those transformations. The B* field is likewise invariant under the
SU(2) transformations, and we know from the example of QED that gauge bosons of abelian symmetries
carry no abelian charge even though they are not invariant under these transformations. These charge
assignments give another indication why the W3 and B* field can be combined in other linear combinations,
as they all share the same charges.

Masses

With these conventions we see that

_ 9ev gv mw Qv gav

m y Mw = —7, Mz = y My = —=, M )
v T T T sl) VR T R

(10.9.25)

The single remaining physical Higgs particle has a mass which depends on the precise form of V. This is
the same as encountered in the global case. Thus if we choose V = m?2|®|? + \|®|* we will find that the
physical Higgs has mass squared of m% = —2m?2.



10.10. THREE GENERATIONS 133
10.10 Three generations

If we assume that there is no right-handed neutrino and no neutrino masses, then we can just duplicate the
lepton sector three times, once per generation, each with its own Yukawa terms. There is still the one Higgs
doublet ® and the same four gauge bosons WH* B! and each generation mixes with the gauge bosons
through the same gauge couplings g and ¢’. Thus

L=Lwp+Le+ Y Li+Lg (10.10.1)

l:6nu77

where in £; is (10.9.4) with the electron and its neutrino replaced by the charged lepton and neutrino pair
appropriate for generation [ = e, u, 7. Note there is no mixing of the lepton generations.

The mass of the quarks, and so the requirement for a right-handed singlet for each flavour, allows a more
general solution:

,ng = QLZ.DZL’YMQL + DRiDgR'YuDR -+ URiDZR'YuUR
+Q;®NDr + ®'DrN'Q; + Q, MU + ®TUrM'Q;, (10.10.2)
where
@ = (Y} vUp=Un@). Drp=Dnl) (10.10.3)
D (z)

but now the U and D are triplets in generation space, that is

u
U=| ¢ |, D=V| s (10.10.4)
t b

with the same generation structure for the left- and right-handed parts'4. Here u,d, ¢, s,t,b are the mass
etgenstates of the quarks. The V is a three-by-three unitary matrix known as the Kobayashi-Maskawa
matrix. One can always make a unitary redefinition of fields and absorb any similar matrix in the U case
but then one can’t remove the V in the D case. Further field redefinitions can reduce V to a form involving
three angles and one phase. If this last phase (and there is no symmetry reason for it to be zero) then there
is CP violation in the EW model, as observed in experiments e.g. in the neutral K meson system.

The Yukawa couplings of the single generation are replaced by matrices in generation space of couplings,
N and M which are related to masses

v mg O 0 v my, O 0
% 0 0 my % 0 0 my

10.11 The status of EW model today

We noted in the derivations, that by its very nature as the field that breaks the symmetry yet leaves EM
unbroken, the Higgs must be electromagnetically uncharged. This makes it difficult to detect. It also turns
out that the sensitivity to scalar couplings in any measurable quantity (for instance through the effect of

' Thus the left handed doublet has four indices: SU(2) (i = 1,2), generation (f = 1,2,3), and the suppressed colour
(c=1,2,3 = red, green, blue) and spin a = 0, 1,2, 3. The other matrices and vectors have to be given appropriate indices and
are assumed to be unit matrices in the irrelevant indices.
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virtual Higgs particles) is generally In(\). By way of contrast there is usually a polynomial dependence
on gauge couplings. So precision measurements give relatively weak constraints on the Higgs whereas they
enabled us to home in on the mass of say the top quark long before it was detected directly. Thus the data
we have today of £ < 100GeV can accommodate very different types of Higgs sectors than the one we have
used which is the simplest. There are models with the Higgs in other representations, more Higgs multiplets
(at least two are required for supersymmetric models) and so forth.

For this reason, there could be a much more complicated pattern in the Higgs sector than the simplest
one we have outlined. However it should be clear that this simplest Higgs sector is completely compatible
with the low energy data E < 100GeV at the time of writing (2005). Thus if a more complicated scalar
sector is found, probably by the end of the decade in the new generation of accelerators, more Higgs, different
representations, it may well be a pointer to new physics present at a deeper level.

Another area we have hardly touched on is CP violation. This is necessary to explain why there is
more matter than anti-matter in the universe. It is present in small amounts in the electro-weak model
though attempts to use the EW CP violation to explain the cosmic preference for matter have so far failed.
Nevertheless it again is an area where our measurements are poor and so far this is the only place where
such CP violation is known. So this represents another active area of experimentation.

The most interesting challenge to the standard model today (2005) comes in the neutrino sector. The
model considered in this chapter assumes that the neutrinos are massless. Since the neutrinos interact so
weakly (they have no colour charges and no electromagnetic charges) this sector has little effect on most
high-energy particle physics experiments or on cosmology. However there is now definite evidence that
neutrinos have a mass difference of around 1eV no more than one flavour can be massless. This means we
can get a similar type of physics from the leptons as from the quarks, perhaps something which should not
be so surprising. In particular the individual lepton flavours can not be conserved only the total lepton
number appears to be. Adding neutrino masses in a sensible way seems to point to aspects of higher energy
physics and ideas such as Majorana fermions become relevant. .



Chapter 11

Questions and Answers

11.1 From data to model

The questions in this section are of a general nature. The idea is that they try to give a crude simulation
of the type of problem encountered when trying to build a model to fit real data. They require one to
understand all the relationships between particle properties and theoretical Lagrangians that have been set
out in all the previous chapters. For this reason, the first question must be completed before tackling the
remaining ones as it asks you to summarise all the key information gathered in the earlier chapters.

11.1.

(i) Give a list of rules relating masses of particles to various aspects of symmetry. (If particles X have
masses Y then Z is true/maybe true/is never true.) I wrote down ten such rules but you may find
more or less.

(ii) Give one rule linking observed particle charges with symmetry.

(iii) Give an example Lagrangian showing each of your rules above.
11.2.

In the future, experimentalists see two new scalar particles and their distinct anti-particles. The particles
all have the same mass. They also carry a new conserved quantum number, “Sillyness” and the two particles
have equal but opposite sillyness. To describe the interactions only one additional parameter seems to be
required.

(i) Roughly speaking, why does the particle/anti-particle structure suggest the use of two complex scalar
fields?

(ii) Why does the single mass parameter rule out a possible U(1) symmetry?

(iii) Construct a Lagrangian £ which describes this data noting how your answer does this.

There are many possible answers to this question, but invariably there will be one particularly simple
one which requires the smallest number of extra parameters. This is the one I have in mind but I will
always give full credit to any answer which satisfies all the data and limitations that I may specify.

11B. Repeat question 11 assuming that 3 particles and their three distinct anti-particles were observed, all with
the same mass and with relative charges on the particles of +1,0,-1. What other charges do your particles
have?

11.3.
135
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(i) Suppose that experimentalists found some new physics and particles, working up to some maximum
energy scale. Two scalar particles of different non-zero masses, each one is its own anti-particle, have
been seen. They have also found evidence for a charge associated with a new long range force, though
the two scalar particles mentioned have charge zero (we’ll suppose that there are fermions around
too carrying non-zero charges). Write down an appropriate renormalisable Lagrangian for the bosonic
fields only which describes this particle content. You should briefly note the following:-

e the continuous symmetry group associated with your Lagrangian,

e how your answer explains the masses and charges given,

e how many new particles remain to be found by the experimentalists

e an exemplary interaction which ensures that all particles interact with those of different masses,
and which does not break the required symmetries.

Avoid unnecessary additional particles, additional charges and continuous symmetries.

(ii) Suppose that there is evidence for the existence of a short range force. Give a new solution for all the
evidence in this case following the same principles as above.

11.2 Answers to questions

Q7?7. In the following, any constants have been dropped as they do not alter the equation of motion.

(i)

L = %aﬂww— %M%Q (11.2.1)
6 = n+ % (11.2.2)
(i)
L = 50u0;0"0j = u ;05 (1=12) (11.2.3)
U \}2@51 + i — %) (11.2.4)

(iii)

1 1 .
1 1
Bjr = S(Ajk+Ar), ¢ =n; = 5(B)jkvn (11.2.6)

B must be diagonalised to find the masses of particles.

Q?7.
Consider a Lagrangian L[{F;(z)}] for complex fields F;(x) € C. The equations of motion are
0 0 0 + 0
2 0uF) - ZF+0,2(0,F) - ZF = 11.2.1
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Now suppose

Fi(z)
F(x)

(2

Fi'(2) = Fi(2)(UN);;, FT(z) - F(z) = Fi(2)Uf (11.2.3)

— F/(z) =U;jF(z), F(z)— F'(z) =UF(z) (11.2.2)
- (2

is a continuous (global) symmetry, where U is finite-dimensional and unitary, i.e. UUT = 1, a property of
compact Lie groups. Thus we can always write

U =exp {ic"T"} a=1,...,dim(G) (11.2.4)

where €% € R, 0,6 = 0 and T” are generators of the Lie algebra.
For a general small variation of F, i.e. for F + F' = F + §F, the variation of £ is

_ 0 9 5 p 9O pispty 9 (5 gt t
0L = S=FOF; + 5 (0.F)0(0uF) + 5 FIOF] + 2 (0,F)3(0,F) (11.2.5)

The variation in the Lagrangian is due to the variation in the fields, their hermitian conjugates (as these
are independent degrees of freedom) and their derivatives (a second order ODE requires the value of fields
and their derivatives to specify a solution).

Now let us specialise to a small symmetry transformation where

SF=F —-F ~ (1+ic"T)F—F+0 (). (11.2.6)
A quick check shows here that § (0,F) = 0, (6F) and Thus, to first order,
§F = ic"TF (11.2.7)
Likewise
S(FT) = —i* F1T® (11.2.8)

where we have used the Hermitian property of the generators T = (T%)T. Under a symmetry transformation

a a a a - _Q a
0=0L = cFi-ie"TF) + 55 (0.F) - ie" T (9, F))
) )
s aptra T i a T
ie" Fi T = Ff —ie" (aF)TZ]M(aMFZ) (11.2.9)

(where we have used the fact that 9,e® = 0 characterizes a global symmetry).
The equation of motion yields, for the partial derivative of £ with respect to F;

0 arma 0 - ara
0=06L = <8“8,C(8“Fi)> A€ T I+ aﬁ(auFi).za Tz’j (8qu)
0 0
:_apta T T a T
—1i€ FjTij <8“8£ (8 F. )) (3 F; )TZJ EYe (6#Fi> (11.2.10)

We can combine the first two terms as a complete derivative, and likewise with the last two terms, and then
we recognize the form

ie"9,J" = 0 (11.2.11)
Since the € are arbitrary, each of the dim(G) components are conserved
8, JH =0 (11.2.12)
We conclude that the conserved currents, Noether’s currents, for complex fields are
8, J" =0 Jhe — ;)L(a Fy)TLF; (11.2.13)
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(i)

(i)

(iii)

Questions and Answers

Need to consider four group axioms for the set of 2 x 2 orthogonal real matrices:-

Closure. The product of two orthogonal matrices A, B is also orthogonal,
(AB)T.(AB) = BTAT. AB=BT1B =1 (11.2.1)

and the product of real matrices is real.
Associativity. A property of matrix multiplication.

Identity. Always the unit matrix for matrix representations, 1. It is real and orthogonal and so in the
group.
Inverse. The inverse group element is the inverse matrix. This is also orthogonal and real and so is in

the group.
ATA=1 — A 1=AT (A HT A t=AAT =1 (11.2.2)

From the explicit form of the entries in the matrices U making up the representation, none of them
are larger than 1, |U;;| < 1. Thus the group must be compact. It is a group (proved above) and, if
we look only at the subgroup with the Z, factor (the U elements making up the SO(2) subgroup),
then all elements are “close” to one another, i.e. varying # moves us smoothly through all two-by-two
real orthogonal matrices. Thus is it is a Lie group. With only one continuous parameter, it is a
one-dimensional group.

Looking at the terms with the Z factor (the Uy elements of the SO(2) subgroup, a Lie group) we
see that taking 6 to zero gives the identity element. Looking close to this, |0] < 1, gives

Uy =exp{idT} ~ 14i0T (11.2.3)

o= (i ey o (2 1) vow 24

(0 i
= 1I+29<_Z. 0> (11.2.5)

Comparing (11.2.5) and (11.2.3) we see the generator is as given

T— (fz _02> (11.2.6)

Let us consider the Lie group part of the group, namely the U, part. The eigenvalues are AL =
exp{+if} with eigenvectors ex o (1,£i). NOTE that the eigenvectors are the same for all the
symmetry matrices U, only the eigenvalues depend on the continuous parameter §. Thus we can
diagonalise all the symmetry matrices U at the same time with one transformation. Let us choose

L. 1
e+.—ﬁ(,z), e_ '_\ﬁ

We can therefore write the SO(2) rotation matrices as

(i,1) (11.2.7)

+10
U=BAB™!, A:= (60 e%) (11.2.8)

where the B has the eigenvectors as columns (we scaled e_ in (11.2.7) to make B unitary for compu-
tational simplicity)

1 /1 4
— TR —
B: 7 <Z 1) , Bl.B=1 (11.2.9)



11.2. ANSWERS TO QUESTIONS 139
What does it all mean?

The two real fields of an O(2) invariant Lagrangian always appear in the invariant form ¢;¢; (i = 1,2).
Under a symmetry transformation they behave, of course, as ¢*.¢ — (U(],’))T U¢. However the diagonalised
form of B suggests we work in terms of the eigenvectors of U. Replacing the transpose by a hermitian
conjugation (¢ is real so this is allowed)

oo = (Ugp). (Up) = < BT¢) (BAB%) (11.2.10)
- ( BT¢) .BTB.(A[Bqu]) (11.2.11)
= = (A®)(A.D) =D (11.2.12)
where
& .=Blgp= <_‘IZ;>, @::\2(¢1+i¢2) (11.2.13)

Note the entries of B, the eigenvectors of U the symmetry matrices, suggest we work with the new ®;
components, new linear combinations of the real fields ¢;. Put another way we can express the two real
fields in terms of these orthogonal eigenvalues as follows

p1 = Pey —idle_, g :=—iDes + Ple_ (11.2.14)

The B matrix is transforming the basis we are using in the vector space, that is the two-dimensional space
in which the two fields live, the internal space.

The point is that the symmetry transformations for the ® fields are A and is diagonal. The Lagrangian
would now look like

L= 50:00(0"00) — V(0i6) (11.2.15)
= %@@)T(aw)—w@@) (11.2.16)

with symmetry transformations given by A

a—Ap—( 2 (11.2.17)
B ~ \—ie Y9 -

Thus we have transformed the symmetry matrices U into symmetry matrices A = BTUB, i.e.we have found
a similarity transformation which makes the group matrices U block diagonal and so U is now a reducible
representation. HOWEVER this was ONLY at the cost of working with ®; complex combinations of our
real fields, ¢;. If we had stuck to the original real vector space, i.e. used matrices which acted on two-
dimensional real vectors and rotated /reflected them into other real two-dimensional real vectors, we would
not allowed to choose such complex combinations ® as basis vectors. Thus we say the rotation matrices are
not “reducible over the field of reals”, i.e. when sticking to pure real vectors, but they are reducible if we
allow ourselves to use complex vectors.

Once we decide to use this complex representation, then we may as well exploit the reducibility. Writing
out the components of ® we see that the Lagrangian can be written out as

L = (9,0 (9"®) - V(20'®) (11.2.18)

Note that the coefficients in the Lagrangian have exactly the factors of two which we have stated are
appropriate for the standard form for such complex field representations. Here, these came from the factors
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of 1//2 in the definition of B, and were chosen to make the B unitary. In terms of the fields in QFT, such
a linear unitary mapping from ¢ to ® ensures that if the ¢ fields were properly normalised and obey the
equal time commutation relations (the foundations of QFT from one point of view) then so will the ® fields.

$— ¢ =Up, = ¢ —g¢TUT, (11.2.1)
= ¢'.p—¢"UTUp=0"0 (11.2.2)

since UT.U = 1 is the definition of orthogonal matrices — they keep the length of real vectors constant.
This is sufficient to see that the potential terms V(¢! .¢/2) = V(¢'T.¢'/2) are invariant. For the
kinetic terms we must show a little more

Ou(@) = Ou(¢’) = 0. (Ug) = (9,U) ¢+ U (0u9), (11.2.3)
= U(9u0) it 9,U =0 (11.2.4)

Thus we see that for global symmetry transformations, i.e. 9,U = 0 we have that
"¢ (0u0") = (0"¢)"UT.U(8,9), (11.2.5)
and now the whole Lagrangian has been shown to be invariant.
(ii) We showed in the lectures that the Noether currents for real fields are of the form!
THY = iy O MTE by — ichi D" TP 11.2.6
=1i; 1505 — i i ®i (11.2.6)

In an exam, the context of a question will tell you if you are required to derive this form. Substituting
in the form of the O(2) generator (11.2.6) we get the form for the current given in the question.

(iii) One could proceed as in the previous question, but once one knows the relationship between real and
complex representations, we may as well proceed directly.

B(z) = 2= (nla) +ida(@) — 61 = = (Bla) + B1(2)). (11.2.7)
2 = % (2(2) - @'(2)) (11.2.8)

= (¢f + ¢3) = 2|2 (11.2.9)

and (0"¢;)(Ous) = 2(0"®)T (0" ®) (11.2.10)

and so £O(2) [gbl, gbz] = ﬁU(l)[Cb, @T].

(iv) Remembering that we have a global symmetry, so that 9,6 = 0, then

d(z) — ' (z) = PP(z) = |D(x)] — |¥(z)] = |D(x)] (11.2.11)
0,®(x) — 0,9 (x) = 9,0(x) since 0,0 = 0. (11.2.12)
= 10,®(x)] — 10,2 (z)| = 0,2 (z)| (11.2.13)

1Up to an overall constant if we choose a Hermitian form.
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Just as in the previous question, the group elements U are the transformation matrices ® — &' = U®P
so here they are just the phase factors (one-dimensional unitary matrices)

U= e = exp{ifT} (11.2.14)

and we see the generator in this complex irreducible representation for the field ® is a one-dimensional
representation is simple T = 1.

The point made in the previous question is that the irreducible representation when using real fields
is two-dimensional, but by moving to complex fields we can reduce this to these one-dimensional
representations.

What we need to do is find a representation where the O(2) generator of the doublet of real scalar
fields ¢, the T of (11.2.6) is diagonal. This was found in the previous question. There by transforming
to a new basis of fields using matrix B of (11.2.9), i.e. this is the matrix M in this question, the field
vector ¢ is then the complex valued doublet @ of (11.2.13) and the diagonal form of the generator is
then simply A of (11.2.8). The current is then

— «—
JHC = i DM TE; — i 0P T, (11.2.15)
= iglar (MTTGM)” b —idlor (MTTGM)”@ (11.2.16)
] 1)
‘_T_) — ‘_T<— —
= ig; 0" Nijdj — i OV Nij¢; (11.2.17)

Thus we see that the charge eigenstates are ® and @', the components of ® of (11.2.13). Note from the
transformation (11.2.17) that the components of the complex field doublet transform with opposite
phases. Put another way, the generator in this basis is A which has diagonal entries +1 and —1
Thus the relative charge for the ® and ®' fields is +1 to —1. This is as it should be as the two
fields represent a particle and its anti-particle. Such particle-anti-particle pairs will always have a
complex representation like this, though it is not always convenient to work with this representation
(see discussion of real scalar triplets fields with SO(3) symmetry).

The Lagrangian contains factors of (<I>;)(I>j and (OHCD;[-)(@“(I)j) only. So

®; — ¥'; = exp{if;}®; , & — @) = expfig;}ol = @lo; - o0, = ¢le; (11.2.1)
0, ®; — 9, P ; = exp{+ib;}0,®; , 0,8} — 9,07} = exp{—i;}9,®!
= (0,21)0"0)) — (9,01 ) (") = (9,210, (11.2.2)

Hence each term of the Lagrangian is invariant without any restriction on the 6;’s being required.

exp{if} is a representation of U(1) but we have two independent 6 parameters so we have a U(1)1 x
U(1)2 symmetry. We we add the subscripts 1,2 to differentiate the two parts of the symmetry (0;
transformations are associated with U(1);, ¢ = 1,2). With two independent parameters 61,65 there
must be two Noether currents.

Note that to be complete we have that under U(1); the ®; field is a singlet i.e. it lies in the trivial
representation of the group, the generators are zero and the charge of field two under this first U(1);
symmetry is zero ®o — &’y = Py, Likewise under U(1)s the ®; field is a singlet. A general notation
would be to have two generators, Y; and Y2 where exp{if;Y;} € U(1). The fields are in different
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representations of the whole group so that the two generators look different when comparing the
representations used on the ®; and ® fields i.e. the fields are in different representations of the group
U(1) x U(1). We wil have one Y; for the first field and another Y, for the second field! See the next
section.

Denote the two charges as Y7 and Y3 (the Y’s can also be thought of as the generators as for U(1)’s as
the generators are 1 dimensional matrices. The eigenvalues of the diagonal matrices [= charges| are
trivially related). We have

Field | Y1 | Y3
P | +1] 0
Py | 0 | +1

This can be seen by calculating the Noether current, or if you have the courage, just read it off from
the form of the generators implicit in the transformations of the fields under each of the two U(1)’s.

The new term L3 is invariant under a transformation exp{if3}. However, one then finds that with
the Li03 term we require that 6, + 02 + 03 = 0 if one wants to make the total L,e, invariant.
Eliminating 03 so that we can keep the previous notation, we see that we still have only two free
parameters and so still have just the U(1); x U(1)2 symmetry. However, the transformation of ®3
is now &3 — @3 = exp{ibh Y1}. exp{ifyYa} = exp{—if1}.exp{—ify}. Thus the two generators of the
symmetry group are represented by Y; = Yo = —1 for this third field ®3 so it has —1 charge under
both U(1)’s.

Rule: A complex scalar field is needed to represent a particle and its anti-particle, though this can
be hidden as two real fields (e.g. see my SO(3) real scalar models).

A complex scalar field ® and its hermitian conjugate field ®' represent two degrees of freedom, two
ways of transporting quantum numbers through the system, either as a scalar particle or as its distinct
anti-particle. The free quantum fields contain two distinct type of annihilation and creation operators,
say a and bhat. For instance the 71 and 7~ are a scalar particle/anti-particle pair.

All particles which have non-zero electric charge have distinct anti-particles, as anti-particles always
have the same mass but opposite conserved charges of their partner particle. NOT all anti-particles
have non-zero electric charge though e.g. K°, v (neutrinos).

A real scalar field ¢ represent a single scalar particle which is its own anti-particle, and so only one
degree of freedom (hermitian conjugate field is identical to field ¢ = ¢'). The free quantum fields
contain only one type of annihilation and creation operator, say a. For instance the 7¥ is a scalar
particle which is its own anti-particle - note it has zero electric charge. All particles which are their
own anti-particles have zero electric charge but NOT vice-versa - think about it.

As we have two particles and two distinct anti-particles in this question, this suggests we need two
complex scalar fields. Of course, these could be hiding as four real fields but

Rule: Choose the simplest option first, until the evidence forces you to do otherwise.

A simple U(1) (phase) symmetry ensures that particles have the same mass as their distinct anti-
particles. For complex fields this means

mi®I @) + midld, (11.2.1)
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would be a valid mass term fitting in with U(1) symmetries. However, the key evidence here is that
all four the scalar particles and anti-particles all have the same mass.

Rule: Particles with equal masses or couplings are mixed together by some symmetry. Note that
particles related by symmetries will have different charges though these will be in specific patterns
related to the representation theory of the symmetry group. e.g. 7+, 7% 7~ have essentially the same
mass, but their electric charges are unequal.

Here therefore, we need some sort of symmetry mixing the one and two ®; fields and forcing us to
write a single mass term in the Lagrangian. The obvious way to do this would be

m?®le;  j =12 (11.2.2)
which has a U(2) symmetry.

To summarize so far, two complex scalar fields are needed, and they should be in the same U(2)
doublet because of the mass equality. A simple answer, with some interactions to give some sort of
non-trivial physics, would be

L= (0,2;)1(0"®;) — m*®l®; — A(@1D;)%, j=1,2 (11.2.3)

The charges are those for U(2) =~ U(1) x SU(2). U(1) is generated by the 2-by-2 unit matrix (generates
overall phase transformations with same phase for both components of the complex scalar doublet),
and we can generate the SU(2) using Pauli matrices, where only the third one is diagonal. Reading
all the diagonal generators tells us that the charges for the fields

| U(1) 273
P 41 +1
Dy | +1 -1

Note that the overall scale of charge doesn’t matter, its the relative charge that matters. So I have
cheekily rescaled the diagonal SU(2) generator. The anti-particles (represented by the hermitian
conjugate fields) have the the opposite charge of their associated particle field.
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(i)
~ Bk 1 . ,
= a;(k)e™ ™ + af (k)etike = 11.2.1
o = [ g (R +alle ) k=) (11.2.)
lai(k),al (k)] = 2w(k).(2m)35(k — K')d;;. (11.2.2)
For the charge we need the zero-th component of the four-current
~ dk 1 , ,
_q0% A~ —ik.x AJ[ +ik.x
— 9, / S (as(k)koe kod (k)e ™) (11.2.3)
dgk 1 ~ —ik.x ~ T +ik.x
Now we find that
~ o~ 1 .
0 _ 31,13 1./ —ikx AT +ik.x
@006 = G / kK~ (k,) (1) | (k)e i)
( aa (ke T 4 g} (k)T = ) (11.2.5)
_ 1 31. 131,/ 1 N o N, —i(k+k").x _ AT At ti(k+k).x
= G | PR [(al(k)ag(k e al (k)al(k')e )(11.2.6)
+ (—a}(k)az(k’)w(’f—k’)-f + al(k)a;(k’)e—“k—k’)-m)] (11.2.7)
Likewise
(0°92)o1 = dRdK [(a2<k>a1<k’>e—i<k+k’>-x ~ al(k)al ()t Y11.2.8)
; (k)i (K )e +Z<’f k’> +@(k)&{(k’)e—“k—k’)-w)] (11.2.9)

Now when we subtract these two to make J° the first two terms in each case cancel since the operators
are in different orders but these operators commute [a1(k),a2(k’)] = 0. The operators in the third
and fourth terms also commute but the signs mean these simply add to give

7= (21)6/d3kd3k/2w}k/)< ai(k)@(k/)eﬂ(k_kl)w+&1(k)d$(k’)e—i(’f—’f’>-x> (11.2.10)
s

Integrating over all space means that we get factors of (27)363(k — k') from the exponentials. This
serves to kill off one of the two momentum integrations to give

Q= /d3a:J° = (2;)3/d3k2j(k) (a}(k)ag(k) —al(k)a;(k:)) (11.2.11)
Q7?.
Q7?.
Q77.

Unless a differential operator, 0, D,,, is specifically bracketed off, it acts on everything to its right.

Q??. Group Theory of U(1) x SU(2)
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Need to consider four group axioms for the set of d x d unitary matrices G = {U} (d = 2 in the EW
theory).

Closure. The product of two unitary matrices A, B is also unitary,
(AB)".(AB) = BIAT.AB = BT1B = 1. (11.2.1)

Thus products of unitary matrices also lie in G.
Associativity. A property of matrix multiplication.
Identity. Always the unit matrix for matrix representations, 1. It is unitary and so in the set G.

Inverse. The inverse group element of A € G is the inverse matrix A~1. This is also unitary and so is
in the set G.

ATA=1 = Al=AT AHIAT=AAT=1 (11.2.2)
1 = det (1) = det (uf.u) — det (UT) det (U) = [det (U)]* det (U) = |det (U)|? (11.2.3)

Thus
det(U)=¢?, #eR (11.2.4)

So for every unitary matrix U € U(INV), factor out this phase as an overall factor

Uy :=¢€’1 = Ug:=U3'U (11.2.5)
= det (Ug) = det (Uy') .det (U) = e e =+1 (11.2.6)
. t . . .
Ul.Ug = (e—w]l.u> . (e_w]I.U) — el UTey = 1 (11.2.7)

Thus Ug is indeed a special unitary matrix. Now need to consider the four group axioms for the set
of d x d special unitary matrices SU(N) = {U} (N = d).

Closure. The product of two unitary matrices is unitary ,as shown above. The determinant of the
product of any two matrices, A, B is just the product of their determinants, so if both were special so
is the product of the two

det (AB) = det(A).det(B) = 1.1 =1 (11.2.8)

Associativity. A property of matrix multiplication.

Identity. Always the unit matrix for matrix representations, 1. It is unitary, has determinant one and
so in the set SU(N).

Inverse. The inverse group element of A € G is the inverse matrix A~!. This is also unitary as proved
above. It also has determinant one so is in SU(N) as required

1 = det (1) = det (A~'A) = det(A™"). det(A) = det(A™").1 = det(A™") (11.2.9)

The set of phases {e?} forms the representation of the group U(1). Multiplying by the unit matrix
does not effect this except that it gives us a reducible representation of U(1).

The unit matrix commutes with every other matrix, [1,U] = 0. Likewise, multiplication by a con-
stant such as €’ commutes. Thus Uy commutes with all matrices including the special unitary ones
[Uy,Ug] = 0.



Q7?7.

146
(v)

Questions and Answers

For d = N = 2 we have simply that
Uy = e~ (1+i0+0(6%) 1 =1+ i01 + O(6?) (11.2.10)

and since U = 1 4 €T + ... we see that Ty = %Y,Y := 1 if we choose 0§ = ¢¥

For the SU(2) part we find that there are three generators which in the two-dimensional representation
and the standard normalisation are half the Pauli matrices, 7 (a = 1,2, 3)

1 1
T = Te{ToTt} = 55‘”’ (11.2.11)

The Pauli matrices have the usual commutation relations [1%,7°] = ie®°T¢ where this ¢ is the
standard totally anti-symmetric tensor. The unit matrix, and any constant times the unit matrix,
commutes with every other matrix. So the Lie algebra of U(2) is defined through the commutation
relations

[Ta, Tb] — %E(/lbc-l-c7 [TY7 Ta] =0 (11212)

U(1) x SU(2) and Goldstone’s theorem

(i)

- =Up = & - oT=alUl (11.2.1)
= & — 7@ =dUUD (11.2.2)
= o'® iff UTU=1 (11.2.3)

Thus the mass term m?|®|? of the potential V is invariant if U is a unitary matrix. As @ is two-
dimensional,U must be a two-=by-two unitary matrix.

The interaction term, A\(®.®)2 = \|®|*, also depends only on the modulus of the field which we have
just shown to be invariant if U is a unitary matrix.

The derivative terms work the same only if U is also space-time independent

0,® — 9, = 0,(UP) (11.2.4)
= (9,U)®+U(9,®) (11.2.5)

ore) — @ (8”UT>+<8M<I>T> ut (11.2.6)
& — @®ULUD+0(9,V) (11.2.7)

- (a%@*).(au@) iff8,U = 0 (11.2.8)

i.e. we have a theory invariant under global U(2) symmetry transformations.

First, the lowest energy configurations are constant in space-time, 9,® = 0. To see this we need to look
at the Hamiltonian, since this is the total of kinetic and potential energy terms. In the Hamiltonian we
have fields ®, ®' and their conjugate momenta IT, IIf, and the usual kinetic terms of the Lagrangian
in the Hamiltonian become

o+ (ycxﬁ) (V) = (80®1)% + (8p®2)% + (%1)2 + (%2)2 (11.2.9)

which is positive semi-definite reaching the minimum value zero only for constant field configurations.
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The remaining terms in the Hamiltonian are just the potential with a positive overall coefficient, +V,

so all we have to do is minimise the potential for constant space-time fields.

ov
09,

— w0l +2:0] (ofe;) =0 (11.2.10)
m’
2)

The latter only exists for m? < 0 but then is the lower of the two solutions.

= ®;=0or @ =— (11.2.11)

For m? < 0, the minimum energy solutions have space-time constant fields of a given modulus. A
space-time constant unitary transformation gives another space-time vector of the same modulus, thus
there is a whole set of minimum energy solutions related by space-time constant unitary transforma-
tions. This should not be surprising as in general, symmetry transformations of a solution of the
classical equations of motion (and the same happens in the quantum theory) must, by symmetry, give
another solution of the same energy - the action (Hamiltonian etc.) are invariant after all. Sometimes,
some symmetry transformations do not generate distinct solutions — these are unbroken symmetry
transformations as the solution is invariant, unchanged by these symmetries. The m? > 0 solution
is invariant under all symmetry transformations. A broken symmetry vacuum for some parts of the
symmetries (the broken parts) does change.

In any case, we can take any constant vector of the right size |®¢|, and multiply by general symmetry
transformations. This always be generates all possible lowest energy solutions - its just not all of them
have to be distinct (multiplying by unbroken symmetries leaves the vacuum unchanged, one way of
defining the little or stability group H)).

Here we define

—m2
A )

and choose one arbitrary direction in complex two-dimensional space, eg, to form an exemplary lowest

energy solution (v/v/2)eg. Then we multiply it by a symmetry transformation to get other vectors of

the same modulus and the same (lowest) energy and so the general lowest energy solution for m? < 0

is ®y where

v= (11.2.12)

v

V2

(13’0 erg (11.2.13)

where U is any two-dimensional unitary matrix.

No, a general space-time dependent unitary transformation is not a symmetry of the Lagrangian, as
we showed above in (11.2.8). However, the potential terms only required U to be unitary, there was no
limitation in (11.2.3) on space-time dependence. Thus a space-time dependent unitary matrix U(x) is
a symmetry of the potential terms V.

As a result fields built using these space-time dependent U(2) group elements on top of a minimum
energy solution have the same potential energy V' but will have non-zero derivative (kinetic) terms in
the Hamiltonian and so they are not lowest energy states. Thus, to excite such states, one only need
supply kinetic energy, i.e. they are acting like free massless modes.

The definition of an unbroken symmetry, in terms of group transformations is that
Uunbrokenq)() = <I)O (11214)

where ®¢ is any vacuum solution. A small perturbation then gives a result for Lie algebra elements
that

Aunbroken(I)O = 07 Uunbroken = exp{iAunbroken} (11215)
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with broken parts of the symmetry being those which do not satisfy these equation. Without loss of
generality, we can always choose a basis in the Lie algebra where the generators split into two sets,
one spanning the unbroken directions which I call T’ A, and the other Spannin% the broken directions
T"? . The general Lie algebra element is then written as A = ¢/ T4 + ¢/?T"? and the new basis of
generators satisfies

T4®, =0, T"7®,#0 (11.2.16)

For small perturbations we can write the matrix U(x) in this basis as follows
Uz) ~ 1+ €4 (a) T + "4 ()T + ... (11.2.17)

The properties of the broken/unbroken generators are not effected by the space-time dependence of
eA(z), "% (z) so

U(z)®y ~ B + "% () (T”Zq)o) F... (11.2.18)

Fluctuations €4 (z) in the unbroken directions do not contribute to small perturbations about minimum
energy solutions. Only fluctuations in the unbroken directions, €’#(z) can describe some non-trivial
perturbations (and then never all possible perturbations, for instance radial field fluctuations are not
described).

Since the group representations are unitary, U(z)"U(z) = 1 and we find

‘ﬁsomepert(x)’2 = (Qsomepert(x)ﬁ@somepert(-75) (11219)
= (U(z)®0) U(z)®) = ®)U(2)TU(2)®y = ®]®) = |®0|°  (11.2.20)

The unitary matrix U(z) keeps the modulus constant but allows all other possible variations to take
place. Thus the only other variation in the field ®(z) to be accounted for is a variation in the modulus.
If we add a real perturbation to vev, v replaced by v + o(x), this allows the modulus to vary and will
give a complete description of all ®(x) variations. Thus most general field fluctuation can be written
as

®(z) = —=U(z)Upeg (v + o(x)) (11.2.21)

1
V2
where o(z) € R is a single, real scalar field.

A d x d complex matrix has d? entries and so requires 2d? real parameters to describe it. The unitary

condition means that
Ulu=1 = (U'U);; = (Upi)*Uxj = i (11.2.22)

In principle this appears to give us 2d? equations, one for each value of i and j indices but the equations
with ¢ <> j are the same as the complex conjugate equations, i.e. only half of these equations are
independent. Thus with d? equations for 2d? real parameters we have d? independent real parameters
for d x d unitary matrices leaving only d? independent real parameters. The dimension of the Lie
Group U(d) is d?.

For the U € U(2) the right-hand side of (11.2.21) has four real-functions in U(z) and one in the
modulus o(x). The LHS requires only four real functions to describe the two complex components.
Thus functions on the RHS are over complete, we should be able to find some relationship between
them and still be able to describe the full ®(x). Physically, this means the five fields on the RHS can
not all describe physical particles.

The resolution is that the U(z) must only have three independent functions giving non-zero fluctuations
about the vacuum. This is because one generator will be unbroken and fluctuations based on this
generator will leave the vacuum invariant and contribute nothing.
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We discussed above why the general form of the field can be written as

_ L

P(x) 7

U(x)eg (v +o(x)) (11.2.23)

The unbroken generators are given by combinations
(AT + T2+ 3T 4+ ¢'Y)ey = 0 (11.2.24)

The quickest way is to calculate T%¢q for each term and then to add the vectors to show that

1 2
c" —1cC
= c=c=0, A =ct (11.2.26)

It is crucial to remember that the coefficients are real but the equation is complex, which is why we get
both ¢! and ¢? zero. In this case, after suitable normalisation we see that there is only one unbroken

generator
1

V2

To find the broken generators we just construct three basis vectors orthogonal to this one, using the
trace of pairs of generators as the inner product on this vector space. The easiest choice is

T (T3 +Y) (11.2.27)

1
T — ﬁ (T3 _ Y) : T2 — T2, T3 — T3 (11.2.28)

With one unbroken generator, the stability group must be U(1).

The unbroken generator has no effect on the small perturbations, T'leo = 0 by definition. Thus we

can write
1

V2

Now there are only four real fields, three #%(z) and the o(z).

P(x) U"(x)eq (v +o(x)), U"(z):=exp{ib?(z)T"} (11.2.29)

The potential is
V(®!, ;) = m?®i®; + A(D] ;)2 (11.2.30)

with m? < 0, but in terms of the parameterisation (11.2.29) we see that the result is simple
V(@ &) = V((v+o(x)?/2) (11.2.31)
1
= constants + (m* + \v?)vo + i(m2 + 3 M0?)0? + O(03, o) (11.2.32)
Note no Goldstone modes, 6%, appear at all. Removing the linear term we see that

—m2
A

, m2 = —2m?* = 2\? (11.2.33)

while the mass of the 64 fields must be zero.
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The potential terms for this parameterisation (11.2.29) of the field contain no Goldstone modes, §
and certainly no Goldstone interactions, they have been removed totally from the potential. However,
the kinetic terms are non-trivial in this parameterisation (11.2.29) and they are

1 1 1 1

5(aﬂo—)? + 51;2(0#92)(8#92) + 52}0(3“92)(8u92) + §02(@)#92)(8,/92) (11.2.34)
The third and fourth term are cubic and quartic in the fields so these are the Goldstone-Higgs inter-
actions in this parameterisation. The derivatives in these interactions are not a problem, the cubic
interactions between scalars and gauge fields contain derivative of fields too.

There is one warning though. Just as mentioned for local SSB, such polar coordinates can be mislead-
ing. Generally fine for this qualitative type of discussion or for small perturbations — low orders of
perturbation theory. However, at some point we must deal with the fact that the fields o and 8% do
not take any real values and when quantising scalar fields this is usually implicitly assumed. In the
path integral one enforces restrictions on fields (e.g. |#%| < m) via various tricks similar to those used
for gauge fixing. Equivalently, there is a non-trivial Jacobian required in the path integral associated
with the transformation to polar field parameterisation, and we do not see this term in the classical
analysis.

(xii) We considered the minimum at Uy = 1. Why can we choose this with out loss of generality because
the general Ug is a constant and we can always use a global symmetry transformation to transform
the vacuum and fields to any one value such as this.

Thus if we have solutions ®; for some vacuum with Uy = 1, then the solutions for some general
vacuum ®y with some general Uy factor are simply given by a global symmetry transformation Ug®;

Q7?7?. Complex fields and Goldstone’s theorem

(i) Taylor expansion of V' (®) about the the stationary point ®, = v; gives

V(®) = V(v) + il + 0iCiyts + ¢f By + O(9%) (11.2.1)
1 0%V 1 0%V 0%V
N 200,9;" Y 2090l Cia 000! Yii= G- ( )

where because v; is a stationary point defined through the equations

ov. oV

*

Note that it is implicit that all partial derivatives are evaluated at ®; = v;. Also the * notation on

the fields @ is usually written as T but in this classical analysis the index notation takes care of any
transposition in the ¢, 7 indices.

Real V means V(@) = [V(®)]* and hence

(Aij@i®;)" = Aj; 075, etc. = A=B", C=C" (11.2.4)

Note that, without loss of generality, we may choose

A=AT B=BT = A=5B (11.2.5)
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but I will not use this if I can avoid it.

P(z) = — (n(z) +i¢(z)), n,¢€R (11.2.6)

then substituting into V' we find

V(®) = V(v)+n[A+ B+ Cliyn; +mili(A— B — )i

FGl(A = B+ )y + GIC — A — Bl + 0(°) (11.2.7)
Now define a real 2d entry scalar field ¢7, I,J =1,2,...,2d
1 —i
i = )i =iy Giva=—7 W —V¥7)i =G 11.2.
b1 = 50N = b= (= U= (11.23)
and we then have that ]
V= §¢IMI2J¢J + constants + O(¢?) (11.2.9)

Hence diagonalising the 2d x 2d M? matrix gives the classical masses for the scalar field modes where

M2:< A+B+C z’(A—B—C))
i

(A-B+C) C-A-B (11.2.10)

This is Hermitian so it does have real eigenvalues as it must if they are to be masses. In (11.2.7) the
n( cross terms can be mixed up and then rewritten in a more symmetric way

nili(A — B+ C)]i5¢; + Gli(A = B — C)lijn;

= nili(A-B+C)+i(A-B-C)"]y¢ (11.2.11)
. 1 . , 1 i}
= nili(A— B+ i(C—CT))]ijgj + Gli(A— B — i(C—CT))]ijnj (11.2.12)
Likewise .
n:Cijnj = njCyim; = 77,5(0 +CTiin; (11.2.13)

and also for the (;(; term so that

M2:<Z_A+B+%(C+CT) ’L'(A—B+%(C_CT)))

(A—B— %(C—CT)) %(C—FCT) _A-B (11.2.14)

From the properties (11.2.4) known for A, B,C only this second example is a pure real matrix yet
encodes the same information as before. It is also hermitian.

V(®) = %mQCD*CI) - i)\(@)*@)Q (11.2.15)
On expanding ® about v we find that
1 1 1 1 2
A= AW, B= A0 C=m® + A = S, o = —T”T (11.2.16)

Note that the properties for A, B, C derived in (ii), (11.2.4) are satisfied. If v = |v|exp{ia} then the
real M? matrix (11.2.14) is then given by

s ( AvPeos?(a) IPsin(a)
M _(§A!v|28in(2a) Av]? sin2(a) (11.2.17)
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which has eigenvalues/eignvectors of A|v?|, (cos(a),sin(a)) and 0, (— sin(a), cos(a)). When o = 0,v €
Re then the results from the lecture are recovered.

SO(3) breaking schemes in 3d representations

(i)

To solve these problems consider a general element of the Lie Algebra,
A=c1T' +eoT? +e3T°, {;} €R (11.2.1)

and for a given vacuum solution ¢ = (x,y, z) solve

x 0 z —y
Al y | xal —z | +e 0 +c3 T =0 (11.2.2)
z +y - 0

In general these will be complex equations and you must look at real and imaginary parts, but it is
essential to remember that the ¢’s MUST be real. The solutions here are

Question Unbroken Broken H Massive | Massless
Number || Generators Generators Scalars | Scalars
a || TV,T%T? (none) SO(3) 3 0
b T! 2,77 SO(2) 1 2
c|| N(TH+T? | N(T'—-T?%),T? | SO(2) 1 2
d || NT'-T?) | N(Tt+T?%),7? | SO(2) 1 2

where N = 1/,/2 is only needed if you want to stick to the standard normalisation.

Suppose vector ¢ is a valid vacuum pointing (in field space) in direction ey. Since we are talking
3D rotations (rotations of a three-dimensional real vector), we know that any non-zero vector has a
direction and that rotations around that direction leave it unchanged. There are then two remaining
independent rotations (say about axes orthogonal to the first axis) which must change the vector ¢.
Thus we have two broken and one unbroken direction. The only way to alter this is if the vector
¢ = 0. This is invariant under all rotations so all three generators are unbroken.

You may also always argue that all non-zero vacua, @y, are related by U.¢ to some standard vacuum
¢o, where U is some group element. Do this by transforming to new fields using ¢'(z) = U™ 1¢(z)
as this is a global symmetry transformation and hence the Lagrangian is invariant. As a result, the
vacuum solution for the ¢’ fields is always ¢, yet we have merely relabelled the fields so the physics
will be identical. Since we are dealing with rotations, one can convince yourself that ¢, may always
be chosen to be of type b if non-zero, otherwise we have type a.

To prove this algebraically, expanding out (11.2.2) we find that ¢; = cx,co = ¢y, c3 = cz, where ¢ is
some normalisation constant, is the only solution (unless = y = z = 0). Hence there is only one
unbroken generator and therefore there must be two remaining independent remaining generators.

The O(N) group
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(i) The defining representation of the O(N) group is a set of real N x N matrices, M which satisfy
M.MT =1 ie.

M;; My; = 8. (11.2.1)

These matrices have N2 real entries. For each i,k value when i # k, the defining equation, (11.2.1),
is the same as the one when the values of ¢ and k are the other way round. Thus only half of these
equations are independent. This, with the n equations where ¢ = k, give a total of %N (N +1)
equations. This means that only N? — 1N (N +1) = 1 N(N — 1) of the entries are independent. There
are no other limitations on the entries so this means that %N (N — 1) real parameters are needed to
represent all elements of the O(N) group in this representations, and thus in any representation.

(ii) Looking at the N diagonal equations, (i = k), Z]-(]Wij)2 =1 Vi. Thus |M;;| < 1Vi,jso O(N)is a
compact group.

(iii) Consider the N x N matrix

S O =
O = O

(11.2.2)

H

where H is an h x h matrix. If M.MT = 1, so that M is in the defining representation of O(N), then
HH” = 1. Tt is easy to show that if we consider two such matrices My, My with corresponding sub-
matrices Hy, Hg, then the product M;.My contains the sub-matrix Hi.Hs, hence group closure. The
remaining group properties are easy to demonstrate. Hence we have found an explicit representation for
O(N) with an explicit sub-group O(h). If it is true in one representation, it is true in all representations.

(iv) Suppose that the original symmetry has g generators and that after spontaneous symmetry breaking
there are f generators left in the unbroken symmetry. Let there be d real scalar particles. Goldstone’s
theorem states that the number of broken generators = the number of Goldstone bosons = (g — f).
There can not be more Goldstone bosons than real scalar modes so the key relation is

d>g—f (11.2.3)

For O(N) — O(h) symmetry breaking we have

1 1 1
d> §N(N —-1) - §h(h —-1) = §$(2N —1—2z) where z = N — h. (11.2.4)

For fields in the defining representation, d = N, we see that the only values allowed by (11.2.4) are
h = N,N — 1, see table (11.1).

For the adjoint representation, there are d = %N (N — 1) scalar modes and this means all possible
O(h) sub-groups are possible stability groups, i.e. N > h > 0. Thus in the adjoint representation it is
possible to have no massive scalars if all the continuous symmetry is broken (h = 0 for example). See
table (11.1).

6.1. Trying to combine gauge fields and matter
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Representation,d H h ‘ SSB ‘ Massive Scalars ‘ Goldstone Bosons
Defining, N N No SSB. N 0
Defining, N N—-1]O(N)— O(N—-1) 1 N -1
Adjoint, N(N — 1) N No SSB. sN(N —1) 0
Adjoint, $N(N — 1) h O(N) — O(h) th(h—1) $(N—=h)(N+h—1)
Adjoint, $N(N — 1) 0 O(N) —1 0 SN(N —1)

Table 11.1: Some possible O(N) symmetry breaking scenarios.

D' = 0, —ieA,, F™ .=0,A,—0,A, (11.2.1)
Dy, Dy = [04,00] + €*[Ay, A)] — ie[0, A)] — ie[Ay, 0,]
= —ie[d,, A)] —ie[A,, 0]
04, A = (0,4))+ A0, — A0y = (0,4))
= [D,. D)) = —ief(3,4,) — (0,4,)}, = FW = é[DM,Dy] (11.2.2)
(ii) .
PP =gb, A, A,=A4,— ég(aﬂg_l), where g = ¢ € U(1) (11.2.3)
(i)
D,® = (9,—ied,)® — (0, —icA’,)d
. i _ _
D@ — (9u9)®+g(0,®) —ie(Ay — g(aug 1))-9(1) = g(Du®) = gDpg ‘! (11.2.4)
=D, — D,=gD,g" (11.2.5)
(iv) Using (11.2.4) and g.¢g" = 1 we find
D,® — g.(D,®) = (D,®)" — (D,®).g7! = (D,®)'D,® is invariant. (11.2.6)
o0 — &gl g® = d'd = V() is invariant (11.2.7)
Fo='[DuD 9Dug™ gDug ™) = gFmg™! 11.2.8
w =D Dol = ~lgDug™ 9Dvg™"] = gFuwg (11.2.8)
= F,, F" — gF,,F"g' = gg 'F, F" = F,,F" using Abelian property  (11.2.9)
(v) , ‘
i _ i _
ALA, — (A, — ;g(@ug DAL - gg(aug Y] # A, A, for general g. (11.2.10)

(vi) The equation of motion for ® has no contribution from the F? term so

0

~ gt Vint e? A201P] (11.2.11)

0@ + m*® — ie(0,A,) P — 2ieA,(0,P) =
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where V = m?|®|? + V;,x. The equation of motion for Ay is
OuFu = —J, = ie(d1(9,®) — (0,27)®) 4 224, || (11.2.12)

where the LHS only came from the F? term. If the U(1) symmetry involved is the usual E/M symmetry
then this is Maxwell’s equation for classical E/M fields and their interactions with scalar particles (e.g.
pions, Cooper pairs). Note how the E/M current, the RHS, contains a term which depends on the
E/M vector potential. This is quite unlike the case for fermions where the current is independent of
A,,. Classical electrodynamics with scalar particles will contain some interesting new physics!

(vii) The Noether current J¥; is
J% = —i[@1(8,®) — (9,07 ®] — 24, || (11.2.13)
(viii) From (11.2.12), we see that the physical current, J¥, in Maxwell’s equation for E/M with scalar

particles is the Noether current, (11.2.13), (which is essentially counting the number of particles minus
the number of anti-particles) is J” = e x J§.

(ix) The usual Maxwell’s equations are of the form 0,F),, = —J,. The equation of motion for A* from
Ltazwen gives just this. The 9, F*” comes from the —iFQ term, and then
0 L(—J”A )=0 0 (—=JPA,)) =—J} (11.2.14)
"O(0uA,) LT T 94, TR -
provided that
8LJP—O in—O (11.2.15)
"9(0,4,)"F 7 04,7 o

The equations (11.2.15) are the conditions needed if J¥ is to be identical with the physical current in
Maxwell’s equations, J*.

(x) The scalar QED can be rewritten in this form with
Ji = —ie[®(D,®) — (D, ®N)d] = —ie[®1(3,D) — (0,27 ®] — 2A*|D £ eJh (11.2.16)

It does not satisfy (11.2.15). One has to be more careful when deriving the Maxwell currents when
there are scalar particles present.

Physically the current in Maxwell’s equations must be conserved and the Noether current is the only
such quantity we have to hand.

)7.1. Unitary Gauge: Abelian case

(i) F? = e%(OMB,, —08,B,,)(0*B” — 0"™uB") so dropping the F term is equivalent to working with e — oo,
AF — 0, e A" = B* finite.

(ii) The key point is that with no F term there are no 9,4, terms so the equations of motion become
very simple, allowing one to eliminate A* - such a field is known as an auziliary field.

(iii) Just substitute.

(iv) A gauge transformation is eA"* — a A’ = e A" + 0M6 so eA* = 90 is gauge equivalent to A" = 0.
Direct substitution shows F},, = 0,,0,0 — 0,,0,,0 which is zero by symmetry of 8,,0,. Alternatively, you
know F),, is gauge invariant, and that the solution we have here is gauge equivalent to a zero gauge
field, hence can not contain any physics.
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(v) Just substitute. Note that the potential must be independent of the phase if the Lagrangian was to
be U(1) symmetric.

(vi) Difficult. It appears that in £ we have two particles in ®, ®f, and a field eA* that is not independent
but completely fixed by the other two and so can not represent any degree of freedom and no physical
particle. However, Lo depends on only one real field  which suggests the theory represents just one
scalar particle, contradicting our first guess. The problem lies in the fact that in moving from £ to Lyew
we switch to a polar representation of the fields rather than a cartesian ¢; + i¢2 representation (I'm
referring to coordinates in the field space, not space-time). The Jacobian of the polar transformation
is not trivial and one can not ought not simply read off the particle content from Le in the usual
way, and in any case n is confined to be positive, unlike the scalar models you have quantised where
the fields range over all values. When we try to quantise the theories, I expect that one finds all sorts
of complications so the precise content of these models is not clear.

The polar representation breaks down when ® = 0 so I expect that Lyew is only equivalent to our
original at points where ® # 0. When ® = 0 I think the form given for L,ey is incomplete and that
you need to add some sort of delta function in eA*. This might be thought of as some infinitely thin
string (c.f. cosmic strings or vortices in a superconductor), and these represent the missing degree of
freedom in the L,cw case.

The Unitary gauge is traditionally used in situations where local symmetry is broken so that the
expectation value of the scalar field is not zero. However, as our analysis shows, we have not referred
to the potential, so one could use this argument at any time, with or without symmetry breaking. In
any case quantum fluctuations will ensure the scalar field is zero briefly at many points in space-time.

The bottom line is that the Unitary gauge is a very dangerous concept!

)6.2. Gauge fields and matter: Non-Abelian case

(i) Proof that V(®'®) is invariant is as the abelian case in Q.3.(iii). For the kinetic term of Lg gw to be
invariant we require that

(D,.®)'(D'®) = (D/,@)'(D"®')=(U"'D',Ud)'UT.U(U"'D UP’)

=D—-D = UDU! (11.2.1)

(ii) We have that coordinates and 0, are invariant and with (i) we have that
D = U.9,U "t —ieUW, Ut =UU10,+U.(9,.U) —ieUW, U (11.2.2)
=W, (z) — éu.(au.u—l) +Uw,. Ut (11.2.3)

where the U.WM.U_1 is clearly zero only for abelian groups.

(iii) In principle one can multiply each side of the W transformation by a generator, 17, and take the trace
over the matrix indices (7,7 ). A useful trick is that the basis set of generators for the Lie algebra
(which is a vector space ) is chosen to be orthogonal, i.e. Tr{T,Ty} x dqp. However I did not find
anything very simple when I did this.

What I meant to ask was for the infinitesimal transformation law. Looking at this directly I find
W, = OWLT® =i TLWETS — WiTCe T 4+ = (<id), ) T
1
SWETY = iWE[TTP. — T°T") + - (0ue”) T,

a C pcoa 1 a
= 0Ws = —ewSfe + ~ (O (11.2.4)
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For infinitesimal changes
1
S(WEWH) = 2WESWH* = CWH WD FP + = W (9,€%) # 0 (11.2.5)
(&

True even for the abelian case when the second term remains non-zero.

v = 1u~lpru,ut.Dv.U] = UL FR Y (11.2.6)
e
Tr{F*F,} — Tr{U "F*F,.U}=Tr{F*F,} (11.2.7)

Just as in question 3.(i) we find
- é[au —ieW,,d, — ieW, ] = é[au, O] + [0, W, ] + [W,,, 8, — ie]W,,, W, ]
= 0+ (0uW,) — (0, W,,) —ie[W,,, W, ] (11.2.8)

and this is not a differential operator.

FHv = prva T Y=t prve Ta | (11.2.9)
and the infinitesimal version is
SFMa Ta —F“V’aifb [-I-b7 Ta] _ —iF“V’GEb(ifbac)Tc
SFHb = e TR e (11.2.10)

where the generators in the last line are Ty, = i f abe which means they are in the adjoint representation,
cf. @y — TL ..

Fret = (W) = (0,Whe) — efrrwrtwre (11.2.11)
= FIORS, = (W) = (9,WH) (0, W) — (0,W5)?
~2ef™E((B, W) — (8, W) WhWE
+62f“bcf“d€W“’bWV’chW,f (11.2.12)

The quadratic terms are as with QFE D and when quantised give the usual type of gauge boson propa-
gator. The terms cubic and quartic in W are treated as interaction terms when quantising. These are
represented by vertices in Feynman diagrams with three or four gauge boson legs only being connected
to them. They are as messy as the result above suggests.

For abelian theories only, f%¢ = 0, and only then are the cubic and quartic terms zero. This is as it
should be as we know photons do not interact directly with each other, they carry no E/M charge.
Conversely these extra interaction for non-abelian gauge bosons means that they do carry charges so
that they interact with themselves.

I found that the equation for ® was just as in the abelian case except the order of terms must be
preserved more carefully.

3‘/%nt
ot

O0® +m?*® — 2ieWH.(9,®) — ie(0,WH).® = *WH.W,,.® + (11.2.13)
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The equation of motion for W, the non-abelian version of Maxwell’s equations, is more complicated
than the abelian case

8MFuV,a — 6fachVV,b};w,u,zj,c + ze(<I>(D”<I>) o (DVQ)T‘I))] (112]_4)

The kinetic terms for W, the F? terms, give the pure W terms. Note that this includes the first term
on the LHS which is zero for the abelian case and it is the only difference between the non-abelian
and abelian cases.

Writing the above as 0,F"” = —JV, then J is a conserved current as is is meant to be a physical
current. The fact that J = Jw + Jo ew and Jy is non-zero for non-abelian cases but zero for abelian
theories, indicates that the W field itself is charged as Jyy is a pure W term. This is a major departure
from the abelian case where the gauge bosons (photons etc. ) are always uncharged

The complication in calculating the Noether current for the non-abelian case is that non-abelian fields
change under global transformations. From (ii ) we have that

W, (z) — —ieU.W,(z).U™! #0 (11.2.15)

for global transformations d,U = 0. Thus in calculating the Noether current one must include global
variation of W fields at the same time as adding in terms coming from ® and ® variations. This is
not surprising as again this is because the non-abelian gauge fields carry charge. You should find that
the Noether current is the same as the LHS of (11.2.14) less a factor of e.

Precise rules:

Two or more particles of the same non-zero mass are related by an unbroken symmetry.
Each gauge boson is associated with one generator of a local symmetry.
No particle is massless unless required by a symmetry.

For every distinct massless scalar (spin 0) particle there is a broken generator of a global symmetry
(Goldstone’s theorem).

A massless fermion has a chiral symmetry.

For every massless Gauge Boson (spin one) there is an unbroken generator of a local symmetry.
For every massive Gauge Boson (spin one) there is an broken generator of a local symmetry.

If particles of different spin have equal non-zero mass then there is an unbroken supersymmetry
present.

Some not very precise non-rules:

(a) Two particles of different masses may be related by a broken symmetry.

(b) SSB can change the masses of particles of any spin.

For each distinct observable charge there is one generator in the Cartan subalgebra of the unbroken
symmetry group (the little or stability group), and the symmetry can be local or global.
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L= % (Out1)” + %@@)2 - %mQ(qb% +05) — Mo — A2gid) — Mot ¢i(z) ER (11.2.1)

Note that 1
Al = 5)\12 =\ & 0(2) symmetry (11.2.2)

and in this case rule 1 is illustrated. Rule 1 is also illustrated by the case where (11.2.2) is not true as
there is then no O(2) symmetry. While in this case it still appears that the two scalar particles have
the same mass m despite the lack of an O(2) symmetry and in contradiction to rule 1, the lack of O(2)
symmetry in the interactions will ensure that the quantum corrections to the masses will generate a
mass difference, the difference being of order the difference in the square of these A’s.

Rule 3 and 4 are illustrated by the case of (11.2.3) for m? < 0 when (11.2.2) is true. In that case the
one generator of O(2) is broken and we have one massless scalar mode and one massive one of mass
(—2m?) > 0.

Rule 2 is illustrated by any local theory as we have to replace partial derivatives by covariant derivatives

and D, = 0, — igWﬁ(x)T“, clearly one new gauge field for each generator T e.g. a locally symmetric
O(d) symmetric Lagrangian is

L= —%F[}VFW“ + %(DM@T(D“(;S) _ %mZ(qb.qﬁ) CM(BD)2 b ER, i=1,2.. . .d (11.2.3)
Remember that the symmetry is that of rotations of d-coordinates and then suppose that m? < 0.
Then the vacuum state is ¢ # 0, which picks out one of d-directions as special. Rotations around this
direction will leave the vacuum unchanged, but the d — 1 remaining independent rotations will change
the vacuum. The infinitesimal forms of these rotations tell us that one generator is unbroken and the
rest are broken. Thus G = SO(d) — H = O(2). Rules 6 and 7 are illustrated by the observation that
the gauge bosons, Wj(x) acquire a mass matrix M? of the form

(M?)* = g T* T, (11.2.4)

so that the unbroken generator gives a row and column full of zeros, while the remaining broken
generators give a non-zero entries in the rest of the matrix. Thus there is clearly one zero eigenvector.

New long range force = one massless gauge boson = one unbroken generator of a local symmetry.
One observed charge = one generator in CSA of H, the little group.

Two scalar particles of different non-zero masses and zero charge = must use two different real fields
for these, not one complex field.

First attempt would be to make a local O(2) or U(1) theory which has one generator. The two real
scalar fields would be in the trivial representation and not two parts of a complex field, which makes
sense as then they would have zero charge.

Thus the simplest answer for (a) is

1 v
L = —JFuwF" 4 (D56) (Df;)6) + (Du€) (D)€
1 1
7§m%¢)¢2 B §m%§)§2 — Mgt — Mag”E” — ot (11.2.1)
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where

DH

where the ¢(z),{(z) € R. Note that the A1 term mixes the two scalar particles but there is no direct
scalar-gauge boson interaction as the scalars have no charge, they are in the trivial representation of
SO(2). No extra particles are then predicted.

A short range force suggest massive gauge bosons, and therefore we must now embed the SO(2)
theory as part of the unbroken sector of a larger symmetry. The simplest one from the point of view
of the group theory would be to look at G = SO(3) with its three generators broken to a little group
H = 50(2) C G used in (i). This means we need three gauge bosons.

Further, we have to break the symmetry so we need a Higgs field, a scalar field with a non-zero vev.
The smallest one in an SO(3) theory would be a real scalar triplet, i.e. a scalar field lying in the
fundamental or defining representation of SO(3). Remembering discussions of SO(3) we see that the
usual m2¢? + A(¢2)2 with m? < 0 easily generates a vev in one direction, all directions equivalent
(the rotation symmetry). For instance if we choose ¢, o (1,0,0) the T! generator of rotations about
axis one ((A.5) of the “Some SU(2) = SO(3) Representations” handout) would be unbroken, the other
two, generating rotations about axes two and three, would be broken. We’d therefore get two broken
generators, two massive gauge bosons. If they were heavy enough, the experimentalists may well not
have found them directly (they work only up to some maximum energy). To get two massive scalars
they must “eat up” two would-be-Goldstone bosons and we lose two scalar modes of the three in the
scalar Higgs triplet. One massive scalar mode would be left over from this Higgs field. This could then
be identified with one of the two original scalar fields, say ¢ in (11.2.1).

It also implies that there is one unbroken generator so the little group is SO(2), one massless gauge
boson, exactly as we need for the evidence given .

This then leaves the second massive scalar, £. There is no need for this to be involved in the SSB,
so its just a scalar field, not a Higgs field. We can leave this as before in (a), though now it is in the
trivial representation of SO(3).

Putting this together we see that

1 1 1
L= —STe{FuF}+ 2 (D)8 (Df, 8) + 5 (0:€)(9"€)
B b — S~ M(.0)° ~ Ma(bB)E? — Mok, (1123)
where
Do) (@) = Bud — igW,u(a) TV, (11.2.4)

where the [¢(x)]; € R (i = 1,2,3) lie in the three dimensional representation of SO(3). Rather than
using a basis where T is diagonal, we choose the basis where T, = —5¢€ape (a,b,c=1,2,3, € is the
completely anti-symmetric tensor with €'?® = +1). This basis is suitable for real scalar triplets.

Then one of many equally good vacuum solutions with m? = m?(b) <0is

1

—m2
¢g = ver, e = 0 |, v= ( > (11.2.5)
0 40
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This gives

Unbroken TV = T Broken T"? = T2, 7% = T3; (11.2.6)
using the generators of (A.5) on the “Some SU(2) = SO(3) Representations” handout. Thus amongst
the gauge bosons Wﬁzl is massless while WﬁZQ and Wl‘j::” have mass gv/2. The mass of the one
remaining scalar ¢ particle, the Higgs particle, ¢q, is , /—Zm% )"
Note that the A\is term guarantees mixing of the Higgs and the £ particles. It also means that the
mass of the & is (mé) + A120%)/2, 50 its mass is also changed by the SSB.

Q??. EW currents

(i)

(i)

(a) The lepton sector contributes in the form t~y#T%p. The right-handed neutrino has no weak
isospin, its in the trivial representation where T® = 0, so it does not contribute to the isospin

current. The left-handed leptons are in the two-dimensional representation T¢ = %7’ so the
contribute )
pa 17
Jlepton = ily“r“l (11.2.1)
The interesting case is the diagonal generator a = 3 where
w3 1 % 1 B
Jlepton = §VL7 vp — §€L’7 €L (1122)

The weak hyper charge contributions is of the usual U(1) form gyty*1 where qy is the charge,

SO
J

lepton — —vpytvr +epyfer — 2epyter (11.2.3)

We can read the charges from the covariant derivatives on the EW handout.

(b) Scalar contributions to Noether currents are of the form
i(D*®) T*® — i®iT* (D"®) (11.2.4)

Some gauge boson fields are present in the covariant derivatives. The Higgs doublet has T% = %7’

SO
JE = i (D"®) T°® + (h.c.) (11.2.5)
HT Sk o a bHTrTb TO
— i® (aﬂ - aﬂ) T + gWH ST T, T4} @ (11.2.6)
— il (2‘? - 5") T® + gW““|<I>]2 (11.2.7)

The weak hypercharge is of the same form but where the generator is now proportional to the
unit matrix with a factor gy = +1

JE = +i(D"®) @ 4 (h.c.) (11.2.8)
— i@ (ﬁ - ﬁ) & + ¢B|® (11.2.9)

(¢) (optional, very messy calculation) the pure gauge boson sector

Why does the Lagrangian contain gauge-boson/lepton interactions as a Noether Current multiplied

by a gauge boson field term WH*JG
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(iii) Find the electromagnetic current contribution from the leptons and make sure that it contains the
generator, Q = %7‘3 + %]I. Check that the lepton currents calculated above satisfy combine in the same
way to give the EM current.

(iv) Hence deduce that the W' W?2 are representing gauge bosons carrying EM charges, W* = (W1 +

iw?)/(v2)



Appendix A

Summary of QFT

A.1 Equations of motion from Lagrangians

The equations of motion are given by

oc oL _
"0(0ufi)  Of;
where the fields f;(x) represents any of the fields present in the theory.

The contribution to the electroweak Lagrangian coming from the lepton (first generation only) and scalar
sectors can be written as Ly, g + £ + L4 where

0 (A.1.1)

L = ELiD‘i'yMLL + éRiD%’meR — gmLrep® — gm<I>TéRLL,
Ly = (D,®)(D'®) -V (DI .®) (A.1.2)
Lwp = —%FWFW — iGZVG“’W, (A.1.3)
where
Fu = 0By, — 0,By, G, =0,WS—0,W5+ gf** Wiwg (A.1.4)

DY = o + ig%W“’“(x) - %g/B“(az), D! = 9" — ig' B*(x)

DH = OH + ig%W“’“(:p) n %g’B”(x) (A.1.5)

and Ly, is a left-handed fermion SU(2) doublet, eg is a right handed SU(2) singlet, ® is a scalar SU(2)
doublet. The 7® matrices are the Pauli matrices, which are given in (77).
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Appendix B

Group Theory

There are numerous texts with much more detail than given here. Jones [24] especially Ch. 1-4,6,8 starts
from the beginning and covers all the relevant applications without going into too much detail, e.g. good
on Poincaré group ch. 9. Covers Lie groups in just sufficient depth for this book. Tung [27] also covers
basics, and does simple particle physics cases, interesting advanced topics like Poincaré group of space-time
symmetries too.

Many of the books on quantum field theory will contain brief summaries of the required group theory.
I like the one in Cheng and Li [2], chapter 4. It is a very compact outline of key ideas about group theory
required for particle physics and a brief but good introduction of main particle symmetry groups.

For more advanced treatments try the following. Hammermesh [25] is a standard classic text, mathe-
matical and perhaps a bit old fashioned but comprehensive and accessible by physicists. Try chapters 1-3
and 8. Georgi [26], chapters Ch. 1-3,7, has advanced particle symmetry topics covered for physicists. I have
also used Cornwall [28] (lots of physical examples) and Joshi (try chapters 1,2,4) in my time.

B.1 Summary of Group Theory

A group is a set G of elements g € G which can be combined under group multiplication law, %, such
that it obeys four axioms:

(i) Closure: Ya,b € G,axbe G

(ii) Associativity: Va,b,c € G, a* (bxc) = (axb)xc
(iii) Identity: dJe € G s.t. gxe=exg=gVgeqG
(iv)

Only certain special groups, called Abelian groups, have the additional property:

1 1

v) Inverse: Vg€ G dg ' € Gst. gxgl=glxg=ce

(Abelian Groups) axb=bx*xaVa,beG. (B.1.1)

There are many distinct groups, even sets of the same number of elements can often be given different
group multiplications rules which lead to distinct groups. By distinct we mean that there is no one-to-one
and onto map which preserves the group structure. Such maps are called isomorphisms.

In practice groups are not found as the elements of some abstract set with some abstract multiplication
law, but are found in terms of other objects with known properties. This is called a representation of the
group to distinguish it from the fundamental and pure abstract group.! In practice we will use only matrix

'Rather than define a group by labouriously specifying the result of every possible combination of these abstract group
elements a * b (usually in a group multiplication table, almost all groups are defined using representations.
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representations where each abstract group element g is represented by a matrix, denoted as D(g). That
is,
(abstract group) c=axb = D(c)=D(a).D(b) (matrix representation) (B.1.2)

Normal matrix multiplication is playing the role here of group multiplication. If we have a representation
made from d X d matrices, then we say that the dimension of the representation is d. Matrix multipli-
cation always satisfies associativity, the identity is always represented by the unit matrix D(e) = 1 and the
inverse group element must be the inverse matrix D(g~!) = [D(g)]~!.? If every abstract group element is
represented by a unique matrix, then we say we have a faithful representation:

(Faithful Representation) D(a) # D(b) if a # b Va,b € G, (B.1.3)

Only faithful representations can be used to define groups.
Many representations of groups are not faithful. All groups have a representation where all elements are
represented by the number 1 and this is called the trivial representation:

(Trivial Representation) D(g) =1V g € G. (B.1.4)

Many representations are essentially the same as others. Similarity transformations. Unitary represen-
tations. Reducible representations.

One important type of group are product groups. These are constructed from two groups, G and H,
and are denoted G x H. Each element of the abstract group can be thought as as a pair of elements (g, h)
where g € G, h € H and the multiplication law is

(gl,hl) * (gg,hg) = (91 *gg,hl * hg) e G x H, g1,92 € G, hl,hg cH (B.1.5>

Note the key property of product groups is that all elements can be split into a product of two terms, each
involving one of the identities eq¢ € G and ey € H, and these two terms commute

(g7h) = (g7eH)*(eG7h) :(eG7h)*(g7eH) (B'l'ﬁ)

In terms of a matrix representation, a product group is formed by taking a direct product of the
matrices making up representations of the two groups. Thus ...

The number of elements in a group is called the order of a group. Groups with a finite order called
finite groups, and groups of infinite order are the infinite groups.

A Lie Group is a special type of infinite group. Elements of these groups®, D, can be parameterised
by a finite number of continuous and real parameters e, so that D = D(eq,€9,...,€,). We invariably
choose the identity group elements to be 1 = D(0,0,...,0). The number of such parameters needed, n,
is the dimension of the Lie group, not to be confused with the size of the matrices used, d — the
dimension of the representation. For most representations, d # n. The fundamental representation is
the representation of smallest dimension.

If the elements of a faithful representation of a Lie group are always finite |D;;| < oo then we have a
compact Lie group. These obey a useful theorem:

All compact Lie groups have finite dimensional unitary representations,
i.e. 3{D(g)} s.t. DT(¢)D(g) = 1.

2Thus closure is the only tricky group axiom. Thus matrices lend themselves to the representation of groups, though most
sets of matrices do not form groups.
3We will only use matrix representations here
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Such unitary finite dimensional representation matrices can then be written in terms of hermitian d
dimensional matrices A

D(g) = exp{iA(g)}, AT =A (B.1.7)

Note that A = 0 generates the identity element. One can then show that the matrices A(g) are elements of
another type of algebraic object called a Lie algebra A which is defined through the following axioms:

(i) The Lie Algebra is a wvector space, so that laws of multiplication by a real number and addition of
elements are defined

(a) 01A1 +CQA2 € .A, VAl,AQ S .A, C1,C9 € R

(ii) Elements of the algebra can also be multiplied together to give another algebra element (closure under
multiplication) and this product is denoted as

[Al,AQ] S .A, VAl,AQ € .A,

(iii) Elements of a Lie algebra also satisfy the Jacobi identity
[[A1, Ag], As] + [[A2, As], A1] + [[A3, A1], Ao] =0V Ay, Az, Az € A,

Every abstract Lie group is linked with an abstract Lie algebra. However, a small number of Lie groups,
differing in the group elements a long way from the identity, can share the same Lie algebra, since the
relationship between Lie group and algebra is only a simple one-to-one map near the identity.

Like the group elements, there are many representations of a Lie Algebra, and we see that for every
d-dimensional unitary matrix representation of the Lie group, we have a d-dimensional matrix hermitian
representation of the algebra, the matrices {A(g)} of (??). Finite dimensional square matrices automatically
satisfy the Jacobi identity and the Lie Algebra product law is just the usual commutator of matrices

(abstract) [A;, A2l € A = [A1,A2] = A1As — A2A; € A (matrix representation) (B.1.8)

Note that the usual laws of matrix multiplication and subtraction are used in this definition of the algebra
product. Thus closure of the algebra is the only problem for matrix representations.

As with all vector spaces, we can express all vectors in terms of sums of basis vectors. For a Lie algebra,
the basis elements are called generators and are denoted as {T?} in a matrix representation so

A=) "T" VA€ A "eR, T*=(T9" (B.1.9)

Returning to the Lie group elements we see that we have?

D(g) = exp{i ¥ €aT*}, €a=¢alg) €R, a=1,2,...n =dim(G) (B.1.10)

a=1

There are as many generators as €, coefficients i.e. the Lie group dimension. For ¢, = 0Va we get the identity
element D(e) = 1exp{i0}. Depending on the group and the representation, only for a limited range of real
values do the €,’s give unique group elements. At least for group elements ‘near’ the identity element, i.e.
‘small’ €,, we can choose a fixed set T® matrices, and let different values of ¢, take us through the different

group elements®
n

D(g)m1+iY eTo+ % 3 alT T + .. (B.1.11)
a=1 a,b=1

4There is no meaning attached to raised rather than lowered indices in the Lie group and algebra context.
5Technically, you may not be able to reach all group elements, in particular ones far from the identity. This depends on the
global properties of the group.
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The Lie algebra has a scalar product® which for matrix representations is given by the trace Tr{A;As}.
This means we can define orthonormal generators, and in particle physics we invariably define

1
Te{ToT?} = §5ab a,b=1,2,...,n (B.1.12)

The one exception is the generator of a U(1) group where normalisation is usually a matter of choice.
In terms of the generators, closure of multiplication in the Lie algebra has a simple form

[T T =if*T¢ a,be=1,2,...,n, fP=—fr=_frvecR (B.1.13)

where the fo%¢ are called the structure constants. They are real and completely antisymmetric and
completely specify the algebra (and hence the Lie group close to the identity). However, many different
values of these constants are possible for the same Lie algebra.

For a matrix representation of a product Lie group G x H, we have that the associated Lie algebra is
the sum of the algebras of the two parts where generators associated with each part commute, i.e.

dim G+dim H
Acxr = { Z CaTa} ={Ac +Au}, (B.1.14)
a=1
dim G dim G+dim H
[T, T =0, Ac=> aT' cAs, Ag= Y  cT°cAy (B.1.15)
b=1 c=1+dimG

A Lie group which can not be expressed as a product of two smaller Lie groups, i.e. its algebra can not be
split into two mutually commuting parts, is called a simple Lie Group. If a Lie group is a product group
but none of thee parts is a pure U(1) group then it is called a semi-simple Lie group.

There are as many coefficients ¢, and matrices T* as the dimension of the compact Lie group, a =
1,2,...n. The real coefficients, {¢,} vary with the group element chosen.

B.2 Some SU(2) and SO(3) representations

The group SU(2) is three dimensional. Thus we work with generators T} where a,b,c¢ = 1,2,3 while 4, j
range over the dimension of the representation. In the following, we work with representations which satisfy
the usual orthogonality

L gab (B.2.1)

Te{TT?} = 5

The Cartan sub-algebra has only one generator in it, i.e. only one of the three generators can be diagonal.

Two-dimensional representation (SU(2) only) The matrices satisfy

[T%, T = ie®%Te, (B.2.2)
where €% is the totally anti-symmetric tensor with €!?3 = 4-1. A suitable choice for the generators
a 1 a

SA vector space need not have a scalar product but most encountered in physics do.
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half the Pauli matrices which are given by
0 1 0 — 1 0
1 2 3
T_<1O>, ’T—(Z. 0),7-_(0 1>. (B.2.4)

Three-dimensional representations SU(2) and SO(3) The adjoint representation is the three-

dimensional case. There are two common forms found, related to each other by a unitary transformation.
In both the following cases, the matrices satisfy

i
[T, T = eeTe. (B.2.5)
where €% is the totally anti-symmetric tensor with ¢'?> = +1. Note that the structure constants differ from

those used in the two-dimensional case, (B.2.2), by a factor of 2.
The first three dimensional representation has 7% in diagonal form”.

010 1 0 — 0 1 1 0 0
=— 101 ,T2:m i 0 —i ,T?’:5 00 0 |. (B.2.6)
010 0 ¢ O 0 0 -1
A second way of writing the three dimensional representation has no generator in diagonal form®. It is
also the natural way to write the three dimensional representation in the way which is common for the adjoint
representation. The adjoint representation is present in all Lie Algebras, where one can write T = —i foa,
a,i,j=1,...,dim(G). Here this gives

Te = —5€abe (B.2.7)
which can be written out as
1 0O 0 0 1 0 0 +4 1 0 — 0
T = sl 00 =i, T2 = s 000, T3 = s+ 00 (B.2.8)
0 +: O - 0 0 0O 0 0

"See for example Cheng and Li (4.52). It can be used both for SU(2) and SO(3) but in the case of the latter the way to
represent fields is less obvious.

8Tf we think in terms of rotations of real three-dimensional vectors, the definition of SO(3), this second representation is
quickly found. It is therefore natural to use this when wanting to find the representation of SO(3) in terms of real fields.



170 Group Theory



Bibliography

1]
2]

[10]
[11]

[12]

[13]

[14]
[15]

[16]
[17]

[18]

[19]
[20]

D.Bailin and A.Love Introduction to Gauge Theories (Adam Hilger, 1986)

T-P.Cheng and L-F.Li, Gauge Theories of Elementary Particle Physics (Oxford University Press, Ox-
ford, 1984, ISBN 777).

A Fetter and J. Walecka, Quantum Theory of Many-Particle Systems (McGraw-Hill, New York, 1971).
Fuller, QFT in curved space.

C.Itzykson and J.-B.Zuber, Quantum Field Theory (McGraw-Hill, 1980)

C.J.Isham, Differential Geometry??? (Imperial College Press 777)

P. Roman, Introduction to Quantum Field Theory (Wiley and Sons, New York, 1969).

R.J. Rivers, Path Integral Methods in Quantum Field Theory (Cambridge University Press, Cambridge,
1987)

Stone, QFT??7 (Yellow Book)
P.Strochi, Elements of Quantum Mechanics of Infinite Systems (World Scientific, Singapore, 1985).
S.Weinberg, “Gravitation and Cosmology” (Wiley, New York, 1972).

S.Weinberg, “The Quantum Theory of Fields: Volume I: Foundations” (Cambridge University Press,
Cambridge, 1997).

S.Weinberg, The Quantum Theory of Fields: Volume II: Modern Applications (Cambridge University
Press, Cambridge, 1996).

Good discussion, Examples, first papers.

Gordon Kane, Modern Elementary Particle Physics (Adison-Wesley, Redwood City CA, 1987, ISBN
0-201-11749-5).

David Griffiths, Introduction to Elementary Particles (John Wiley, N.Y., 1987).

[.S.Hughes, Elementary Particles (Cambridge University Press, Cambridge, 3rd edition 1991, ISBN
0-521-40739-7).

D.H.Perkins, Introduction to High Energy Physics (Adison-Wesley, Redwood City CA, 3rd edition
1986).

[.J.R.Aitchison and A.J.G.Hey, Gauge Theories in Particle Physics (Adam-Hilger, Bristol, 1982).

D.E. Groom et al, “ Particle Data Group??? ” | Eur.Phys.J.C15 (2000) 1.
171



172 BIBLIOGRAPHY

[21] K.Hagiwara et al., “ The Review of Particle Physics ” , Phys.Rev. D66 (2002) 010001
[http://pdg.1bl.gov].

[22] C.Quigg, “ The Electroweak Theory ” , (TASI 2000 lectures) hep-ph/0204104.

[23] C.Quigg, “ Gauge Theories of the Strong, Weak and Electromagnetic Interactions ” , (Ben-
jamin/Cummings, Reading MA, 1983, ISBN hep-ph/0204104) .

Group Theory

[24] H.F. Jones, Groups, Representation and Physics (Institute of Physics Publishing, Bristol, 2nd edition
1998, ISBN 0-7503-0504-5).

[25] M.Hamermesh, Group Theory and its applications to physical Problems (Pergamon/Addison-Wesley,
1962, also Dover (New York, 1989) paperback, ISBN 0-486-66181-4).

[26] H. Georgi, Lie Algebras in Particle Physics (Addison-Wesley, 1982).
[27] W-K. Tung, Group Theory in Physics (World-Scientific, 1985).

[28] J.F.Cornwall, Group Theory in Physics (Academic Press (1984), (3 volumes); first two volumes available
in abridged single volume ISBN 0-12-18900-8).

[29] A.W. Joshi, Elements of Group Theory for Physicists (Wiley Eastern, 3rd ed. 1982)



